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A new series of dendrimers with poly(propylene imine)
backbones and 4, 8, 16, or 32 peripheral ferrocenyl-urea
groups were prepared and characterized; their voltammetric
behavior in DMSO solution was very sensitive to the
presence of hydrogenphosphate anions at submillimolar
concentration levels.

Anion recognition and sensing has received considerable
attention in the last twenty years.1 In this context, dendrimers
offer an interesting molecular framework for the design and
construction of anion recognition sites. The extensive work of
Astruc and coworkers has made use of ferrocenyl-amide-
terminated dendrimers for the electrochemical recognition of
anions.2 This group has recently extended their voltammetric
anion sensing work to gold nanoparticles capped with mono-
layers containing terminal ferrocenyl-amide groups.3 We have
also investigated ferrocenyl-terminated dendrimers as anion
receptors.4 The groups of Vögtle5 and Meijer6 have recently
reported the functionalization of dendrimers with surface urea
residues for molecular recognition. Based on this body of work,
we decided to combine in a dendrimer framework the redox
activity of ferrocenyl groups with the anion binding ability of
urea residues. In this work, we report the synthesis, character-
ization and preliminary electrochemical data corresponding to
the ferrocenyl-urea-terminated DiAminoButane-based poly-
(propylene imine) dendrimers 1–4 (see Scheme 1). The
voltammetric behavior of these new dendrimers in DMSO
solution is very sensitive to the presence of low concentrations
of hydrogenphosphate anion.

Ferrocenecarboxylic acid was first converted to isocyanato-
ferrocene (5), via its acyl azide derivative, using modified
literature procedures.7 Isocyanate 5 was found to be relatively
unstable and was stored at temperatures below 5 °C. Reaction of
the DAB dendrimers with excess 5 in CH2Cl2 produced the
desired dendrimers in moderate yields (30–50%). Dendrimers
1–4 were fully characterized by 1H and 13C NMR spectrosco-
pies and FAB or MALDI-TOF mass spectrometry.† Den-
drimers 2–4 gave rise to intense molecular peaks in their
MALDI-TOF mass spectra and 1 did so in its FAB mass
spectrum, thus providing unequivocal evidence for the comple-
tion of the surface functionalization reaction.

The electrochemical behavior of dendrimers 1–4 is domi-
nated by the reversible one-electron oxidation of the ferrocenyl
groups. In cyclic voltammetric (CV) experiments in DMSO
solution—also containing 0.1 M TBAPF6 as supporting electro-
lyte—a single reversible oxidation wave was observed for each
dendrimer. This finding reveals that there is no electronic
communication between the multiple ferrocenyl centers in one
dendrimer. The observed half-wave potentials (E1/2) are all in
the range 364 to 400 mV vs. Ag/AgCl, and they tend to increase
with dendrimer generation, a reflection of the enhanced steric
congestion on the surface of the larger dendrimers.

Electrochemical anion sensing experiments were carried out
using square wave voltammetry (SWV) because this technique
has a lower detection limit than CV. Therefore, experiments at
lower concentrations of dendrimers and anions are feasible with

SWV. Fig. 1 shows the SWV response of dendrimer 1 (50 mM)
in 0.1 M TBAPF6–DMSO. The observed peak potential
corresponds to a E1/2 value of 364 mV vs. Ag/AgCl, identical to

Scheme 1

Fig. 1 Square-wave voltammograms of 1 (5 3 1025 M) recorded in DMSO
containing 0.1 M TBAPF6 using a glassy-carbon working electrode, in the
presence of various anions X2 added as their TBA+ salts. Scan rate: 100 mV
s21.
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the value observed in CV experiments. Addition of 200 mM Cl2
(as its TBA+ salt) gives rise to a small shift of the observed E1/2
value to 348 mV. When 200 mM of HSO4

2 (as its TBA+ salt)
was added to this solution, the half-wave potential shifts to 310
mV (see Table 1). The largest potential shift (to 248 mV) was
observed upon addition of 200 mM H2PO4

2 (also as its TBA+

salt). This shift, observed with 200 mM of each of the three
anions (Cl2, HSO4

2 and H2PO4
2) in the medium, is within a

few mV of the potential shift observed with only 200 mM
H2PO4

2 (in the absence of Cl2 and H2SO4
2). This finding

underscores the selectivity of the ferrocenyl-urea dendrimers
for the hydrogenphosphate anion.

We also explored the dependence of the half-wave potential
of each dendrimer on the concentration of H2PO4

2. Fig. 2
shows the corresponding data for the third-generation den-
drimer (3). Notice that the apparent E1/2 value levels off at 0.5
equiv. of anion, with an equivalent defined as the anion
concentration required to equal the total concentration of
ferrocenyl groups. Similar results were obtained with the
second-generation compound (2). This stoichiometry strongly
suggests that each H2PO4

2 anion is bound by two ferrocenyl-
urea branches (Fig. 3), in agreement with previously postulated
models for the interaction of hydrogenphosphate with bis(urea)
derivatives.8

The interaction of the first-generation dendrimer (1) with
H2PO4

2 is weaker, as reflected by the smaller shift in the E1/2
value observed with this system. The fourth-generation den-
drimer (4) also seems to bind H2PO4

2 more weakly than 2 and
3. Therefore, these macromolecules exhibit a measure of the so-
called dendrimer effect2a in going from the first to the second
and third generations, but the degree of steric congestion in the
fourth generation seems to deteriorate the binding ability
towards hydrogenphosphate. In any instance, the results
reported here are remarkable because voltammetric sensing of
the hydrogenphosphate anion takes place in a relatively polar
solvent (DMSO), where hydrogen bonding interactions be-
tween the urea functional groups and the anion are usually

weakened by competing solvent molecules. Furthermore, our
data clearly show anion sensing at relatively low (sub-
millimolar) anion and dendrimer concentrations, which also
reflects the considerable stability of the anion complexes
formed by these dendrimers.
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Notes and references
† Characterization data for 1: 1H NMR (DMSO-d6): d 7.55 (s, 4H,
CH2NHCONH), 5.97 (t, 4H, CH2NHCONH), 4.41 (t, 8H, C5H4), 4.07 (s,
20H, Cp), 3.87 (t, 8H, C5H4), 3.07 (m, 8H, NHCH2), 2.26 (br, 12H,
CH2NCH2), 1.51 (br, 8H, CH2CH2CH2), 1.36 (br, 4H,
NCH2CH2CH2CH2N). 13C{1H} NMR (DMSO-d6): d 156.70 (CO), 69.40
(Cp), 64.12, 61.00, (C5H4), 51.88 and 51.56 (CH2NCH2), 38.54 (NH-CH2),
27.12 and 25.02 (CH2CH2CH2). MS (FAB; m/z): 1225 (M+). 2: 1H NMR
(DMSO-d6): d 7.53 (br, 8H, CH2NHCONH), 6.00 (br, 8H, CH2NHCONH),
4.41 (t, 16H, C5H4), 4.07 (s, 40H, Cp), 3.87 (t, 16H, C5H4), 3.10 (br, 16H,
NHCH2), 2.32 (br, 36H, CH2NCH2), 1.52 (br, 24H, CH2CH2CH2), 1.36 (br,
4H, NCH2CH2CH2CH2N). 13C{1H} NMR (DMSO-d6): d 156.75 (CO),
69.42 (Cp), 64.15, 61.05 (C5H4), 52.48, 51.90 (CH2NCH2), 38.58 (NH-
CH2), 28.28 (CH2CH2CH2). MS (MALDI-TOF; m/z): 2590.6 (MH+). 3: 1H
NMR (DMSO-d6): d 7.56 (br, 16H, CH2NHCONH), 6.07 (br, 16H,
CH2NHCONH), 4.41 (br, 32H, C5H4), 4.07 (s, 80H, Cp), 3.87 (br, 32H,
C5H4), 3.10 (br, 32H, NHCH2), 2.35 (br, 84H, CH2NCH2), 1.51 (br, 56H,
CH2CH2CH2), 1.38 (br, 4H, NCH2CH2CH2CH2N). 13C{1H} NMR
(DMSO-d6): d 156.73 (CO), 69.43 (Cp), 64.12, 61.05 (C5H4), 52.38, 51.80
(CH2NCH2), 38.78 (NH-CH2), 28.14 (CH2CH2CH2). MS (MALDI-TOF;
m/z): 5319.4 (M+). 4: 1H NMR (DMSO-d6): d 7.58 (br, 32H,
CH2NHCONH), 6.10 (br, 32H, CH2NHCONH), 4.42 (br, 64H, C5H4), 4.07
(s, 160H, Cp), 3.87 (br, 64H, C5H4), 3.10 (br, 64H, NHCH2), 2.33 (br,
180H, CH2NCH2), 1.54 (br, 64H, CH2CH2CH2). 13C{1H} NMR (DMSO-
d6): d 156.75 (CO), 69.40 (Cp), 64.13, 61.10 (C5H4), 52.36 (CH2NCH2),
38.76 (NH-CH2), 28.25 (CH2CH2CH2). MS (MALDI-TOF; m/z): 10777
(M+).
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Table 1 Cathodic perturbations of the ferrocene redox couple observed in
the SWV of 1 on addition of various anions as their TBA+ saltsa

DE1/2/mVbEquiv. X2 added
per ferrocene
center H2PO4

2 HSO4
2 H2PO4

2c Cl2 HSO4
2d H2PO4

2e

0.25 72 24 88 12
0.50 96 32 108 12 48 104
0.75 108 36 112 16
1.00 112 40 116 16 54 116
a Obtained in DMSO containing 0.1 M TBAPF6. Solutions were 5 3 1025

M in 1. b DE1/2 = E1/2 (free) 2 E1/2(X2). E1/2 (free) = 364 mV. c In the
presence of 1 equiv. of HSO4

2. d In the presence of 1 equiv. of Cl2. e In the
presence of 1 equiv. of Cl2 and 1 equiv. of HSO4

2.

Fig. 2 Potential shift of the ferrocene redox couple vs. equivalents of
H2PO4

2 added. Concentration of 3: 2.5 3 1025 M, in 0.1 M TBAPF6–
DMSO, scan rate 100 mV s21.

Fig. 3 Schematic representation of the double hydrogen-bonding interaction
between two ferrocenium-urea branches and H2PO4

2.
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