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Organocatalysis has been intensively and successfully studied
during the last few years.[1] However, separation of the
catalyst from the product can be problematic. Moreover, for
economic reasons, catalyst recovery is highly desirable, in
particular if expensive catalysts are used with high loading. In
this regard, immobilized catalysts offer advantages over
nonimmobilized systems. It is not surprising that different
approaches to the immobilization of organocatalysts have
been reported.[2, 3] Herein, we present reusable dendritic
catalysts[4] “bottled” in poly(p-xylylene) (PPX) nanotubes.
Knoevenagel condensations and 2,2,6,6-tetramethylpiperi-
dine-N-oxyl radical (TEMPO) mediated alcohol oxidations
were studied as the first test reactions of these catalysts.[5,6]

We have recently shown that catalysts can be immobilized
into electrospun polymer nanofibers.[7, 8] Moreover, electro-
spun fibers can be used as templates for the preparation of
nanotubes.[9] The approach consists of depositing a PPX shell
layer of [2.2]-para-cyclophane by chemical vapor deposition
(CVD) onto an electrospun fiber, followed by removal of the
core fiber. The layer thickness depends on the deposition
time. Importantly, PPX is known to be partially crystalline
and, therefore, is resistant to most common solvents.

We proposed to co-electrospin dendrimers with poly(eth-
ylene oxide) (PEO). The nanofibers obtained would then be
coated with PPX by CVD. Removal of the PEO by extraction
should leave the dendrimers trapped inside the PPX tubes
(Figure 1). For dendrimers of appropriate sizes, diffusion
through the PPX tube should be fully suppressed. Hence, the
tube can be considered as a nanoreactor and the catalytically
active dendrimer should be freely soluble inside the tube. No
detrimental activity effects that arise from immobilization
should be observed.

We used commercially available poly(amidoamine)
(PAMAM) dendrimers[4] of 4th (G4) and 5th generation
(G5) in our studies. For production of PAMAM-containing
PEO fibers, a solution of PAMAM in MeOH (10 wt%
PAMAM, 0.3 mL) was added to an aqueous PEO solution
(Mw = 900 000 gmol�1; 400 mg in 9.60 mL H2O). This mixture
was pumped through a metal capillary using a mechanical
actuator connected to a voltage supply. The circular orifice of
the capillary had a diameter of 0.45 mm, a circular counter-
electrode with a diameter of 10 cm was located below the
reservoir to result in a vertical arrangement of the electrodes,
and fibers were collected on aluminum foil. The distance
between the tip of the capillary and the counterelectrode was
typically in the order of 20 cm and the applied voltage was
10 kV. PEO nanofibers bearing PAMAM dendrimers with a
diameter of (181� 36) nm were obtained (Figure 2). The

PAMAM dendrimers are probably not well-dispersed in the
PEO fibers, as indicated in Figure 1. It is likely that the
dendrimers will be preferentially located at the surface of the
fiber material.[8a] However, since most of the PEO will be
extracted later in the process (see below), it is not important
to know the exact distribution of the dendrimer within the
PEO fiber. CVD of [2.2]-para-cyclophane eventually resulted
in core–shell fibers (the coat thickness could be adjusted from
50 to 230 nm, see the Supporting Information). Removal of
most of the core PEO fiber material was achieved by

Figure 1. Concept of “bottling” dendritic catalysts in PPX nanotubes.

Figure 2. SEM images of PEO fibers containing PAMAM G5 before
(left) and after coating with PPX by CVD (right; scale bars 1 mm).
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extraction of the core–shell fibers with water to give tubes A
containing PAMAM.[10]

We first studied the leaching behavior of PAMAM G4
from core–shell fibers (coat thickness about 230 nm).[11] To
this end, the core–shell material was immersed in water for
two minutes. After removal of the fiber material, the H2O
solution was analyzed by applying the classical ninhydrin test,
and the resulting solution was analyzed by UV/Vis spectros-
copy (see the Supporting Information). This procedure was
repeated several times. Disappointingly, PAMAM G4 seemed
to be too small and diffusion through the PPX layer
occurred.[12] After 200 minutes, no further leaching was
observed. Elemental analysis revealed that only 6% of the
initially added PAMAM G4 remained in the tube system.
Therefore, we switched to the core–shell system that con-
tained the larger[12] PAMAM G5 (coat thickness around
220 nm). Pleasingly, we did not identify any PAMAM G5 in
the water solution (after three days). We tested DMSO as an
additional solvent as it is commonly used in organocatalysis
and it dissolves PAMAM. These studies were performed on
tube material after PEO core fiber extraction with water. A
negative ninhydrin test confirmed that PAMAM G5 in
DMSO remained entrapped in the PPX tube (thickness
220 nm, for three days). The same result was obtained for
leaching studies with EtOH as a solvent. Moreover, we found
that even for a tube material with a thickness of only 50 nm,
PAMAM G5 was not extracted with DMSO. In addition,
elemental analysis showed that all the added PAMAM G5
(within experimental error) remained in the tube material.
We can therefore conclude that PAMAM G5 entrapped in
PPX tubes should be well-suited to act as a recyclable
catalyst.[13]

As a first test experiment to study the catalytic activity of
the tube material, we investigated the PAMAM-catalyzed
Knoevenagel condensation of malonodinitrile with benzalde-
hyde to dinitrile 1 (Scheme 1).[14] Reactions were performed

by immersing the tube material A as a catalyst containing
PAMAM (with 10 mol % NH2 function) into a solution of
benzaldehyde, EtOH (1.1 equivalents), and malonodinitrile
at 0 8C for 3 hours (Figure 3).[15] System A proved to be active
and 1 was isolated in 81% yield. Catalyst recovery was readily
achieved by removal of the tube material from the solvent,
followed by rinsing with dichloromethane. Catalyst A was
successfully reused for another nine runs without any activity
loss (yields 79–81%). As mentioned above, our entrapping
strategy should not result in any detrimental effects on the
intrinsic catalyst reactivity, as PAMAM G5 is probably freely

soluble inside the PPX tube. In fact, with “free” PAMAM G5
as a catalyst under otherwise identical conditions a similar
yield (79 %) was obtained.

We next planned to use tube system A as a platform for
the preparation of another recyclable catalyst. This goal
should be readily achieved by conjugation of the entrapped
PAMAM G5 with the desired catalytically active moiety.
Conjugation should lead to an enlargement of the dendrimer
diameter, and it is therefore expected that leaching will not be
a problem for the conjugated system. To this end, we reacted a
tube system of type A with acid 2 by using EDCI/HOBt/NEt3

(EDCI = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide,
HOBt = 1-hydroxy-1H-benzotriazole) for acid activation
(Scheme 2). The tube material was then thoroughly washed
and dried to provide catalyst system B, in which about 26% of
the amines were conjugated by TEMPO moieties (deter-
mined gravimetrically).

As a test reaction, we studied the oxidation of benzyl
alcohol to benzaldehyde under typical oxidation condi-
tions.[16] We were very pleased that B was active and

Scheme 1. Knoevenagel reactions catalyzed by system A and corre-
sponding yields.

Figure 3. PPX tube mat used as catalyst and apparatus used for
catalytic studies.

Scheme 2. Conjugation of PAMAM G5 inside the tube and use of
catalyst system B in the oxidation of benzyl alcohol.
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benzaldehyde was formed quantitatively by using around
2.1 mol% of nitroxide. Moreover, B was successfully reused
17 times without loss of activity (quantitative yield as
determined by GC analysis).[17]

In conclusion, we have presented a new method for
preparation of PPX nanotubes that contain PAMAM den-
drimers trapped inside the tubes. Our approach uses electro-
spinning, a technique that is frequently applied in materials
science.[7] Electrospinning equipment is cheap and readily
available, and the tube material of our catalyst systems was
prepared by CVD of commercially available para-cyclo-
phane. PAMAM G5 entrapped in PPX nanotubes showed
activity as a recyclable catalyst in a Knoevenagel reaction.
More importantly, PAMAM was successfully chemically
modified inside the tube by amide C�N bond formation.
This reaction allowed the synthesis of TEMPO-conjugated
PAMAM derivatives, which were active as reusable catalysts
in the TEMPO/bleach oxidation of benzyl alcohol. Thus, our
approach should be very general, and essentially any catalyst
can be “bottled” into PPX nanotubes through conjugation of
PAMAM.
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