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Madrid, 28006-Madrid, Spain

Received July 17, 1996X

Summary: New ferrocenyl dendritic macromolecules
based on flexible poly(propylenimine) dendrimer cores,
built up to the fifth generation, containing 4, 8, 16, 32,
and 64 peripheral ferrocenyl moieties, have been pre-
pared and characterized. Solution electrochemical stud-
ies showed that all the ferrocenyl redox centers attached
to the dendritic surface are electrochemically indepen-
dent and that, in CH2Cl2 and THF as solvents, the
neutral dendrimers undergo oxidative precipitation onto
the electrode surfaces.

Research interest in dendrimers,1 which are well-
defined highly branched macromolecules that emanate
from a central core, formed by iterative reaction se-
quences, has recently been focused toward the modifica-
tion of the valuable properties of such molecules by
either the introduction of internal functionalities into
the dendrimer structure or the functionalization of the
dendritic surfaces.2 As part of our ongoing studies of
organometallic dendrimers3,4 we recently reported sev-
eral families of silicon-based dendritic macromolecules
containing ferrocenyl,5 (η6-arene)Cr(CO)3,6 cyclopenta-
dienyl, and cobalt and iron carbonyl moieties7 as surface
functionalities. So far, the redox-active ferrocenyl den-

drimers are the only dendritic macromolecules which
have been used successfully in the modification of
electrode surfaces.8

Ferrocene-based polymers are attractive materials
because of their redox properties and their possible
applications as electrode coatings, electrochemical bio-
sensors, and nonlinear optical (NLO) systems. We have
reported the preparation of silicon-based polymers pos-
sessing ferrocenyl units attached to the polymer back-
bone through amide linkages, which were prepared via
condensation reactions.9 This approach has now been
extended to cover dendritic surfaces with organometallic
moieties. We report here the preparation of poly-
(propylenimine)-based ferrocenyl dendrimers built up
to the fifth generation, which contains 64 peripheral
ferrocenyl moieties.10 To our knowledge this is the
highest number of organometallic functionalities at-
tached to a dendritic surface ever reported.
The synthesis of the new dendritic organometallic

macromolecules DAB-dend-(NHCOFc)x (x ) 4, 8, 16, 32,
64)11 was cleanly achieved by condensation reactions of
1-(chlorocarbonyl)ferrocene12 with the first-, second-,
third-, fourth-, and fifth-generation diaminobutane-
based poly(propylenimine) dendrimers functionalized
with terminal NH2 groups, DAB-dend-(NH2)x, as shown
in Scheme 1.13 The condensation reactions were com-
pleted in a few minutes, as monitored by IR spectros-
copy. Interestingly, no marked differences in the yields
of the reactions are observed on going from the first- to
the fifth-generation dendrimer, which in all cases are
considerably high (95-98%). All five organometallic
dendrimers were isolated as air-stable orange solids,
soluble in solvents such as dichloromethane, THF, and
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have been prepared following the same procedure. A mixture of the
dendritic polyamine DAB-dend-(NH2)x (x ) 4, 8, 16, 32, 64), purchased
from DSM, and triethylamine in CH2Cl2 was added dropwise to a
stirred CH2Cl2 solution of the corresponding equivalent of 1-(chloro-
carbonyl)ferrocene,12 under argon at room temperature. The reaction
completion was confirmed by FTIR spectroscopy. The resulting solution
was washed with saturated NaHCO3 aqueous solution and brine to
remove the triethylamine hydrocloride byproduct and dried over
MgSO4. After the removal of the solvent the products were purified
by repeated reprecipitations from CH2Cl2/hexane.
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DMF and insoluble in acetonitrile and n-hexane. We
have noticed that in the fourth- and fifth-generation
dendritic molecules it is not possible to completely
remove the n-hexane used during the purification
procedures because of its inclusion into the inner
dendritic cavities.14
The structures of the new dendrimers in which 4, 8,

16, 32, and 64 amide-linked ferrocenyl moieties are
located at the dendritic surface have been established
on the basis of 1H and 13C NMR and IR spectroscopy,
mass spectrometry, and elemental microanalysis.15
Because of the high symmetry of these molecules, 1H
and 13C NMR spectroscopy has proved very useful in
confirming the structure and assessing the purity of
these materials.16 Figure 1 shows the 1H NMR spectra
of the new ferrocenyl dendritic macromolecules, from
the first to the fifth generation, which combine the
signals assigned to the diaminobutane-based poly-
(propylenimine) framework within the dendritic struc-
ture, with the pattern of resonances in the cyclopenta-
dienyl region characteristic of the newly introduced
peripheral monosubstituted ferrocenes. The transition
from a small organometallic molecule to a polymer-like
structure was clearly evident by the peak broadness in
the 1H NMR spectra. Evidence of the condensation
reaction was provided in the 1H NMR by the total
absence of the NH2 signals of the starting dendritic
polyamines around 1.3 ppm, as well as by the appear-
ance of a new signal in the 6.8-8 ppm range and the
downfield chemical shift (from 2.6 to 3.4 ppm) corre-

sponding to the protons of the amide group and the
adjacent methylene, respectively. In addition, estima-
tions based on the signal intensities also confirm the
complete functionalization of the NH2 end groups of the
starting dendritic polyamines. Interestingly, Figure 1
shows also that, in CDCl3 1H NMR spectra, the chemical
shifts of the protons corresponding to the amide spacer
groups residing on the surface of the poly(propylen-
imine) dendrimer core vary in a generation-dependent
manner. This observation is consistent with the par-
ticipation of NH and CdO groups in hydrogen bonds.
This NH‚‚‚O hydrogen-bonding effect is greater in the
higher generations because the presence of bulky mo-
lecular skeletons, in which the peripheral ferrocenyl
moieties on adjacent dendritic branches are in close
contact, leads to a greater number of NH‚‚‚O intra-
molecular hydrogen bonds.
The structures of the first- and second-generation

dendrimers DAB-dend-(NHCOFc)4 and DAB-dend-(NH-
COFc)8 were corroborated by fast atom bombardment
(FAB) mass spectrometry, which showed the molecular
ions atm/z 1165 and 2471, respectively. Likewise, the
matrix-assisted laser desorption and ionization time of
flight detection (MALDI-TOF) mass spectrum of the
third-generation species DAB-dend-(NHCOFc)16 shows
a single signal at m/z 5072.4 (5180.3 - 107.9 for Ag),
which corresponds to the correct molecular mass.17 The
sizes of these novel ferrocenyl-functionalized dendritic

(14) The same phenomenon has been also observed in large poly-
(propylenimine) dendrimers functionalized at the periphery with
organic groups. See: (a) Jansen, J. F. G. A.; de Brabander-van den
Berg, E. M. M.; Meijer, E. W. Science 1994, 266, 1226. (b) Moszner,
N.; Völkel, T.; Rheinberger, V. Macromol. Chem. Phys. 1996, 621.

(15) Selected spectroscopic and analytical data for DAB-
dend-(NHCOFc)4: 1H NMR (CDCl3) δ 6.81 (t, 4H, NH), 4.77 (t, 8H,
C5H4), 4.33 (t, 8H, C5H4), 4.20 (s, 20H, Cp), 3.45 (quartet, 8H, NHCH2),
2.51 (t, 8H, CH2CH2CH2N), 2.43 (br, 4H, NCH2CH2CH2CH2N), 1.77
(quint, 8H, CH2CH2CH2), 1.48 (br, 4H, NCH2CH2CH2CH2N); 13C{1H}
NMR (CDCl3) δ 170.34 (CO), 70.27 and 68.17 (C5H4), 69.68 (Cp), 54.00
and 52.11 (CH2NCH2), 38.52 (NH-CH2), 25.00 and 27.24 (CH2CH2-
CH2); MS (FAB; m/z (%)) 1165 (M+, 100); IR (KBr) amide Ι (ν(CO))
1627 cm-1, amide ΙΙ (ν(CN), δ(NH)) 1540 cm-1. Anal. Calcd for
C60H72N6Fe4O4: C, 61.84; H, 6.23; N, 7.22. Found: C, 61.67; H, 6.19;
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(br, 4H, NCH2CH2CH2CH2N); 13C{1H} NMR (CDCl3) δ 170.70 (CO),
70.38 (C5H4), 69.72 (Cp), 68.43 (C5H4), 51.78 (CH2NCH2), 38.15 (NH-
CH2), 27.16 (CH2CH2CH2); MS (FAB;m/z (%)) 2471 (M+, 50); IR (KBr)
amide Ι 1630 cm-1, amide ΙΙ 1540 cm-1. Anal. Calcd for C128H160N14-
Fe8O8: C, 62.25; H, 6.53; N, 7.94. Found: C, 62.03; H, 6.47; N, 7.87.
DAB-dend-(NHCOFc)16: 1H NMR (CDCl3) δ 7.48 (t, 16H, NH), 4.93
(t, 32H, C5H4), 4.34 (t, 32H, C5H4), 4.22 (s, 80H, Cp), 3.45 (br, 32H,
NHCH2), 2.47 and 2.38 (br, 84H, CH2NCH2), 1.75 (m, 56H, CH2CH2-
CH2), 1.43 (br, 4H, NCH2CH2CH2CH2N); 13C{1H} NMR (CDCl3) δ
170.61 (CO), 70.32 and 68.46 (C5H4), 69.71 (Cp), 52.48 and 51.80
(CH2NCH2), 38.75 (NH-CH2), 27.31 (CH2CH2CH2); MS (MALDI-TOF;
m/z (%)) 5180 (M + Ag+, 100); IR (KBr) amide Ι 1629 cm-1, amide ΙΙ
1539 cm-1. Anal. Calcd for C264H336N30Fe16O16: C, 62.44; H, 6.62; N,
8.27. Found: C, 62.27; H, 6.74; N, 8.16. DAB-dend-(NHCOFc)32: 1H
NMR (CDCl3) δ 7.66 (t, 32H, NH), 4.97 (t, 64H, C5H4), 4.34 (t, 64H,
C5H4), 4.22 (s, 160H, Cp), 3.44 (br, 64H, NHCH2), 2.46 and 2.37 (br,
180H, CH2NCH2), 1.75 (br, 60H, CH2CH2CH2), 1.43 (br, 4H,
NCH2CH2CH2CH2N); 13C{1H} NMR (CDCl3) δ 170.71 (CO), 70.34 and
68.53 (C5H4), 69.73 (Cp), 52.47 and 51.79 (CH2NCH2), 38.34 (NH-CH2),
27.33 (CH2CH2CH2); IR (KBr) amide Ι 1631 cm-1, amide ΙΙ 1539 cm-1.
DAB-dend-(NHCOFc)64: 1H NMR (CDCl3) δ 7.86 (br, 64H, NH), 5.00
(br, 128H, C5H4), 4.33 (br, 128H, C5H4), 4.21 (s, 320H, Cp), 3.43 (br,
128H, NHCH2), 2.35 (br, 372H, CH2NCH2), 1.75 and 1.56 (br, 252H,
CH2CH2N); 13C{1H} NMR (CDCl3) δ 170.78 (CO), 70.39 and 68.60
(C5H4), 69.75 (Cp), 51.70 (CH2NCH2), 38.28 (NH-CH2), 27.35 (CH2CH2-
CH2); IR (KBr) amide Ι 1628 cm-1, amide ΙΙ 1537 cm-1. Microanalytical
data for the fourth and fifth generations are not included because of
the n-hexane inclusion. Optimization of the GPC analyses conditions
is currently under investigation at DSM research laboratories and will
be detailed in the full paper.

(16) NMR spectroscopy has been used as a valuable technique for
detecting and assigning structural defects in poly(propylenimine)-based
dendrimers even at the stage of the higher generations and for the
characterization of large organometallic dendrimers. See: (a) de
Brabander-van den Berg, E. M. M.; Meijer, E. W. Angew. Chem., Int.
Ed. Engl. 1993, 32, 1308. (b) Wörner, C.; Mülhaupt, R. Angew. Chem.,
Int. Ed. Engl. 1993, 32, 1306. See also refs 2d, 4b, and 14a.

Scheme 1
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molecules have been determined from CACHemolecular
mechanic calculations, and the estimated diameters
vary from about 25 to 52 Å, on going from the first to
the fifth generation.
The electrochemistry of the new organometallic den-

drimers has been examined.18 In all cases, in CH2Cl2
and THF as solvents, a single reversible oxidation
process was observed (see Figure 2). It is worth noting
that the redox behavior of the dendrimers in such
solvents is marked by changes in solubility with the
change in the oxidation state of the ferrocene units on
the dendritic surface. Whereas the anodic wave has a
typical diffusional shape, in contrast, a sharp cathodic
stripping peak was observed, which indicates the pre-
cipitation of the dendrimers onto the electrode upon
oxidation. In addition, for all dendrimers upon continu-
ous scanning in either CH2Cl2 or THF, there is an
increase in the peak current with successive scans,
which indicates that the formation of an electroactive

film occurs on the electrode surface. From normal pulse
voltammetry (NPV),19 the values of the slopes of the
plots of E vs log[(ilim - i)/i] indicate that, for all
dendrimers, all the ferrocenyl moieties attached to the
dendritic surfaces behave independently and are oxi-
dized at the same potential.
In summary, a novel evaluation of the reactivity of

the surface functionalities of the NH2-terminated den-
drimers toward organometallic entities has been ef-
fected, affording good yields of a new family of ferrocenyl-
containing dendritic macromolecules. Preliminary
studies have shown that these dendritic molecules
containing redox-active ferrocenyl moieties and amide
CO-NH hydrogen-bonding functionalities act as a new
type of receptor system capable of electrochemically
recognizing anionic guest species. Further work will
now be focused on exploring this area and also on
studying the ability of these redox-active dendritic
macromolecules to modify electrode surfaces.
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93-0287) for financial support of this research, DSM
Fine Chemicals for the supply of the dendritic polyamine
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(17) The matrix for FAB-MS was 3-nitrobenzyl alcohol, and for
MALDI-TOF-MS determinations silver trifluoroacetate was used as a
cationization compound. The characterization of the fourth- and fifth-
generation ferrocenyl dendrimers by MALDI-TOF mass spectrometric
analysis will be published elsewhere.

(18) Formal potentials from cyclic voltammetry (vs saturated calomel
electrode, SCE), in CH2Cl2, with 0.1 M NBu4PF6 (TBAH) for dendrim-
ers DAB-dend-(NHCOFc)x are as follows: E1/2 ) +0.59, +0.57, +0.59,
+0.58, and +0.59 V, for x ) 4, 8, 16, 32, and 64 respectively. For details
of the electrochemical equipment, see ref 9.

(19) The NPV technique has been used in order to minimize
precipitation of the oxidized dendrimers. See: (a) Flanagan, J. B.;
Margel, S.; Bard, A. J.; Anson, F. C. J. Am. Chem. Soc. 1978, 100,
4248. (b) Albagly, D.; Bazan, G.; Wrighton, M. S.; Schrock, R. R. J.
Am. Chem. Soc. 1992, 114, 4150.

Figure 1. 1H NMR (300 MHz, CDCl3) spectra of dendrim-
ers DAB-dend-(NHCOFc)x (x ) 4, 8, 16, 32, 64).

Figure 2. Cyclic voltammograms, measured in CH2Cl2/
0.1 M TBAH, at a Pt-disk electrode of (A) DAB-dend-
(NHCOFc)8, (B) DAB-dend-(NHCOFc)32, and (C) DAB-
dend-(NHCOFc)64. The scan rate was 100 mV/s. The
concentration of ferrocene centers is the same (1.0 mM)
for all solutions.
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