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The synthesis of new [2]- and [3]rotaxanes through Sonogashira coupling has been accomplished in the
aim to built oligo(phenyleneethynylene) (OPE) encircled by crown ethers. Optimization of the Sonogash-
ira coupling for the formation of the [2]rotaxane (capping reaction) is presented and the best method has
been applied for the synthesis of the longer [3]rotaxane.
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The preparation of synthetic molecular machines mimicking
functions of those found in nature is one of the biggest challenges
in nanoscience.1 In the past decades, chemists exploited a large
variety of organic reactions to construct simple and complex nan-
oarchitectures able to perform tasks upon chemical2 or physical3

stimulation. Rotaxane is undoubtedly the most used supramolecu-
lar assembly for the preparation of functional nanomachines.
Rotaxane consists of a dumbbell-shaped rod encircled by a
mechanically interlocked macrocycle than can move along the
rod in a translational fashion upon stimulation.1a,e,4 Over the past
ten years, several synthetic methods have been developed to en-
able the preparation of different types of rotaxane and to allow
the introduction of functional groups. This is especially true for
rotaxanes having an ammonium-crown ether conjugate and par-
ticular attention has been given to the development of new meth-
odologies to end-cap these rotaxanes. These include, among others,
the formation of urethane with isocyanate,5 ester from anhydride
derivatives,6disulfide,7 triazole via click chemistry,8 and alkene
by ruthenium-catalyzed metathesis9 and Wittig reaction.10 How-
ever, to the best of our knowledge, an end-capping reaction using
palladium-catalyzed C–C cross-coupling has never been reported
to end-cap rotaxane. The rather harsh reaction conditions, espe-
cially the presence of strong base, polar solvents and the high tem-
perature needed to achieve cross-coupling reaction are
incompatible with the formation of rotaxanes based on ammo-
nium-crown ether conjugate that rely solely on hydrogen bonds.
Thus, it is a real challenge to prepare such rotaxane using the stan-
dard cross-coupling methods.

As a part of our research program aiming at preparing rotaxane-
based supramolecular rotors working in the solid state, we decided
to investigate the feasibility of Sonogashira coupling to prepare
[2]- and [3]rotaxanes. Sonogashira coupling has been chosen
among others since it allows the synthesis of phenylacetylene
ll rights reserved.

(J.-F. Morin).
derivatives, which are well-known building blocks for the prepara-
tion of molecular machines.11 Few examples of oligo(phenylenee-
thynylene) (OPE)-based rotaxane have been reported so far,12 but
none of them was prepared using crown ether macrocycle. Thus,
we report herein the first synthetic efforts to prepare [2]- and
[3]rotaxanes (Fig. 1) based on ammonium-crown ether conjugate
through Sonogashira coupling. Because there is no report of such
reaction for rotaxane formation and end-capping, we investigated
different reaction conditions for the capping of a [2]rotaxane to
optimize the yield of reaction. The best conditions have been ap-
plied for the synthesis of the [3]rotaxane.

The rod of the rotaxane bearing the ammonium group was syn-
thesized in four steps as depicted in Scheme 1. First, 4-hydroxy-
benzaldehyde was alkylated with propargyl bromide in acetone
to give compound 4 in quantitative yield. Then, a condensation
reaction between compounds 513 and 3 in refluxing toluene in a
Dean–Stark apparatus followed by a reduction of the imine to a
secondary amine using LiAlH4 provided 6 in 92% yield (two steps).
The amine was finally protonated using HCl followed by an ion ex-
change with NH4PF6 to give the ammonium-containing rod 7 in
68% yield.

Using compound 7 and 3,5-dimethyliodobenzene, several at-
tempts to form a [2]rotaxane were performed and the results are
summarized in Table 1.

As a starting point, we have studied the reaction under standard
Sonogashira coupling conditions using PdCl2(PPh3)2 as the catalyst
and NEt3 as the base (entry 1). Because rotaxane formation is pos-
sible only in aprotic solvents that are unable to interact through
hydrogen bonding with the ammonium, we used CH3CN rather
than THF or DMF. Unfortunately, the yield obtained when 2.2 equiv
of NEt3 was used is rather low (12%). Interestingly, by decreasing
the amount of triethylamine to 1.1 equiv, the reaction yield dou-
bled to reach 25% (entry 2). The presence of NEt3 is likely to be
responsible for the poor yield since it is known to efficiently
deprotonate the ammonium group once the rotaxane is formed.13

Thus, we decided to use a modified method developed by Verkade
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Figure 1. Structure of the [2]- and [3]rotaxanes obtained by Sonogashira couplig.
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Scheme 1. Synthetic route for the synthesis of the ammonium-containing rod.
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et al. using tetrabutylammonium acetate (Bu4NOAc) as a weak
base for Sonogashira coupling (entries 3–6).14 It should be noted
that Me4NOAc has been used instead of Bu4NOAc since the methyl
derivative is much easier to remove in the workup than the butyl
one. The use of acetate as the base provided lower reaction yields
than NEt3 (entries 3 and 4), even when other palladium catalysts
were used (entries 5 and 6). Different bases were thus tried (entries
7–11), but only trace amounts of the desired product was obtained.
Therefore, we decided to investigate a more hindered base having a
structural similarity to NEt3, namely N-isopropyl-N-methyl-tert-
butylamine (iPMtBA). The reaction with 2.0 equiv of base provided
the desired rotaxane in 18% yield (entry 12). The yield of the reac-
tion can further be increased (26%) by decreasing the amount of
base down to 1.08 equiv (entry 16). Adding more DB24C8 to the
reaction mixture to drive the reaction (entry 13), adding the base
dropwise to the reaction mixture (entry 17) or starting the reaction
at 0 �C to drive the formation of the pseudo[2]rotaxane in solution
(entry 18) do not increase the reaction yield. The low yields ob-
tained for the capping reaction of a rotaxane by Sonogashira cou-
pling can be explained in different ways. First, the steric
hindrance near the alkyne can be responsible in part for the low
yield. In fact, steric hindrance due to the crown ether macrocycle
is known to be responsible for low yields in many types of rotaxane
transition metal-mediated capping reactions.9 Many attempts to
cap a [2]rotaxane using Sonogashira coupling with an ammonium
derivative having an alkyne directly attached to the phenyl group
were all unsuccessful. This suggests that the proximity of the al-
kyne to the macrocycle is an important factor for the success of this
reaction. Moreover, the choice of solvent and base to optimize the
reaction is rather limited since rotaxanes can be formed only in
specific conditions of pH (no strong bases), temperature (no heat),
and polarity (no hydrogen bond).

Interestingly, the yields obtained for compound 2 (end-capped
rod) are higher than those obtained for compound 1 meaning that
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Entry Catalyst Base Equiv of base 1 (%) 2g (%)

1 PdCl2(PPh3)2 NEt3 2.2 12
2 PdCl2(PPh3)2 NEt3 1.1 25 49
3 PdCl2(PPh3)2 Me4NOAc 2.0 10
4 PdCl2(PPh3)2 Me4NOAc 1.5 16 34
5 Pd(OAc)2 Me4NOAc 1.5 0
6 PdCl2(dppf) Me4NOAc 1.5 0
7 PdCl2(PPh3)2 Imidazole 1.5 0
8 PdCl2(PPh3)2 DBU 2.0 0 60
9 PdCl2(PPh3)2 DABCO 2.0 <5 51
10 PdCl2(PPh3)2 2,6-lutidine 1.1 <5
11 PdCl2(PPh3)2 Me2NAre 1.1 0
12 PdCl2(PPh3)2 iPMtBAf 2.0 18
13b PdCl2(PPh3)2 iPMtBA 2.0 8
14 PdCl2(PPh3)2 iPMtBA 1.5 26
15 PdCl2(PPh3)2 iPMtBA 1.1 26 59
16 PdCl2(PPh3)2 iPMtBA 1.0 26
17c PdCl2(PPh3)2 iPMtBA 1.0 24
18d PdCl2(PPh3)2 iPMtBA 1.1 20

a Typical reaction uses CuI (0.04 equiv), Pd (0.02 equiv), DB24C8 (1.20 equiv) and base in acetonitrile (0.2 M) at room temperature.
b 2.0 equiv of DB24C8 were added for this entry.
c The base was added dropwise to the reaction mixture.
d The reaction was started at 0 �C for 1 h.
e Me2NAr = N,N-dimethylaniline.
f iPMtBA = N-isopropyl-N-methyl-tert-butylamine.
g 1H NMR yields.
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the formation of the latter is rather limited by the low efficiency of
the pseudorotaxane formation under the various reaction condi-
tions used and not by the efficiency of the Sonogashira coupling it-
self. It is noteworthy that the yields reported in Table 1 for
compound 2 are NMR yields calculated by integrating the methyl
group of the blocker on the residual materials obtained after the
purification of compound 1. The purification of compound 2 by col-
umn chromatography proved to be unsuccessful because of the
great similarity in Rf values for compounds 2 and 7.

Although the best yield we obtained for the formation of com-
pound 1 is fairly low, we decided to proceed to the synthesis of
the [3]rotaxane using the conditions described in the entry 15 of
Table 1 (Scheme 2).15

First, we have attempted the reaction with 1,4-diiodobenzene
as the central rotaxane unit. Unfortunately, this compound is
poorly soluble in acetonitrile making the reaction very difficult to
proceed. Then, we have decided to use an unsymmetrical diiod-
ophenyl derivative, namely 2-fluoro-1,4-diiodobenzene, in order
to increase the solubility. Using the reaction conditions of entry
15, the best yield obtained for the preparation of the [3]rotaxane
(compound 3) is 15%. It is worth mentioning that compound 3
shows very similar Rf on silica TLC plate than that of DB24C8, mak-
ing the purification rather difficult. Column chromatography fol-
lowed by preparative size-exclusion chromatography (BioBeads�

S-X3) was necessary to obtain compound 3 in good purity. Unfor-
tunately, all attempts to obtain single crystal from compound 3
failed. Counter-anion exchange and acetylation of compound 3 is
underway in order to get crystalline derivatives.

In conclusion, we successfully synthesized [2]- and [3]rotaxanes
using Sonogashira coupling. Even after optimization of the reaction
conditions, the yields are still moderately low. This can be attrib-
uted to the steric hindrance provided by the crown ether macrocy-
cle near the reaction site. Fortunately, this reaction was efficient
enough to provide our target molecules 1 and 3 in a good purity.
The synthesis of new derivatives with longer spacer between the
alkyne and the crown ether along with the solid-state NMR studies
of compound 3 are underway to test this new molecule as a supra-
molecular rotor.
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