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The synthesis of two new families of water-soluble phosphorus dendrimers of type Poly(-
PhosphorHydrazone) (PPH) incorporating ferrocene(s) in their internal structure is reported. In the first
series, the ferrocene is located at the core and the dendrimers (first and second generations) are ended
either by ammonium groups or carboxylate groups, both ensuring the solubility in water. The electro-
chemical properties of one of them are reported. A new difunctional ferrocene suitable to be used as
component of the branches of dendrimers has been synthesized and characterized by X-ray diffraction. It
has been used for the synthesis of a second series of dendrimers incorporating 24 ferrocenes, located in
the branches at the level of the second generation. The synthesis of these dendrimers is carried out up to
the third generation ended by ammoniums or carboxylates.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ferrocene-containing dendrimers have attracted a great interest
since a long time [1], mainly due to their particular electrochemical
properties. Indeed, ferrocene derivatives undergo fast one-electron
oxidation to the ferrocenium form, which is positively charged;
such oxidation is frequently fully reversible. These properties,
combined with those of dendrimers [2], have led to various uses, for
instance as redox sensors for molecular recognition [3], or as
mediators in amperometric biosensors [4], or as electron reservoir
[5], and also as catalysts [6,7]. Most of these properties are studied
in organic solvents; only few water-soluble dendrimeric ferrocenes
have been already described. They include in particular one ferro-
cene at the core of the dendrimer ended by carbohydrate [8] or by
carboxylic acids [9,10]. In other cases, the solubility in water is due
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to an hydrophilic interior generally based on Poly(Propylenimine)
(PPI) dendrimers [11].

In this paper, we report new water-soluble ferrocene-den-
drimers based on Poly(PhosphorHydrazone) (PPH) dendrimers
[12], in which the ferrocene group(s) is(are) either located at the
core, or at one layer of the internal structure, whereas the solubility
in water is afforded either by ammoniums, or carboxylates as
terminal groups [13].

2. Results and discussion
2.1. Ferrocene as core of water-soluble phosphorus dendrimers

We have already published the synthesis of dendrimers having
a ferrocene as core, based either on the reactivity of ferrocene
bis(diphenylphosphine) with azides [14], or of ferrocene dicarbal-
dehyde with phosphorhydrazide [15]. The P=N—P=S linkages
generated in the first case are poorly stable when left in water for
several days, whereas the phosphorhydrazones generated in the
second case are stable; thus, we chose as core the ferrocene
dicarbaldehyde. The resulting dendrimers have either P(S)Cl, (1-
Gp) or aldehyde (1 — G,) terminal groups, thus they are soluble in
organic solvents, but not in water. However, we have already
demonstrated the use of both types of functional groups to obtain
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water-soluble  dendrimers, either by reacting  N,N-
diethylethylenediamine with P(S)Cl, terminal groups to afford
ammonium end groups [16], or by reacting malonic acid with
aldehyde terminal groups, to afford carboxylate end groups after
reaction with NaOH [17]. Here we have applied both reactions to
generation 1 (1-G3, 1 — G) and generation 2 (1-G, 1 — G,) of the
dendrimers built from ferrocene dicarbaldehyde as core. Such
reactions afford dendrimers bearing charged terminal functions 2-
G{ (4 ammoniums), 3-G{ (4 carboxylates), 2-G3 (8 ammoniums),
3-G3 (8 carboxylates) respectively, as shown in Scheme 1.

All these dendrimers are water-soluble, but due to the hydro-
phobic character of the internal structure, they are shrunk in water,
and the NMR signals of the internal structure are frequently not
detected in water, as we have already demonstrated for another type
of water-soluble phosphorus dendrimer [18]. Thus the character-
ization by multinucleus NMR was done in methanol in the case of the
ammonium terminations, and in dimethylsulfoxide in the case of the
carboxylate terminations. The presence of the cyclopentadienyl
rings at the core is detected in all cases in particular by the presence
of two singlets in '"H NMR at 4.3—4.4 ppm and 4.6—4.7 ppm. The
grafting of the amines induces a deshielding of the signal in >'P NMR,
on going from the P(S)Cl; terminations (6 = 62—63 ppm) to the P(S)
(NHR), terminations (6 = 69—70 ppm). The grafting of the carbox-
ylate is mainly demonstrated by the disappearance of the aldehyde
signal in "H NMR (6 = 9.9 ppm) on behalf of the appearance of two
doublets (3Jyy = 15.9 Hz) corresponding to the AB system generated
by the Ar—HC=CH—-CO,H linkage.

2.2. Ferrocenes in the branches of water-soluble dendrimers

2.2.1. Synthesis of the difunctional ferrocene building block

One of the main building blocks when synthesizing phosphorus
dendrimers is hydroxybenzaldehyde. Thus the easiest way to
incorporate a precise function (such as a ferrocene) in the branches
of these dendrimers consists in synthesizing an analog of hydrox-
ybenzaldehyde, it means a compound having both a phenol and an
aldehyde. We have already used a chiral ferrocene possessing both
functions for studying the influence of the branches on the chirality,
depending on the location of the ferrocene [19], and also a phenol
directly linked to the cyclopentadienyl (Cp) ring [15]. We report

NH,CH,CH,NE,
—>

CHo(COH), N

here the synthesis of a new ferrocene derivative in which the
phenol group is linked to the Cp ring via a CH; linkage, to ensure
a greater flexibility.

The synthetic route to the difunctional ferrocene requires five
steps from the commercially available ferrocenecarboxaldehyde 4.
The first step is the stannylation reaction of 4 which was carried out
as published to afford 5 [20] with a selectivity of 95% to the 1’/
position. The second step is a nucleophilic attack of lithiated bro-
moanisole on the carbonyl, which affords the ferrocene 6. The third
step is the reduction of the alcohol of 6 with BH3,SMe; [21] or TiCly/
NaB(CN)Hs3 [22] to afford the ferrocene 7. The fourth step is the
substitution of the tributylstannyl group with nBuLi/DMF which
leads to ferrocene 8. The fifth and last step has to be carried out
directly afterwards as 8 is not sufficiently stable for long term
storage. This last step is the deprotection of the methoxy group
with BBr3, to afford the desired difunctional ferrocene 9 (Scheme 2)
[23]. The overall yield for the synthesis of 9 is 17% from commer-
cially available ferrocenecarboxaldehyde.

The structure of compound 9 has been confirmed by X-ray
diffraction analysis on single crystals. The molecule displays a Z-like
shape with the two Cp rings being slightly staggered with a twist
angle of 12.8(2)° (Fig. 1). The two Cp rings are nearly parallel to each
other with a centroid—Fe1—centroid angle of 178.23(3)°. The phenyl
ring is exo with respect to the Cp ring to which it is attached and
makes a dihedral angle of 85.57(16)° with it. The most interesting
feature of the structure is the occurrence of the O—H...0 hydrogen
bond [0O—H = 0.82 A, H...O = 1.89 A, 0...0 = 2.698(4) A and O—
H...O = 171.3°] between the hydroxyl O atom and the O atom of
the aldehyde group of the symmetry related molecule (—x + 1/2,
¥+ 1/2,—z+ 1/2).These hydrogen bonds build up a zigzag-like chain
developing parallel to the b axis (Fig. 2).

2.2.2. Ferrocenes in the branches of dendrimers

Despite the relatively low yield of the ferrocene 9, the sodium
salt of this compound was used for the grafting on the surface of
a second generation dendrimer having P(S)Cl, terminations and
built from cyclotriphosphazene as core (10-G2) [24]. A small excess
of ferrocene derivative was used, which was removed and recycled.
The resulting dendrimer ended by ferrocene carbaldehyde 11 — G},
was isolated in 74% yield after work-up. This dendrimer, as well as
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Scheme 1. Synthesis of water-soluble dendrimers having a ferrocene as core.
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Scheme 2. Synthesis of a difunctional ferrocene.

all the following ones, has 24 ferrocenes in its structure. In order to
graft the same type of terminal groups to this dendrimer than in the
case of the dendrimers having ferrocene as core, we needed first to
have P(S)Cl,, then hydroxybenzaldehyde as terminal groups. Thus,
the next step consisted in reacting H,NNMeP(S)Cl, for the
condensation with the aldehydes of 11 — G, to afford the den-
drimer 11-Gs, ended by P(S)Cl, functions. Hydroxybenzaldehyde
was then reacted in the presence of Cs,COs, to afford dendrimer
11 — Gj3. Dendrimer 11-G3 was also used for the reaction with N,N-
diethylethylenediamine, which afforded the positively charged
dendrimer 12-G7. As in the case of the reaction 1-G, — 2-G;, the
reaction 11-Gs — 12-G3 is monitored by 3'P NMR, which displays
the deshielding of the signal corresponding to the most external
P(S) groups from 63.0 ppm to 69.5 ppm. Dendrimer 13-G3 ended
by carboxylate groups was also synthesized as previously, from
dendrimer 11 — Gj, using malonic acid (Scheme 3). Here also, the
obtaining of dendrimer 13-G3 is confirmed by the disappearance of

Fig. 1. Molecular view of compound 9. Ellipsoids are drawn at the 30% probability
level. H atoms are represented as small spheres of arbitrary radii.

b

Fig. 2. Partial packing view showing the formation of the like zigzag chain through O—
H...O hydrogen bonds. H atoms not involved in hydrogen bonding have been omitted
for clarity.

the signal corresponding to the aldehydes, on behalf of the
appearance of the system of two doublets due to the Ar—HC=CH—
CO,H linkage in '"H NMR.

2.3. Preliminary electrochemical studies

We intended to study the dendrimers by Cyclic Voltammetry (CV)
in water containing KCl as supporting electrolyte, but we observed
a massive adsorption of the multicharged dendrimers onto the elec-
trode. We tried to optimize the experiments on the small dendrimer
3-G1 . Fig. 3A displays the results of CV experiments on Gold, Glassy
Carbon, and Platinum electrodes. The apparent larger resistivity of the
solution observed in the case of the Au electrode is due to an impor-
tant adsorption of 3-Gy onto this electrode. As the adsorption is lower
on the Pt electrode, the next experiments were all carried out with Pt
electrodes. Cyclic voltammograms of dendrimer 3-Gy in aqueous
solution (see Fig. 3B) exhibit a single electrochemical process
at +0.35 V/SCE attributed to ferrocene moiety [25].

Subsequently, the influence of the potential scan rate on the
cyclic voltammograms was studied. The ratio between reduction
peak current and oxidation peak current almost equals unity and
anodic peak potential is independent of the logarithm of the scan
rate; this confirms that the electrochemical oxidation process is
reversible. The anodic peak intensity is correlated with the poten-
tial scanning rate (Fig. 4) by the following relationship (Randles—
Sevcik equation) [26], valid for reversible systems:

I, = 0. 4463nFSC\/ \/_

where S is the electrode area (cm?); C is the solute (dendrimer)
concentration (mol cm™—3); D is the diffusion coefficient (cm?s~1); F
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Scheme 3. Synthesis of water-soluble dendrimers having one layer of ferrocenes in the branches.

is the faraday (96,500 C); n is the number of exchanged electrons; v
is the potential scanning rate (V s~!) and T is the absolute
temperature (K).

The dendrimer displays a linear relationship between peak
current and the square root of the scan rate, which indicates

A B

1/a.u.
Current |/ A

0.2 o 0.2 0.4 0.6 08
EvsSCE

a diffusion controlled process. In this condition, taking n = 1, we can
deduce the diffusion coefficient [26,27] of 3-Gy that is found to be
equal t0 5.6 x 1077 £ 1 x 107 cm? s~ L. Assuming the dendrimers
adopt a spherical shape, the Stokes—Einstein relation provides the
dendrimer radius: D = kgT/67nr, with kg being the Boltzmann
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Fig. 3. A) Cyclic voltammograms of the 3-Gi~ dendrimer in water with KCl as supporting electrolyte at 0.1 Vs~! at 23 + 1 °C, on Pt electrode (Pt, r = 0.25 mm) (green line), on Glassy
carbon electrode (GC, r = 0.5 mm) (blue line), on gold electrode (Au, r = 10.12 mm) (red line). B) Cyclic voltammograms of the 3-Gy” dendrimer that bear a ferrocene at the core on Pt
microelectrode (r = 0.25 mm) in water with KCl as supporting electrolyte at different scan rate at 23 + 1 °C. (For interpretation of color referred in this figure legend, the reader is

referred to web version of the article.)
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Fig. 4. Oxidation peak current of 3-Gy plotted against the square root of the scan rate
(3-Gi dendrimer (5 x 10~3 mol L~") on Pt microelectrode (r = 0.5 mm) in water with
KCl as supporting electrolyte at different scan rates at 23 & 1 °C).

constant, T the absolute temperature, n the solution viscosity and r
the dendrimer radius. The diffusion coefficient D in water is
5.6 x 1077 cm? s, and the radius deduced from this value is
4 + 2 nm (expected 2.5 nm).

The electrochemical behavior of the corresponding second
generation dendrimers (2-G3 and 3-G3 ) was also studied. In both
cases the oxidation was found not reversible, due to a high
adsorption onto the electrodes, and presumably to the oxidation of
the organic moieties of the dendrimer, inducing a drift of the
current. In the case of dendrimers 12-G3” and 13-G3, their solubility
in the conditions used was not high enough to study their elec-
trochemical behavior.

3. Conclusion

We have used two different types of difunctionalized ferrocenes
for the synthesis of water-soluble Poly(PhosphorHydrazone) (PPH)
dendrimers. The first one (ferrocene dicarbaldehyde) has two
identical functions, and was used as core of the dendrimers. The
second one was especially engineered to have two different func-
tions (phenol and aldehyde) usable to be introduced in the
branches of the dendrimers. All the water-soluble dendrimeric
ferrocenes that we have synthesized possess a hydrophobic interior
and a hydrophilic external layer. We have already demonstrated
that other dendrimers having these properties are shrunk in water
[18]. The consequence here is that it is difficult to perform elec-
trochemical experiments, and only the smaller compound 3-Gi
affords a clean electrochemical response. When the dendrimers are
larger, the ferrocene is buried inside the organic (hydrophobic)
layer and cannot access easily to the electrode. The dendrimer
ended by carboxylates 3-G1 is practically non-aggregated in water,

Me Me
C? C¢ c? ¢ /
W G ca“/N NG - [y C14/N Ny p
*Pe-0 Fi—0 A
H / Y
S

as shown by the measurement of the diffusion constant by elec-
trochemistry. This might be related to the percentage of charged
end groups at pH ~ 6 (more than 90% of charged terminal groups in
the case of carboxylic acids), as measured for other dendrimers
having the same terminal groups than here [28].

4. Experimental

All reactions are carried out under argon atmosphere and in
freshly distilled solvents. All water used is demineralised using
MilliQ equipment and the resistivity was 18 MQ cm. All purifica-
tions by column chromatography were carried out with silicagel 60
as the static phase. All starting compounds were purchased from
Aldrich, Merck or Fluka and used as received. Compounds 1-Gj,
1 - G},1-G, 1 — G, [15], 5 [20], and 10-G [24] were synthesized as
published. 'H, 3c{'H}, *'P{'H} and two-dimensional NMR spectra
were recorded on a Bruker 300 (DPX300) and 200 (AC200) MHz
spectrometers. Chemical shifts are reported in ppm relative to
external standards (TMS for 'H and '3C and 85% H3PO, for 3'P) and
coupling constants are given in Hz. The numbering used for NMR
assignment is shown in Fig. 5. Mass spectrometry experiments did
not afford accurate information about the structure of these den-
drimers, due to fragmentation and rearrangements [29].

4.1. Dendrimer 2-G{

A solution of 600 mg of dendrimer 1-Gq (1.06 mmol, 1.0 eq) in
10 mL THF was cooled to 0 °C and to this 596 pL of N,N-
diethylethylenediamine (4.24 mmol, 4.0 eq) was added dropwise.
The reaction mixture was kept stirring overnight at room temper-
ature. The solvent was evaporated and after two washing steps
with ether, 472 mg (459 pmol, 43%) of dendrimer 2-Gi” was ob-
tained as an orange powder.

'HNMR (300 MHz, CD30D): 1.32 (m, 24H, N—CH,—CH3), 3.21 (m,
32H, CHa), 3.35 (d, 3Jup = 10.2 Hz, 6H, P;—N—CH3), 4.36 (s, 4H, Cp),
4.75 (s, 4H, Cp), 7.6 (s, 2H, CH=N—N—P4). 3'P{'H} NMR (121.5 MHz,
CDCl3): 69.8 (s, P;). *C{'H} NMR (75.5 MHz, CD30D): 8.3 (N—
CH,CH3), 31.2 (d, ¥cp = 9.9 Hz, P;—N—CHs), 36.6 (CH,—N—P;), 49.2
(NCHCH3)(CD30D), 52.6 (d, 3Jcp = 6.6 Hz, P;—N—CH,CH,), 68.1 (Cp),
70.5 (Cp), 82.3 (Cpa¥at), 138.8 (d, 3Jcp = 14.1 Hz, CH=N—N—P).

4.2. Dendrimer 2-G3

To a solution of 720 mg of dendrimer 1-G2 (465 umol, 1.0 eq) in
20 mL THF was added 523 pL of N,N-diethylethylenediamine
(3.72 mmol, 8.0 eq) at 0 °C. This solution was kept stirring over-
night at room temperature. The solvent volume was reduced and
the dendrimer was precipitated from ether and washed several
times with ether. A 1.00 g (403 umol, 87%) of dendrimer 2-G3 was
obtained as an orange powder.

TH NMR (300 MHz, CD30D): 1.31 (m, 48H, N—CH,CH3), 3.26 (d,
3]]-[[) =78 HZ, 18H, P1,2—N—CH3), 3.33 (m, 64H, CHz), 441 (S, 4H, Cp),
4.70 (s, 4H, Cp), 7.28 (d, *Jun = 8.1 Hz, 8H, CHarom), 7.65 (s, 2H,

Fig. 5. Numbering used for NMR assignments.
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CH=N—N-Py), 7.74 (s, 41, CH=N—N—P;), 7.86 (d, 3y = 8.1 Hz, 8H,
CHarom.). 3'P{'H} NMR (121.5 MHz, CD30D): 62.4 (s, P1), 70.2 (s,
P,). Bc{'H} NMR (75.5 MHz, CD30D): 7.9 (N—CH,CH3), 31.1 (d,
2Jcp = 10.0 Hz, P13—N—CHs), 36.2 (CH;—N—P3), 49.6 (N—CH>CH3),
52.2 (d, 3Jcp = 6.9 Hz, P,—N—CH,CH,), 68.5 (Cp), 71.1 (Cp), 81.2
(CpUaty 121.3 (d, 3Jcp.y = 5.1 Hz, €%), 127.8 ((3), 133.2 (¢$), 137.5 (d,
3Jcp = 12.5 Hz, CH=N—N—Py), 151.1 (d, )Jcp = 6.9 Hz, C}).

4.3. Dendrimer 3-G1

A mixture of 486 mg of dendrimer 1 — G} (537 umol, 1.0 eq),
895 mg of malonic acid (8.6 mmol, 16 eq) and 45 pL of piperidine
(freshly distilled over CaH;) were dissolved in 30 mL pyridine
(freshly distilled over CaH;) and kept under stirring overnight at
95 °C. The reaction mixture was refluxed for 15 min and precipi-
tated with 37% HCl (in the dark). The precipitate was washed
several times with water and ether and subsequently freeze-dried.
The dendrimer was turned into a sodium salt with 9.08 mL of
aqueous NaOH (0.1996 M, 4 eq). This quantitatively yielded 624 mg
of dendrimer 3-Gy as a dark red powder.

TH NMR (300 MHz, DMSO-dg): 3.22 (d, 3Jup = 11.4 Hz, 6H, P;—
N—CH3), 4.29 (s, 4H, Cp), 4.55 (s, 4H, Cp), 6.48 (d, *Jun = 15.9 Hz,
4H, CH=CH), 723 (d, }Juny = 7.9 Hz, 8H, CHarom.), 758 (d,
3un = 159 Hz, 6H, CH=CH and CH=N-N—P;), 7.77 (d,
3Jun = 7.9 Hz, 8H, CHarom.). 3'P{'H} NMR (121.5 MHz, DMSO-d6):
615 (s, P;). c{'H} NMR (755 MHz, DMSO-dg): 33.2 (d,
2Jep = 12.3 Hz, P1—N—CH3), 68.8 (Cp), 71.7 (Cp), 81.1 (Cpa®"), 119.8
(Ar—CH=CH), 121.7 (d, 3Jcp = 5.1 Hz, (}), 130.3 ((3), 132.1 ((}), 142.2
(CH=N—N—P;), 143.2 (CH=CH—COOH), 151.8 (d, ?Jcp = 6.7 Hz, C}),
167.9 (CO0).

4.4. Dendrimer 3-G3

In 50 mL of pyridine (freshly distilled over CaH;) were dissolved
750 mg of dendrimer 1 — G5 (335 pmol, 1.0 eq), 558 mg of malonic
acid (5.36 mmol, 16 eq) and 70 pL of piperidine (freshly distilled
over CaH). This solution was stirred overnight at 95 °C. The
mixture was refluxed for 15 min; the dendrimers were precipitated
from 37% HCl and washed several times with water and ether. The
dendrimers were transformed into their sodium salt analog by
means of ion exchange with 13.5 mL of NaOH (0.1996 M, 2.70 mmol,
8 eq), which yielded 868 mg (338 umol, 100%) of dendrimer 3-G3 as
an orange powder.

IH NMR (300 MHz, DMSO-dg): 3.23 (d, 3Jup = 10.8 Hz, 6H, P;—
N—CH3), 3.31 (d, 3Jyp = 10.5 Hz, 12H, P,—~N—CH3), 4.28 (s, 4H, Cp),
4.58 (s, 4H, Cp), 6.45 (d, *Jyn = 15.9 Hz, 8H, CH=CH), 7.22 (m, 24H,
CHarom.), 7.53 (d, *Jyn = 15.9 Hz, 8H, CH=CH), 7.68 (m, 24H,
CHarom.), 7.93 (s, 6H, CH=N—N—P;>). 3'P{'H} NMR (121.5 MHz,
DMSO0-dg): 61.8 (2s, P12). >*C{'"H} NMR (75.5 MHz, DMSO-dg): 33.2
(d, )Jcp = 12.4 Hz, P;—N—CH3), 33.4 (d, ?Jcp = 12.2 Hz, P,—N—CH3),
68.7 (Cp), 71.7 (Cp), 81.2 (Cpa“a%), 120.0 (C}), 121.8 (d, 3Jcp = 3.2 Hz,
C3), 1288 (), 1303 (C3), 1322 (C%), 1324 (%), 1413 (d,
3Jcp = 16.4 Hz, CH=N—N—P; ), 143.0 (CH=CH—COOH), 151.3 (d,
Yep = 6.6 Hz, C}), 151.6 (d, ¥cp = 4.8 Hz, C}), 168.0 (COO).

4.5. (4-Methoxyphenyl)-(1'-tributylstannylferrocenyl)-methanol 6

In a Schlenk tube, a solution of 325 uL of bromoanisole
(2.6 mmol) in 7.5 mL of THF was cooled down to —64 °C. To this
solution, 1.5 mL of a n-butyl lithium solution (1.6 M in pentane,
2.4 mmol) were slowly added and the mixture was stirred for 1 h at
this temperature. At —64 °C a 20 mL THF solution containing 1.19 g
of ferrocene 5 (2.36 mmol) was added. This mixture was stirred for
15 min at —64 °C and was allowed to stir for 2 h at room temper-
ature. The THF was evaporated and the product was dissolved in

DCM and washed several times with distilled water till both phases
were clear. The organic phase was dried over Na;SO4 and evapo-
rated. The crude material was purified by column chromatography
(several percent of ethyl acetate in hexane, increasing to 10%, with
few drops of triethylamine) yielding 1.04 g of compound 6 as an
orange oil (1.70 mmol, 72%).

'H NMR (250 MHz, CDCl3): 0.9—1.1 (m, 9H, SnBus), 1.6—1.1 (m,
18H, SnBu3), 2.51 (d,] = 2.7 Hz, 1H, OH), 3.78 (s, 3H, OMe), 4.09 (m,
1H, Cp), 4.12 (s, 4H, Cp), 4.24 (t, ] = 1.6 Hz, 1H, Cp), 4.40 (t, ] = 1 Hz,
2H, Cp), 5.45 (d, J = 2.7 Hz, 1H, CH-0), 6.86 (m, 2H, CHarom), 7.31
(m, 2H, CHarom). 3c{'H} NMR (63 MHz, CDCl3): 10.3 (satellites:
two doublets, J119s,—13¢ = 348 Hz and J117s,—13¢ = 332 Hz,
SnBus), 13.9 (SnBus), 27.5 (satellites: two doublets, J119s,—
13¢ = 58 Hz and J117s,—13¢ = 55 Hz, SnBus), 29.3 (satellites: one
doublet, Jsp—13¢ = 20 Hz SnBus), 55.2 (OCH3), 65.8 (quat Cp), 67.4
(Cp), 68.15 (Cp), 68.19 (Cp), 69.6 (satellites: two doublets, J119s,—
13¢ = 394 Hz and J117s,—13¢ = 377 Hz, quat Cp), 71.01 (satellites:
one doublet, Jsp—13¢ = 33 Hz, Cp), 70.98 (satellites: one doublet,
Jsn—13¢c = 33 Hz, Cp), 71.9 (Cp), 74.92 (satellites: one doublet, Jsn—
13¢ = 41 Hz, Cp), 74.95 (satellites: one doublet, Js,—13¢ = 41 Hz,
Cp),94.0 (CHOH), 113.8 (Ph), 127.6 (Ph)), 135.8 (quat Ph), 158.9
(quat Ph). "”sn{'H} NMR (CDCl3): —18.5. MS (DCI, NH3): 611 (13%,
M), 595 (100%, M—OH).

4.6. (4-Methoxyphenyl)-(1'-tributylstannylferrocenyl)-methane 7

4.6.1. Method A

In a Schlenk tube, a 25 mL THF solution of compound 6
(3.91 mmol, 1.0 eq) was preheated to 90 °C to reflux conditions
before 3.91 mL of a borane dimethylsulfide complex (1.0 M in DCM,
3.91 mmol, 1.0 eq) were added. The mixture was refluxed for
30 min and directly quenched with water. The product was
extracted with pentane and the organic phase was dried over
MgSO4. The product was further purified on column chromatog-
raphy using pentane as eluent. This procedure yielded 1.68 g of
product 7 (2.83 mmol, 73%) as a red oil.

4.6.2. Method B

In a Schlenk tube, to 3 mL of THF, at 0 °C, were added 65 pl of
titanium tetrachloride (0.6 mmol, 1 eq) and 189 mg of sodium
cyanoborohydride (3 mmol, 5 eq). The reaction mixture, initially
black, is kept stirring at 0 °C during 30 min to become gradually
a clear yellow solution. To this solution was added a solution of
370 mg of compound 6 in 3 mL THF (0.6 mmol, 1.0 eq). After 5 min
stirring at 0 °C, 50 mL of a 2 N aqueous ammonia solution was
added. The reaction mixture was filtered on Biichner, washed three
times with sodium hydroxide 2 N aqueous solution, then dried over
Na,S0O4 and evaporated to yield a yellow oil (370 mg). The product
was further purified on silicagel by flash chromatography using
a pentane/ether mixture (99/1) as eluent. This procedure yielded
0.329 g of product 7 (0.55 mmol, 92%) as a red oil.

'H NMR (250 MHz, CDCl3): 0.9—1.7 (m, 21H, SnBus), 1.74 (m, 6H,
SnBus), 3.63 (s, 2H, CHy), 3.77 (s, 3H, OMe), 3.97 (t, ] = 1.6 Hz, 2H,
Cp), 4.04—4.00 (s, 4H, Cp), 4.29 (t, ] = 1.6 Hz, 1H, Cp), 6.80 (d,
J = 8.6 Hz, 2H, CHarom), 7.09 (d, J = 8.6 Hz, 2H, CHarom). *C{'H}
NMR (63 MHz, CDCl3): 10.2 (satellites: two doublets, J119s,—
13¢ = 347 Hz and J117s,—13¢ = 332 Hz, SnBus3), 13.7 (SnBus), 27.4
(satellites: one doublets, Jsp—13¢ = 57 Hz, SnBus), 29.2 (satellites:
one doublet, Js,—13¢ = 18.3 Hz SnBu3), 35.3 (CH>), 55.2 (OCH3), 67.5
(Cp), 68.5 (Cp), 68.7 (quat Cp), 71.3 (satellites: one doublet, Jsh—
13c = 34.6 Hz, Cp), 75.0 (satellites: one doublet, Js,-
13¢ = 42.2 Hz, Cp), 88.1 (quat Cp), 113.3 (Ph), 129.2 (Ph), 133.9 (quat
Ph), 157.8 (quat Ph). "’sn{'H} NMR (CDCl3): —18.3. MS (DCI, CHy):
596 (100%, M + 1).
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4.7. 1'-[(4-Methoxyphenyl)methyl|ferrocenecarboxaldehyde 8

In a Schlenk tube, a 20 mL THF solution of 0.84 g of compound 7
(1.41 mmol, 1.0 eq) was cooled to —78 °C before 791 pL of a n-butyl
lithium solution (2.5 M in hexane, 1.98 mmol, 1.4 eq) were added.
This mixture was stirred for 15 min at this temperature, and
subsequently for 1 h at room temperature. Then it was cooled again
to —78 °C and 593 uL of freshly distilled (on CaH,;) DMF
(7.045 mmol, 5.5 eq) was added. This mixture was stirred at this
temperature for 15 min and then stirred at room temperature
overnight. The reaction was quenched by the addition of water
followed by extraction with ether, washing with brine and drying
on NaySOg4. After column purification (up to 30% ether in hexane)
the product 8 was yielded as 0.363 g (1.09 mmol, 77%) of a red oil.

TH NMR (250 MHz, CDCls): 3.52 (s, 2H, CHy), 3.76 (s, 3H, OMe),
418 (m, 4H, Cp), 4.55 (t,J = 1.9 Hz, 2H, Cp), 4.73 (t,J = 1.9 Hz, 2H,
Cp), 6.79 (m, 2H, CHarom), 7.05 (m, 2H, CHarom), 9.90 (s, 1H, CHO).
13¢{'H} NMR (63 MHz, CDCl3): 34.4 (CH,), 55.2 (OCH3), 69.2 (Cp),
70.1 (Cp), 70.2 (Cp), 74.0 (Cp), 79.6 (quat Cp), 90.6 (quat Cp), 113.8
(Ph), 129.2 (Ph), 133.0 (quat Ph), 158.0 (quat Ph), 193.5 (CHO). MS
(DCI, NH3): 335 (100%, M + 1).

4.8. 1'-[(4-Hydroxyphenyl)methyl|ferrocenecarboxaldehyde 9

In a Schlenk tube, a 6 mL DCM solution of 207 mg of compound
8 (622 pmol, 1.0 eq) was cooled to —78 °C and 2.2 mL of boron
tribromide (1.0 M in DCM, 2.2 mmol, 3.5 eq) were added. The
reaction was stirred at room temperature and in the dark for
45 min. The reaction mixture was added to vigorously stirred ice
water and stirred for 15 min. The product was extracted with DCM,
washed three times with an aqueous 1.0 M Na;S,03 solution, three
times with brine and finally dried over Na;SO4. After column
chromatography (30% ether in pentane) the product 9 was yielded
as a red powder (143 mg, 447 umol, 72%). Monocrystals of 9 suit-
able for X-ray diffraction analysis have been obtained by slow
diffusion of hexane in a dichloromethane solution of 9.

TH NMR (250 MHz, CDCl3): 3.51 (s, 2H, CHa), 4.18 (m, 4H, Cp),
455 (t, ] = 1.9 Hz, 2H, Cp), 4.73 (t, ] = 1.9 Hz, 2H, Cp), 6.72 (d,
J=28.5Hz, 2H, CHarom), 6.99 (d, ] = 8.5 Hz, 2H, CHarom), 9.90 (s, 1H,
CHO). BC{'H} NMR (63 MHz, CDCl3): 34.4 (CH5), 69.1 (Cp), 70.1
(Cp), 70.2 (Cp), 73.8 (Cp), 80.5 (quat Cp), 91.2 (quat Cp), 115.2 (Ph),
129.5 (Ph), 132.4 (quat Ph), 155.9 (quat Ph), 193.5 (CHO). MS (D(],
NH3): 321 (100%, M + 1).

4.9. Dendrimer 11 — G,

To a suspension of 5.1 mg of NaH (215 umol, 27 eq) in 5 mL of
THE, a solution of 71.5 mg of compound 9 (223 pmol, 28 eq) in 5 mL
THF was added at O °C. This mixture was stirred for 1 h at room
temperature. Subsequently it was cooled again to 0 °C and a 5 ml
THF solution of 10-G2 (7.69 pmol, 1.0 eq) was added. The reaction
was stirred overnight at room temperature. The solution volume
was reduced and the dendrimer was precipitated from ether/
pentane (1:3). A 66 mg (5.69 pmol, 74%) of dendrimer 11 — G, were
obtained as an orange powder.

'H NMR (300 MHz, CDCl3): 3.22 (m, 54H, P;,—N—CHs), 3.49 (s,
48H, CH,Fc), 4.13 (s, 96H, Cp), 4.49 (s, 48H, Cp), 4.68 (s, 48H, Cp),
6.92—7.61 (m, 186H, CHarom + CH=N), 9.86 (s, 24H, CHO). 3'P{'H}
NMR (121.5 MHz, CDCl3): 8.4 (s, Pg), 62.6 (s, P1), 62.9 (s, P2). >C{'H}
NMR (75.5 MHz, CDCl3): 33.1 (d, ?Jcp = 12.3 Hz, CH3—N—P1 ), 34.6
(CHy), 69.4 (Cp), 70.2 (Cp), 70.3 (Cp), 74.0 (Cp), 79.6 (CpIat), 89,5
(CpA4at), 121.2 (d, 3Jep-p = 4.5 Hz, C3), 121.8 (C51), 128.3 (C31), 129.3
(C3), 132.2 (C§), 1324 (C}), 138.1 (C3), 138.6 (m, CH=N—N—P;>),
148.9 (d, ?Jcp-2 = 7.1 Hz, C}), 151.2 (Ch 1), 193.4 (CHO).

4.10. Dendrimer 11-G3

To a solution of 100 mg (8.6 pmol, 1.0 eq) of dendrimer 11 — G5
in 8 mL of chloroform were added 0.9 mL of a 0.24 M solution of
H,NNMePSCl, (265 pmol, 25 eq). After 45 min the product was
precipitated from pentane twice. A 128 mg (8.3 pumol, 96%) of
dendrimer 11-G3 were obtained as an orange powder.

H NMR (300 MHz, CDCl3): 3.23 (s, 48H, CHyFc), 3.35 (d,
3Jup = 15 Hz, 72H, CH3N—P3), 3.51 (m, 54H, CH3N—P;;), 4.05 (2s,
96H, Cp), 4.31 (s, 48H, Cp), 4.59 (s, 48H, Cp), 6.95—7.62 (m, 212H,
CHarom. + CH=N). >'P{'H} NMR (121.5 MHz, CDCls): 8.6 (s, Py),
62.3 (s, P12), 63.0 (s, P3). 3C{'H} NMR (75.5 MHz, CDCls): 32.1 (d,
2Jep = 12.5 Hz, CH3—N—P3), 33.1 (d, ZJcp = 12.6 Hz, CH3—N—Pq;),
34.9 (CH,), 68.7 (Cp), 69.0 (Cp), 70.1 (Cp), 71.0 (Cp), 79.0 (CpaUt),
88.6 (CpaUat), 121.2 (d, 3Jepp = 4.5 Hz, C3), 121.8 (C51), 128.3 (C31),
1293 (C3), 1322 (C3), 1324 (Ch), 1385 (C3), 1436 (d,
3_lcp1'2‘3 =189 HZ, CH=N—N—P1V2V3), 148.8 (d. ZJCPZ = 6.8 HZ, C%),
151.2 (d, ?Jcp.o1 = 6.0 Hz, Ch1).

4.11. Dendrimer 11 — G}

A solution of 71 mg of dendrimer 11-G3 (4.59 pmol, 1.0 eq),
27.8 mg of p-hydroxybenzaldehyde (228 umol, 50 eq) and 149 mg
of Cs,CO3 (457 pmol, 100 eq) in 5 mL of THF was stirred overnight at
room temperature. The product was precipitated from pentane
yielding 91 mg (4.65 pmol, 100%) of dendrimer 11 —G; as an
orange powder.

TH NMR (300 MHz, CDCl3): 3.24-3.32 (2s + d, 3Jup = 15 Hz,
48H + 72H, CHyFc + CH3N—P3), 3.41 (m, 54H, CH3N—P; ), 3.95 (s,
96H, Cp), 4.26 (s, 48H, Cp), 4.52 (s, 48H, Cp), 6.95—7.82 (m, 402H,
CHarom. + CH=N), 9.86 (s, 48H, CHO). >'P{'H} NMR (121.5 MHz,
CDCl3): 8.36 (s, Pg), 59.9 (s, P3), 62.5 (s, P1), 63.0 (s, P2). 3C{'H} NMR
(75.4 MHz, CDCl3): 32.9 (d, }Jcp = 13.5 Hz, CH3N—P; 5 3), 34.8 (CHy),
68.3 (Cp), 68.9 (Cp) 69.9 (Cp), 70.8 (Cp), 79.7 (CpUat), 88.3 (Cpauat),
121.2 (d, }Jcpo12 = 4.2 Hz, C§12), 121.8 (d, 3Jcp3 = 5.1 Hz, C3), 128.3
(G31), 1293 (C3), 131.4 (C3), 132.2 (C3), 132.5 (C3), 133.5 (C4), 138.4
(C3), 1414 (d, 3Jcp.123 = 13.5 Hz, CH=N—N—P;53), 148.8 (d, ?Jcp.
2 =6.9Hz, C}),151.2 (Ch1),155.2 (d, %Jcp.3 = 6.7 Hz, C}), 190.7 (CHO).

4.12. Dendrimer 12-G%

To a 5 mL THF solution of 47 mg of dendrimer 11-G3 (3.69 umol,
1.0 eq) were added 25.4 pL of N,N-diethylethylenediamine
(177 pmol, 48 eq) at 0 °C. It was washed twice with dry THF
(partly soluble). 37 mg (1.76 pmol, 48%) of dendrimer 12-G§ were
obtained as an orange solid.

TH NMR (300 MHz, CD30D): 1.23 (m, 24H, N—CH,—CH3), 3.21
(m, 32H, CHy), 3.23 (2s, 48H, CHyFc), 3.35 (d, 3Jup = 15 Hz, 72H,
CH3N—P3), 3.51 (m, 54H, CH3N—P;;), 4.02 (2s, 96H, Cp), 4.21 (s,
48H, Cp), 4.58 (s, 48H, Cp), 6.98—7.63 (m, 212H, CHarom. + CH=N).
31p{1H} NMR (121.5 MHz, CD30D): 8.6 (s, Pg), 61.3 (s, P1), 62.7 (s, P2),
69.5 (s, P3). 3C{'H} NMR (75.5 MHz, CD30D): 9.0 (CH3CH,—N), 32.1
(d, ?Jep = 12.5 Hz, CH3N—P3), 33.1 (d, %Jcp = 12.6 Hz, CH3—N—P1>),
349 (CH,), 36.3 (CH,—N—P3), 49.6 (CH3CH>—N), 522 (d,
3Jcp = 6.9 Hz, CH,CH,—N—P3), 68.7 (Cp), 69.0 (Cp), 70.1 (Cp), 71.0
(Cp), 79.0 (CpIuat), 87.6 (s, CpIUat), 121.2 (d, 3Jcpp = 4.5 Hz, C3),121.8
(C§1),128.3 (G31), 129.3 (C3), 132.2 (C§), 132.4 (C), 138.5 (C3), 143.6
(d,3Jcp12:3 = 18.9 Hz, CH=N—N—P1,3),148.8 (d, ?Jcp.o = 6.8 Hz, C}),
151.2 (d, *Jcp.o1 = 6.0 Hz, Ch1).

4.13. Dendrimer 13 — G3
In 2 mL of freshly distilled (on CaHy) pyridine were dissolved

60 mg of dendrimer 11 — G5 (3.07 pmol, 1.0 eq), 32 mg of malonic
acid (307 pmol, 100 eq) and 1.5 mL of piperidine (freshly distilled
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Crystal data and structure refinement for compound 9.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 26.06°

Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I > 2sigma(I)]
R indices (all data)

9
CigH16Fe0;

320.16

293(2) K

0.71073 A

Monoclinic

P2]/l'1

a =7.5652(10) A a = 90°

b =11.0984(11) A § = 92.875(16)°
c=17.134(2) Ay = 90°

1436.8(3) A3

4

1.480 Mg/m>

1.050 mm!

664

0.64 x 0.45 x 0.1 mm>
2.19-26.06°

—9<h<9 -13<k<13,-21<1<21
10,984

2804 [R(int) = 0.0702]

98.6%

Full-matrix least-squares on F>
2804/0/191

0.832

R1 = 0.0367, wR2 = 0.0720

R1 = 0.0706, wR2 = 0.0788

Largest diff. peak and hole 0.390 and —0.333 e A3

over CaHy) and stirred overnight at 95 °C. The reaction mixture was
refluxed for 15 min to remove the CO, and precipitated from HCl
(37%). The precipitate was washed three times with water and
twice with ether before it was freeze-dried. lon exchange with
579 uL (0.1996 M, 116 pumol, 48 eq) of NaOH yielded 27 mg of
dendrimer 13-G3 (1.19 umol, 39%) as an orange powder.

TH NMR (300 MHz, DMSO-dg): 3.22—3.41 (m, 102H, CH3N—
P123), 3.90 (s, 48H, Cp), 3.97 (s, 48H, Cp), 4.21 (s, 48H, Cp), 4.48
(s, 48H, Cp), 6.39 (d, *Jun = 15.6 Hz, 48H, CH=CH—COO0), 7.39 (d,
3y = 15.6 Hz, 48H, CH=CH—COO), 6.95—7.82 (m, 402H,
CHarom + CH=N). 3'P{'H} NMR (121.5 MHz, CDCls): 8.17 (s, Py),
60.8 (s, P1), 61.4 (s, P3), 62.9 (s, Py).

A 3C NMR spectrum could not be taken due to a limited solu-
bility and low concentration.

4.14. Cyclic Voltammetry

The CV measurements of dendrimer 3 — Gy were carried out with
an Autolab PGSTAT100 controlled by GPES 4.09 software and per-
formed in a homemade three electrode cell. The reference electrode
was a saturated calomel electrode, separated from the aqueous
solution by a bridge compartment. The counter electrode was a plat-
inum wire with an approximate surface area of 1 cm?. The working
electrode was a platinum electrode (0.5 mm diameter). The den-
drimer concentration was 3.73 mM and the supporting electrolyte
(KCl) concentration was 100 mM in water. Before each measurement,
the solution was degassed with argon and the working electrode was
polished with a polishing machine (Presi P230).

4.15. X-ray crystallography

Single crystal of compound 9 was mounted and fixed at the tip
of glass fibre on a Stoe IPDS diffractometer. Data were collected
using the monochromatic MoKe. radiation (4 = 0.71073). The Final
unit cell parameters were obtained by the least-squares refinement
of 5195 reflections. Only statistical fluctuations were observed in
the intensity monitors over the course of the data collections.

Table 2
Bond lengths [A] and angles [°] for compound 9.

Fe(1)—CT1 1.6480(4) Fe(1)—CT2 1.6432(4)
0(1)—C(114) 1.365(3) C(7)—-C(8) 1.390(5)
0(2)-C(21) 1.218(5) C(8)—C(9) 1.401(5)
C(1)-C(5) 1.412(4) C(9)—C(10) 1.399(5)
C(1)—-C(2) 1.417(4) C(11)—C(111) 1.521(3)
C(1)-C(11) 1.495(4) C(111)—C(116) 1.376(4)
C(2)-C(3) 1.404(4) C(111)—C(112) 1.380(4)
C(3)-C(4) 1.399(5) C(112)—C(113) 1.370(4)
C(4)—C(5) 1.423(4) C(113)-C(114) 1.380(4)
C(6)—C(7) 1.410(5) C(114)—C(115) 1.382(4)
C(6)—C(10) 1.428(4) C(115)—C(116) 1.385(4)
C(6)—C(21) 1.441(5)

CT2—Fe(1)—CT1 178.23(3) C(9)—C(10)—C(6) 106.9(3)
C(5)—C(1)-C(2) 106.7(3) C(1)-C(11)-C(111) 114.6(2)
C(5)—C(1)—C(11) 127.1(3) 0(2)—C(21)—C(6) 123.9(4)
C(2)—C(1)—C(11) 126.2(3) C(116)—C(111)—C(112) 117.9(2)
C(3)-C(2)-C(1) 108.9(3) C(116)—C(111)—C(11) 122.1(3)
C(4)—C(3)-C(2) 108.3(3) C(112)—C(111)—C(11) 120.0(3)
C(3)—C(4)—C(5) 107.6(3) C(113)—C(112)—C(111) 121.8(3)
C(1)-C(5)—C(4) 108.5(3) C(112)—C(113)—C(114) 120.0(3)
C(7)—C(6)—C(10) 107.8(3) 0(1)—C(114)—C(113) 117.4(3)
Q(7)—C(6)—C(21) 126.0(3) 0(1)—C(114)—C(115) 123.3(3)
C(10)—C(6)—C(21) 125.4(3) C(113)—C(114)—C(115) 119.3(3)
C(8)—C(7)—C(6) 107.9(3) C(114)—C(115)—C(116) 119.8(3)
C(7)—C(8)—C(9) 108.6(3) C(111)—C(116)—C(115) 121.3(3)

C(10)—C(9)—C(8) 108.7(3)

The structure was solved by direct methods (SIR97 [30]) and
refined by least-squares procedures on F> with the SHELXL-97
program [31] using the integrated system WINGX [32]. H
attached to carbon or oxygen atoms were introduced at calculated
positions and treated as riding on their parent atoms
[d(CH) = 0.93—0.97 A and d(OH) = 0.82 A] with a displacement
parameter equal to 1.2Ueq (CeHs, CsHs, CHp, OH) times that of the
parent atom. The Molecular view was realised with the help of
ORTEP-III [33] and the packing view was done using PLATON [34].
Crystal data and refinement parameters are shown in Table 1, bond
lengths and angles in Table 2.

Acknowledgements

Thanks are due to the EC for the ESR Marie Curie NANOTOOL,
especially for a grant to E. de ]., and to the CNRS and the ANR
DendSwitch for financial support.

Appendix A. Supplementary material

CCDC 842974 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

References

[1] B. Alonso, I. Cuadrado, M. Moran, ]. Losada, J. Chem. Soc. Chem. Commun.
(1994) 2575—-2576.

[2] AM. Caminade, C.O. Turrin, R. Laurent, A. Ouali, B. Delavaux-Nicot (Eds.),
Dendrimers. Towards Catalytic, Material and Biomedical Uses, John Wiley and
Sons, Chichester, UK, 2011.

[3] (a) C. Valerio, J.L. Fillaut, J. Ruiz, J. Guittard, J.C. Blais, D. Astruc, ]J. Am. Chem.
Soc. 119 (1997) 2588—2589;
(b) M.C. Daniel, J. Ruiz, D. Astruc, J. Am. Chem. Soc. 125 (2003) 1150—1151;
(c¢) C. Ornelas, J.R. Aranzaes, E. Cloutet, S. Alves, D. Astruc, Angew. Chem. Int.
Ed. 46 (2007) 872—-877;
(d) A.E. Kaifer, Eur. J. Inorg. Chem. (2007) 5015—5027.

[4] (a)]. Losada, I. Cuadrado, M. Moran, C.M. Casado, B. Alonso, M. Barranco, Anal.

Chim. Acta 338 (1997) 191—-198;
(b) C.M. Casado, I. Cuadrado, M. Moran, B. Alonso, B. Garcia, B. Gonzalez,
J. Losada, Coord. Chem. Rev. 186 (1999) 53—79.


http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif

30

[5]
[6]

[7]
[8]
[9]

[10]
[11]

[12]

[13]
[14]

[15]

[16]

E.R. de Jong et al. / Journal of Organometallic Chemistry 718 (2012) 22—30

D. Astruc, Acc. Chem. Res. 33 (5) (2000) 287—298.

(a) R. van Heerbeek, P.CJ. Kamer, P.W.N.M. van Leeuwen, J.N. Reek, Chem. Rev.
102 (2002) 3717—3756;

(b) D. Méry, D. Astruc, Coord. Chem. Rev. 250 (2006) 1965—1979;

(c) B. Helms, J.M.J. Fréchet, Adv. Synth. Catal. 348 (2006) 1125—1148;

(d) S.H. Hwang, C.D. Shreiner, C.N. Moorefield, G.R. Newkome, New ]J. Chem.
31 (2007) 1192—-1217;

(e) A.M. Caminade, P. Servin, R. Laurent, ].P. Majoral, Chem. Soc. Rev. 37 (2008)
56—67;

(f) E. de Jesus, J.C. Flores, Ind. Eng. Chem. Res. 47 (2008) 7968—7981.

L. Routaboul, S. Vincendeau, C.O. Turrin, A.M. Caminade, ]J.P. Majoral,
J.C. Daran, E. Manoury, J. Organomet. Chem. 692 (2007) 1064—1073.

P.R. Ashton, V. Balzani, M. Clemente-Leon, B. Colonna, A. Credi, N. Jayaraman,
F.M. Raymo, J.F. Stoddart, M. Venturi, Chem. Eur. J. 8 (2002) 673—684.

Y. Wang, C.M. Cardona, A.E. Kaifer, ]. Am. Chem. Soc. 121 (1999) 9756—9757.
C.M. Cardona, T.D. McCarley, A.E. Kaifer, J. Org. Chem. 65 (2000) 1857—1864.
(a) C.A. Nijhuis, K.A. Dolatowska, BJ. Ravoo, . Huskens, D.N. Reinhoudt, Chem.
Eur. J. 13 (2007) 69—80;

(b) C.A. Nijhuis, B.A. Boukamp, B.]. Ravoo, J. Huskens, D.N. Reinhoudyt, ]J. Phys.
Chem. C 111 (2007) 9799—9810;

(c) A. Salmon, P. Jutzi, J. Organomet. Chem. 637 (2001) 595—608.

(a) C.0.Turrin, ]. Chiffre, J.C. Daran, D.de Montauzon, A.M. Caminade, E. Manoury,
G. Balavoine, J.P. Majoral, Tetrahedron 57 (13) (2001) 2521—-2536;

(b) C.O. Turrin, J. Chiffre, ].C. Daran, D. de Montauzon, G. Balavoine, E. Manoury,
A.M. Caminade, ].P. Majoral, C. R. Chim. 5 (2002) 309—318.

AM. Caminade, ].P. Majoral, Prog. Polym. Sci. 30 (2005) 491—505.

C.0. Turrin, B. Donnadieu, A.M. Caminade, ].P. Majoral, Z. Anorg. Allg. Chem.
631 (2005) 2881—2887.

C.O. Turrin, ]. Chiffre, D. de Montauzon, J.C. Daran, A.M. Caminade, E. Manoury,
G. Balavoine, ].P. Majoral, Macromolecules 33 (2000) 7328—7336.

C. Loup, M.A. Zanta, A.M. Caminade, ].P. Majoral, B. Meunier, Chem. Eur. J. 5
(1999) 3644—3650.

[17]

[18]

[19]
[20]

[21]

GJ.D.A. Soler-Illia, L. Rozes, M.K. Boggiano, C. Sanchez, C.0. Turrin,
AM. Caminade, ].P. Majoral, Angew. Chem. Int. Ed. 39 (2000) 4250—4254.
(a) J. Leclaire, Y. Coppel, A.M. Caminade, J.P. Majoral, J. Am. Chem. Soc. 126
(2004) 2304—2305;

(b) J. Leclaire, R. Dagiral, S. Fery-Forgues, Y. Coppel, B. Donnadieu,
A.M. Caminade, ].P. Majoral, J. Am. Chem. Soc. 127 (2005) 15762—15770.
C.O. Turrin, J. Chiffre, D. de Montauzon, G. Balavoine, E. Manoury,
A.M. Caminade, ].P. Majoral, Organometallics 21 (2002) 1891—1897.

G. Iftime, C. Moreau-Bossuet, E. Manoury, G.G.A. Balavoine, Chem. Commun.
(1996) 527—528.

L. Routaboul, ]. Chiffre, G.G.A. Balavoine, J.-C. Daran, E. Manoury, J. Organomet.
Chem. 637—639 (2001) 364—371.

S. Battacharya, Synlett (1995) 971—-972.

E.H. Vickery, LF. Pahler, EJ. Eisenbraun, ]J. Org. Chem. 44 (1979) 4444—4446.
N. Launay, A.M. Caminade, ]J.P. Majoral, J. Organomet. Chem. 529 (1997)
51-58.

[25] ]. Alvarez, T. Ren, A.E. Kaifer, Organometallics 20 (2001) 3543—3549.

[26]

[27]

AJ. Bard, L.R. Faulkner, in: Masson (Ed.), Electrochimie — Principes, Méthodes
et Applications, Paris, 1983.

C. Amatore, M. Azzabi, P. Calas, A. Jutand, C. Lefrou, Y. Rollin, J. Electroanal.
Chem. 288 (1990) 45—63.

[28] J.L. Hernandez-Lopez, H.L. Khor, AM. Caminade, ].P. Majoral, S. Mittler,

W. Knoll, D.H. Kim, Thin Solid Films 516 (2008) 1256—1264.

[29] J.C. Blais, C.O. Turrin, A.M. Caminade, J.P. Majoral, Anal. Chem. 72 (2000)

(30]

[31]
[32]
[33]
[34]

5097—-5105.

A. Altomare, M.C. Burla, M. Camalli, G.L. Cascarano, C. Giacovazzo,
A. Guagliardi, A.G.G. Moliterni, G. Polidori, R. Spagna, J. Appl. Cryst. 32 (1999)
115-119.

G.M. Sheldrick, Acta Cryst. A64 (2008) 112—122.

LJ. Farrugia, J. Appl. Cryst. 32 (1999) 837—838.

LJ. Farrugia, J. Appl. Cryst. 30 (1997) 565.

A.L. Spek, J. Appl. Cryst. 36 (2003) 7—13.



	Synthesis and characterization of water-soluble ferrocene-dendrimers
	1. Introduction
	2. Results and discussion
	2.1. Ferrocene as core of water-soluble phosphorus dendrimers
	2.2. Ferrocenes in the branches of water-soluble dendrimers
	2.2.1. Synthesis of the difunctional ferrocene building block
	2.2.2. Ferrocenes in the branches of dendrimers

	2.3. Preliminary electrochemical studies

	3. Conclusion
	4. Experimental
	4.1. Dendrimer 2-G1+
	4.2. Dendrimer 2-G2+
	4.3. Dendrimer 3-G1−
	4.4. Dendrimer 3-G2−
	4.5. (4-Methoxyphenyl)-(1′-tributylstannylferrocenyl)-methanol 6
	4.6. (4-Methoxyphenyl)-(1′-tributylstannylferrocenyl)-methane 7
	4.6.1. Method A
	4.6.2. Method B

	4.7. 1′-[(4-Methoxyphenyl)methyl]ferrocenecarboxaldehyde 8
	4.8. 1′-[(4-Hydroxyphenyl)methyl]ferrocenecarboxaldehyde 9
	4.9. Dendrimer 11-G2′
	4.10. Dendrimer 11-G3
	4.11. Dendrimer 11-G3′
	4.12. Dendrimer 12-G3+
	4.13. Dendrimer 13 − G3−
	4.14. Cyclic Voltammetry
	4.15. X-ray crystallography

	Acknowledgements
	Appendix A. Supplementary material
	References


