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Molecular Batteries: Ferrocenylsilylation of Dendrons, Dendritic Cores,
and Dendrimers: New Convergent and Divergent Routes to Ferrocenyl
Dendrimers with Stable Redox A ctivity

Sylvain Nlate,*! Jaime Ruiz,/*! Valérie Sartor,'*] Reyes Navarro,*! Jean-Claude Blais,™ and

Didier Astruc*l2l

Abstract: The ferrocenylsilylation of
the phenol triallyl dendron 2, of the
phenol nonaallyl dendron 4, and of the
9-, 27-, 81-, and 243-allyl dendrimers 7—
10 (monitored by the disappearance of
the signals of the olefinic protons in
'H NMR spectra) has been achieved
using ferrocenyldimethylsilane 1 and
Karstedt’s catalyst in diethyl ether at
40°C, yielding the corresponding ferro-
cenyl dendrons and dendrimers. An
alternative convergent synthesis of the
nonaferrocenyl dendron 5 was carried
out by reaction of the triferrocenyl

dron followed by deprotection. Reac-
tion of the nonaferrocenyl dendron §
with hexakis(bromomethyl)benzene
gave the 54-ferrocenyl dendron 6. All
the ferrocenyl dendron and dendrimers
produce a chemically and electrochemi-
cally reversible ferrocenyl oxidation
wave at seemingly the same potential.
Stable platinum electrodes modified
with the high ferrocenyl dendrimers

Keywords: dendrimers electro-
chemistry - electron transfer
hydrosilylations - metallocenes

were fabricated. The soluble orange-
red ferrocenyl dendrimers can also be
oxidized in CH,Cl, by [NO][PF] to the
insoluble deep blue polyferrocenium
dendrimers. For instance, the 243-ferro-
cenium dendrimer has been character-
ized by its Mossbauer spectrum, which is
of the same type as that of ferrocenium
itself. The ferrocenium dendrimers can
be reduced without any decomposition
back to the ferrocenyl dendrimer, indi-
cating that these multielectronic redox-
stable dendrimers behave as molecular
batteries.

dendron 2 with a protected triododen-

Introduction

The stable redox activity of nanoscopic materials is a desirable
property in the design of electronic molecular-switch devi-
ces.lll Dendrimers are a well-known source of nanoscopic
materials for which the topology, dispersity, and introduction
of redox active metal centers can be carefully controlled.?
Recent reviews have indeed focused on metallodendrimers
with promising functions and potential.®>71 In particular,
redox-active metallodendrimers such as polypyridine den-
drimers prepared by the groups of Balzani,®! Puddephat!”! and
Constable,'%) ferrocenyl dendrimers prepared by Cuadrado
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et al.l" 12 and tetrathiafulvalene dendrimers prepared by the
groups of Bryce and Becher!'> 4l illustrate the potential access
to precise redox-active nanoscopic molecules with original
functions. Several other groups have also reported ferrocenyl
dendrimers in which the ferrocenyl group is located at the
center[™ or at the peripheryl'®?2 of the dendrimer. In the first
case, the dendritic effect on the redox potential and reversi-
bility have been disclosed whereas, in the latter case, the
ferrocenyl groups appear independent, seemingly at the same
redox potential. Although the synthesis of large ferrocenyl
dendrimers has been achieved by Cuadrado’s group (up to
64 branches),['! the polyamidoferrocenyl dendrimers!'®d ¢l
have not been chemically oxidized to stable ferrocenium
dendrimers probably because the electron-withdrawing prop-
erty of the amido group destabilizes the ferrocenium form.
Although electrode surfaces coated with amidoferrocenyl
derivatives have been successfully used in molecular recog-
nition?? and biosensing!'®?, this limitation may be somewhat
damaging. We report here the ferrocenylsilylation of den-
drons, dendritic cores, and dendrimers and valuable conver-
gent and divergent routes?”! to redox-stable dendrons and
dendrimers. Ferrocenyldimethylsilane (1), has already been
successfully used by Jutzi for the ferrocenylsilylation of
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decaallylferrocenyl in the presence of air.l’! The ferrocenyl-
silylation of the olefin termini in dendrimers in its regiospe-
cific version using 1 is represented in Equation (1).

Karstedt cat.

dendri-CH=CH, + FcSi(Me),H dendri-CH,CH,Si(Me),Fc (1)

Fe=ferrocenyl

Hydrosilylation of polyolefin dendritic cores using other
silanes has also been utilized, in particular by Seyferth et al.,
for the synthesis of large organosilicon

by hydrosilylation of vinylferrocenyl using hydrogenosilane
dendrimers.['" 1) We have recently reported the organoiron-
mediated syntheses of polyallyl dendrons, dendritic cores,
and dendrimers,?Y which are potentially an excellent
source of metallodendrimers using hydroelementation
reactions.””l The synthesis of these polyallyl dendrons,
dendritic cores, and dendrimers, which we will use in the
present report is represented in Scheme 1 and by compounds
9 and 10.

dendrimers and metallodendrimers.®!
Cuaftlrado’s group has reported the syn- 1) p-chlorotoluene ‘Q 1) meASIiglene
thesis of a number of ferrocenyl dendrim- AlCl3 5595' 3
ers with up to 16 ferrocenyl groups which N <~ \ Ny

' > TSy 2ad HPRg 2) ag. HPFg T+
have polysilane cores. Typically, these <7 Fe™ PR
ferrocenyl dendrimers were synthesized Fe P ;}é

cl
1) CHp=CHCH,Br ‘2) hv
l EtOH KOH, DME, 20°C
. . . K

Abstract in French: La ferrocénylsilyla- 2C0s N

tion du dendron phénol triallyl 2, du N
dendron phénol nonaallyl 4, et des den- F\e+
drimeéres 9-, 27, 81 et 243-allyl 7— 10 (suivie —
par la disparition des signaux des protons

oléfiniques en RMN 'H) a été réalisée de
facon compleéte par action du ferrocényldi-
méthylsilane 1 et du catalyseur de Karstedt
dans 'éther a 40°C, conduisant aux den-
drons et aux dendriméres ferrocéniques

EtO

"one-pot "

PFg

tBUOK, THF, -50°C --> 20°C

)

| 9-allyl dendrimer 7 |

CHy=CHCH,Br
2 2 HB(siamyl),

THF

correspondants. Alternativement, une syn-
thése convergente du dendron nonaferro-
cénylé 5 a été réalisée par réaction du
dendron triferrocénylé 2 a laide d’un

HO

dendron 2

— )

dendron triiodé, suivie de déprotection.
La réaction du dendron nonaferrocénylé 5
avec l'hexakis (bromométhyl) benzéne a
conduit au dendron 54-ferrocénylé 6. Tous
les dendrons et les dendrimeres ferrocény-
lés présentent une vague d’oxydation, chi-
miquement et electrochimiquement réver-
sible, apparemment au méme potentiel.
Des électrodes de platine modifiées stables
ont été fabriquées avec les dendrimeres
contenant un grand nombre de groupe-
ments ferrocényles, et ceci d’autant plus
facilement que les dendriméres ferrocény-
lés sont plus grands. Ces dendrimeéres
ferrocénylés orangé —rouges ont également
été oxydés dans CH,Cl, par [NO][PF] en
dendrimeres polyferricinium bleu-foncés.
Par exemple, le dendrimere 243-ferricinium
a été caractérisé par son spectre Moss-
bauer analogue a celui du ferricinium lui-
méme. Les dendriméres poly-ferricinium
peuvent étre réduits en dendrimeéres ferro-
cénylés par le décaméthylferrocéne, ce qui
indique que ces dendriméres ferrocénylés
ont une activité redox stable et se compor-
tent comme des batteries moléculaires.

Chem. Eur. J. 2000, 6, No. 14
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H,0, C|S(O)2Me

R = BR,

NaOH
R = 0S(0),Me

\ CsF, DMF, 20°C

27-allyl
dendrimer 8

iteration
dendron 2

81l-allyl
dendrimer 9

dendron 2

243-allyl
dendrimer 10

\ iteration

Scheme 1. Divergent synthesis of the polyallyl dendrimers starting from ferrocene.
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Results

Syntheses and spectroscopic characterization of the ferrocen-
yl dendrimers: The ferrocenylsilylation of the phenoltriallyl
dendron 229 using 1 is achieved with Karstedt’s catalyst?” in
Et,0 in the absence of air without protection of the phenol
function (Scheme 2). After chromatographic separation, the
triferrocenylsilane dendron 3 is obtained in 90% yield.

Q‘%i‘H
g , FeQ
/ ] Si 0
HO 7 - . K\Fe
\ Karstedt cat. Ho S '/Q
2 7
3 \0&0
!
1) EtCOO@—Q[
: 1) etcoo
2) KaCOs / O 2) K,CO, / H0
: g
7 , 5 red)
& Si-H ! Si’w
Fe ! "1 RAF

=

!

Scheme 2. Convergent and divergent syntheses of the 9-ferrocenyl dendrimer 5§ and of

the 54-ferrocenyl dendrimer 6.
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Contrary to Jutzi’s reaction, the 'H and *C NMR spectra
indicate the absence of regioisomers, the analytical data are in
agreement with the structure, and the matrix-assisted laser
desorption ionization time-of-flight (MALDI TOF) mass
spectrum show the molecular peak at m/z 960.41 (calcd:
960.91) with a trace amount of impurities. Both the divergent
and convergent routes were developed for the synthesis of the
nonaferrocenyl dendron. Ferrocenylsilylation using 1 was also
carried out on the nonaallylphenol dendron 4
giving the nonaferrocenyl dendron 5 in 90 % yield
after chromatography. The molecular peak is the
major one in the MALDI TOF mass spectrum of 5.
Alternatively, the protected dendron p-Et-
CO,C4H,C(CH,CH,CH,]);! reacts with 3 in
DMF in the presence of K,CO; to give 5 in 60 %
yield after deprotection and chromatography. The
MALDI TOF mass spectrum of 5§ shows that the
molecular peak is also the dominant one (see
! Supporting Information). Reaction of dendron 5
with the core hexa(bromomethyl)benzene in DMF
in the presence of K,COj; at 80°C for two weeks
gives the 54-ferrocenyl dendrimer 6 (Scheme 2).
Ferrocenylsilylation of the 9-allyl dendritic core 7
[Eq. (2)] and of the 27-, 81- and 243-allyl dendrim-
ers®! 8 9 and 10, respectively, was also achieved in
a similar manner, yielding the 9-, 27-, 81-, and 243-
ferrocenyl dendrimers 11, 12, 13 and 14, respec-
tively ([Eq. (3)] and Scheme 3). The nonaferrocen-
yl dendrimer 11 also gives a good MALDI TOF
mass spectrum with a molecular peak at mi/z
3110.44 (calcd: 3111.09) and only minor side peaks
as shown in Figure 1. The spectra of the dendrimers
12 and 13 did not show the molecular peaks like
those of their olefinic precursors, and instead a
Gaussian distribution of peaks was observed,
corresponding to the loss of ferrocenyldimethylsi-
lane units. The ferrocenylsilylation of the 27- and
81-ferrocenyl dendrimers 8 and 9 was monitored by
using 'H NMR spectroscopy by observing the
disappearance of the olefinic protons. The 'H and
3C NMR spectra of 12 and 13 are clear and show
sharp lines. It is therefore concluded that loss of the
ferrocenyldimethylsilane units observed by mass
spectrometry is most probably due to fragmenta-
tion in the mass spectrometer. The 'H NMR
spectrum of the 243-ferrocenyl dendrimer 14 shows
broader peaks and a complex pattern for the
methyl protons. We believe these features are
attributable to severe steric congestion, since the
ferrocenylsilylation reaction of the 243-allyl den-
drimer 10 was unique in requiring a longer reaction
time of one week in order to reach completion (see
Discussion).

Cyclic voltammetry and redox chemistry of the
ferrocenyl dendrimers: Cyclic voltammograms
(CVs) of the ferrocenyl dendrons 3 and 5 and the
ferrocenyl dendrimers 11-14 were recorded on a
Pt anode in dichloromethane and in dimethyl form-
2000
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Karstedt cat.

9-allyl dendrimer 7

amide (DMF). In dichloromethane, dendrons 3 and 5 and
dendrimer 11 show a reversible diffusion oxidation wave
without adsorption. The number, ng4, of electrons involved in
this ferrocenyl dendrimer oxidation wave was determined by
using Bard’s equation [Eq. (4)] since this equation may be

ng=(I/1,)(cg/ cm)(My/M,,)*27 @

used for polymers containing identical redox centers.?%+"! [, ¢
and M are the intensities, concentrations and molecular
masses of the dendrimer (3) and the monomeric decamethyl-
ferrocenyl reference (,,,) respectively.

The internal reference decamethylferrocene facilitated the
accurate determination of the redox potential.?* The exper-
imental number of electrons agreed with the actual number of
dendritic branches within 5%. The cyclic voltammogram of

Chem. Eur. J. 2000, 6, No. 14
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9-ferrocenedendrimer 11

the 27-ferrocenyl dendrimer 8 shows some adsorption in
dichloromethane. This can be characterized by the low AE,
value (40 mV) indicating a mixture of diffusion and adsorp-
tion phenomena. In the cases of 6, 13 and 14, AE, becomes
even lower (30 mV). Modified electrodes®! with the 27-, 54-,
81-, and 243-ferrocenyl dendrimers 6—10 could indeed be
prepared by cyclic scanning between the ferrocenyl and
ferrocenium regions of potentials on the Pt electrode in
dichloromethane solution, washing with dichloromethane and
drying in air. In the case of 11, continuous cyclic scanning,
repeated approximately twenty times is required before a
constant voltammogram is obtained. However, for the
modified electrode, the intensity of the current is very weak.
With the large ferrocenyl dendrimers 6, and 12-14, shorter
cyclic scanning of approximately ten repetitions is required in
order to produce a constant curve, and the current of the
modified electrode is much more intense. When such elec-
trode derivatives are used in a new dendrimer-free solution
containing only the electrolyte, the cyclic voltammogram of
the adsorbed dendrimers is obtained with AE, =0 and there is
a linear relationship between the scan rate and the intensity—
both features being characteristic of derivatized electrodes
with ferrocenyl polymerst” and dendrimers!': '] (see Fig-
ure 2). The electrode derivatives prepared by using this
method with the various ferrocenyl dendrimers are stable
for more than twenty cycles. No sign of diminished intensity
was observed. The cyclic voltammograms of the 27-, 54-, and
81-ferrocenyl dendrimers 8, 12, and 13 in DMF showed no
adsorption, with E, values of 60 mV at 20°C. Bard’s equation
provides a number of redox centers equal to 27 +2, 54 +3,
and 75+ 6 for 12, 6, and 13, respectively. In the case of the
243-dendrimer 14, the cyclic voltammogram shows some
adsorption as indicated by the value AE, =45 mV in acetoni-
trile, and the number of electrons was estimated to be 250 &
30. The use of Bard’s equation in this case gives rise to a larger
uncertainty as a result of the adsorption enhancing the wave
intensity.

The orange-red ferrocenyl dendrimers can be oxidized
quantitatively by [NO][PF4] in dichloromethane giving the
dark blue polyferrocenium dendrimers, which immediately
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precipitate. These polyferrocenium dendrimers can be re-
duced back to the ferrocenyl dendrimers using the mono-
electronic reductant decamethylferrocene without decompo-
sition as indicated a comparison of the 'H NMR spectra
recorded before and after these redox reactions. The zero-
field Mossbauer spectra of the PF¢~ salt of the 243-ferroce-
nium dendrimer 10?*** have been recorded at 293, 80, and 4 K.
All show a single line with a nearly constant isomer shift and

quadrupole splitting. The spec-
trum recorded at 4 K is shown
on Figure3. These spectra
closely resemble those of ferro-
cenium and other known ferro-
cenium derivatives with the
classical almost zero value of
the quadrupole splitting.[3!]

A comparison of the physical
properties of the ferrocenyl
dendrimers, obtained by thin-
layer and column chromatogra-
phy on silica and by cyclic
voltammetry as a function
of their size, given in
Table 1.

is

Discussion

The ferrocenylsilylation of the
terminal double bonds of poly-
olefin dendrons and dendrim-
ers is a remarkably straightfor-
ward route to ferrocenyl den-
drimers. In particular, we have
observed that this reaction pro-
ceeds regioselectively with our
dendrimers. It is of interest to compare the convergent and
divergent routes since both procedures lead to the nonaallyl
dendron 5. The mass spectra show that 5 may be obtained by
either the convergent or divergent pathway (the direct
ferrocenylsilylation of the nonaallyldendron 4 gives a non-
aferrocenyl dendrimer which has a good purity). The two
routes may be compared in Scheme 2. This is a rare example
in dendritic chemistry for which both the convergent and
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27-allyl
dendrimer 8

81-allyl
dendrimer 9

243-allyl
dendrimer 10

FeSi(Me)zH 27-ferrocenyl

dendrimer 12

Karstedt cat

81-ferrocenyl

FcSi(Me),H
dendrimer 13

Karstedt cat

FeSi(Me)zH 243-ferrocenyl

dendrimer 14

H%

Karstedt cat

Scheme 3. Syntheses of the polyallyl dendrimers (according to Scheme 1)
and of the polyferrocenyl dendrimers.

. HA
9-allyl FcSi(Me),H 9-ferroceny!
i — dendrimer 11
dendrimer 7 Karstedt cat 20 \

a

=0.05 Vs

( y=0.10 Vs’
N v=020 Vs
v=10.30 Vs

faua L, v=040vs'

-0.5 0.5 7 VvsFeCp, 0.5

Figure 2. Cyclic voltammogram of the 243-ferrocenyl dendrimer 14 in
CH,(l], solution containing 0.1m [nBu,N][PF,]: a) in solution (10~*Mm) at
100 mVs~!; b) Pt anode modified with 14 at various scan rates (inset:
intensity as a function of scan rate).
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E ?‘ﬁ% ‘l ol B Figure 3. Zero-field Mossbauer spectrum of the 243-ferrocenium den-
N l l ‘b drimer 14 at 4 K showing the single line which corresponds to a almost zero
bbbl l T L L T kbt 5 quadrupole splitting. Isomer shift, IS=0.57(1) mms~' versus Fe, I'=
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Mass (m/z)

Figure 1. MALDI TOF mass spectrum of the 9-ferrocenyl dendrimer 10
showing the molecular peak and its isotopic distribution (right). The small
peak at m/z 2493.25 (M =186) corresponds to the loss of a ferrocene unit
and the small peak at m/z 2435.11 (M =244) corresponds to the loss of a
ferrocenyl dimethyl silyl unit.

divergent syntheses were successful in producing the same
dendrimer.

Finally, we have found that the presence of air, which was
required in Jutzi’s syntheses, is not necessary for the

Table 1. Physical properties of the ferrocenyl dendrons and dendrimers: solubilities, migration on thin-layer chromatography (tlc) plates, elution on silica-gel
columns, E,, values [mV] versus the ferrocene/ferrocenium redox couple determined by the average between the anodic and cathodic peak potentials in
cyclic voltammetry (considered as equal to the standard redox potential E°, see also the general data of the experimental section) and adsorption
characterized by the separation AE, [mV] between the anodic and cathodic peaks of the ferrocenyl/ferrocenium redox system of the dendrons and
dendrimers (see also Figure 2). Fc: ferrocenyl, p: pentane, e: diethyl ether

polyferrocenyl (Fc) dendrimer 3(3-Fc) 5(9-Fc) 11(9-Fc) 12(27-Fc) 6(54-Fc) 13(81-Fc) 14(243-Fc)
solubility

pentane good good good low low nil nil

ether good good good good good good good

tle SiO, p+20%e p+20%e p+2%e p+3%e p+20%e ple:1/1 no migr.
retention indices 0.5 0.3 0.5 0.5 0.8 0.4

column SiO, p+10%e p+10%e p+2%e e/p:1/1 p+5%e pure e no migr.
E; ([mV] CH,CL,) -5 -10 -5 -10 -10 —15 —15
adsorption/Pt

CH,Cl,, AE [mV] nil (60) nil (60) nil (60) weak (40) good (30) good (30) good (30)
DMEF, AE [mV] nil (60) nil (60) nil (60) nil (60) nil (60) nil (60) some (45)
Chem. Eur. J. 2000, 6, No. 14 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0614-2549 $ 17.50+.50/0 2549
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ferrocenylsilylation. Dendron 3 was synthesized in either the
presence or absence of air, and further reactions were
achieved in the absence of air. We have noticed a modification
of the appearance of the catalyst in the presence of air. This
may explain the change of structure of the catalyst, provoking
the presence of 10% of the less favored regioisomer
mentioned by Jutzi. This has not been investigated any
further since our procedure in the absence of air turned out to
be satisfactory.

The convergent route cannot be continued beyond the
synthesis of 5 because of steric effects. Indeed, a former
attempt to synthesize a 27-allyl dendron from the nonaallyl
dendron 6 and the protected dendron 4 specifically led to a 19-
allyl dendron in which two iodo branches had correctly
reacted, whereas the third one had undergone dehydroioda-
tion because of the steric effect.*fl Thus, the divergent route
was the only possible pathway to the 27-ferrocenyl and higher
ferrocenyl dendrimers. These syntheses proceeded smoothly
in diethyl ether at reflux for two days, and the course of the
reactions was easily monitored in 'H NMR spectroscopy by
the disappearance of the low-field signals of the olefinic
protons. Since the molecular peak was dominant in the
MALDI TOF mass spectra of the precursor polyolefin
dendrimers (except 10)1 and since the product of divergent
ferrocenylsilylation of the nonabranched dendron 4 and
dendritic core 7 also gave dominant molecular peaks in the
mass spectra, it is probable that the degree of purity of these
large ferrocenyl dendrimers is reasonable. The integrations of
the ferrocenyl signals compared to the core signals were in
agreement with the structure within 5 to 10 % accuracy of the
'H NMR integration. The effect of steric congestion was only
observed during the synthesis of the 243-ferrocenyl dendrimer
14. In this latter case, a longer reaction time was required
in order to reach completion of the reaction—completion
being indicated by the disappearance of the olefin protons
in the '"H NMR spectra. For the polyolefin precursor,
clear 'H and *C NMR spectra had previously been obtained,
but the MALDI TOF mass spectrum could not be recorded.
The 'H NMR spectrum and the electrochemical data of
14 are in agreement with the 243-ferrocenyl dendrimer
structure, but these data are not precise and cannot provide
accuracy superior to 10%. Thus, in the worse case, the
number of ferrocenyl branches in 14 could be a statistical
distribution between 220 and 243 branches, and only a very
small quantity of the 243-ferrocenyl dendrimer would be
present.

The cyclic voltammetry of the ferrocenyl dendrimers
shows only one wave for all the equivalent redox centers.
This feature has already been reported with other dendrimers
containing redox centers at the periphery. It has been
observed in particular by Cuadrado’s group!!' 1! for ferrocen-
yl dendrimers and by Bryce’s group with TTF den-
drimers.['> 4] Thus, it seems that all the redox centers have
the same redox potential. However, this is not strictly
true because it is more difficult to oxidize a monocation
such as 14+ than the neutral compounds 14, and so on, be-
cause of the electrostatic factor. There is in fact a distribu-
tion of redox potentials around a mean value, as indicated by
Bard and Anson.® However, the redox centers are so far

2550
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from one another in the dendritic molecules that the electro-
static effect is very weak and not even measurable. The AE,
values are 60 mV for all the ferrocenyl dendrimers in
the situation of pure diffusion at 20°C just as for the
monoelectronic wave of the internal decamethylferrocenyl
reference.

It is possible to eliminate the adsorption up to a certain
dendritic size and to determine the number of monoelectronic
redox centers of the dendrimer with a reasonable accuracy in
these cases. When the ferrocenyl dendrimer becomes too
large, it is no longer possible to observe a pure diffusion
current and the determination of the number of redox centers
using Bard’s formula becomes much less accurate, and leads
to numbers of electrons in excess. On the other hand, the
preparation of dendrimer-modified electrodes becomes easier
as the size of the ferrocenyl dendrimer increases. Stable
modified electrodes were prepared in this ferrocenyl-den-
drimer chemistry on Pt anodes with the 54-, 81-, and 243-
ferrocenyl dendrimers 6, 13, and 14.

It is also of interest to note the full chemical and electro-
chemical reversibility of the cyclic voltammograms of the
monoelectronic ferrocenyl oxidation wave obtained in the
diffusion regime as well as in modified electrodes. The
electrochemical reversibility means that the heterogeneous
electron transfer between the electrode and the redox centers
of the dendrimer in solution in the diffusion regime is fast.
This sharply contrasts with the electrochemical irreversibility
observed for metal-centered dendrimers in which the redox-
active metal is buried inside the dendrimer. This latter trend
has been reported by a number of research groups.”s! The
distance between the electrode surface of the remote ferro-
cenyl centers of the large ferrocenyl dendrimers 6,13 and 14 is
much larger than between the electrode and the buried redox
centers in the reported metal-centered dendrimers of moder-
ate size. However, the metallodendrimer rapidly rotates,
bringing all the redox centers close to the electrode within the
electrochemical time scale.’3 In addition, there is a possibility
of a relay mechanism operating among the surface ferrocenyl
dendrimers 6, 13, and 14 whose shape is close to globular. This
relay mechanism would allow electrons from remote ferro-
cenyl units to be transferred to the electrode surface via the
other ferrocenyl units located along the globular dendritic
surface, in particular those located between the remote
ferrocenyl units and the proximity of the electrode surface.
Various mechanisms can be envisaged: electron hopping from
one ferrocenyl unit to the next; relay from one ferrocenyl
center to the next via the shortest o-bond pathway (ten
bonds); some sort of ; stacking between two neighboring
ferrocenyl units.

Finally, the ferrocenyl dendrimers can be oxidized to
ferrocenium dendrimers using a chemical oxidant at room
temperature. These deep-blue ferrocenium dendrimers have a
huge amount of positive charges and spins and can be
characterized and reduced back to the initial ferrocenyl
dendrimer without any decomposition. Thus, it appears that
these ferrocenyl dendrimers, which have a stable redox
activity at about the same standard potential for all the
branches, are molecular batteries which might find applica-
tions in molecular-electronic devices.

0947-6539/00/0614-2550 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 14



Ferrocenyl Dendrimers

2544-2553

Conclusions

1) The regiospecific ferrocenylsilylation of polyallyl den-
drons, dendritic cores and dendrimers facilitates the
synthesis of ferrocenyl dendrons and dendrimers of
various sizes up to a theoretical number of 243 ferrocenyl
termini.

2) Both convergent and divergent routes to a nonaferrocenyl
phenol dendron are excellent and are comparative in that
both lead to a compound which shows the dominant
molecular peak in the MALDI TOF mass spectrum.

3) The cyclic voltammograms show chemical and electro-
chemical reversibility for all the ferrocenyl dendrons and
dendrimers. In DMF, the current is due to the diffusion up
to the 81-ferrocenyl dendrimer, which allows the determi-
nation of the number of monoelectronic redox centers of
the ferrocenyl dendron or dendrimer with a relatively good
accuracy (5 to 8%).

4) In CH,Cl,, only the cyclic voltammograms of the small
ferrocenyl dendrons and dendrimers (up to nine branches)
on a Pt anode disclose a pure diffusional current, and a
mixture of currents due to diffusion and adsorption is
observed for the higher ferrocenyl dendrimers in this
solvent. This allows the fabrication of derivatized Pt
electrodes with the ferrocenyl dendrimers, which is
facilitated as the ferrocenyl dendrimer size increases.

5) The full electrochemical reversibility of the cyclic voltam-
metric waves means that the fast electron transfer between
the electrode surface and all the ferrocenyl units is due to
the fast rotation of the metallodendrimer. The rapid
rotation results in all the redox centers of the metal-
lodendrimer approaching the proximity of the electrode
within the electrochemical time scale, and possibly gives
rise to a relay-mechanism operating in these quasi-
globular dendrimers that facilitates the transfer of elec-
trons from the electrode surface to the most remote
ferrocenyl groups. This situation contrasts with (and
complements) the electrochemical irreversibility reported
by several research groups when the redox centers is
buried at the center of the dendrimer.

6) The orange ferrocenyl dendrimers can be oxidized by
[NOI][PF,] to stable deep-blue ferrocenium dendrimers.
The 243-ferrocenium dendrimer has been characterized by
Mossbauer spectroscopy, and the ferrocenium dendrimers
can be reduced back to the ferrocenyl dendrimers without
any decomposition along the redox cycle. Thus, these
ferrocenyl dendrimers are molecular batteries and should
find applications in molecular-electronic devices. Further
synthetic developments and physical studies are underway
in our laboratories.

Experimental Section

General data: Reagent-grade tetrahydrofuran (THF), diethyl ether, and
pentane were predried over Na foil and distilled from sodium-benzophe-
none anion under argon immediately prior to use. Acetonitrile (CH;CN)
was stirred under argon overnight over phosphorus pentoxide, distilled
from sodium carbonate, and stored under argon. Methylene chloride
(CH,Cl,) was distilled from calcium hydride just before use. All other
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chemicals were used as received. The complex 1 was synthesized according
to ref. [23]. The dendrons p-OHC.H,C(CH,CH=CH,); (2) and p-Et-
CO,CsH,C(CH,CH,CH,I); and the polyallyl dendrimers 7-10 were
synthesized according to ref. [26]. The Karstedt catalyst was provided by
ABCR GmbH (Karlsruhe), stored under nitrogen, and used as received.
All manipulations were carried out using Schlenk techniques or in a
nitrogen-filled Vacuum Atmospheres drylab. Infrared spectra were re-
corded with a Perkin—Elmer 1420 infrared spectrophotometer that was
calibrated with polystyrene. Samples were examined in solution (0.1 mm
cells with NaCl windows), between NaCl disks in Nujol, or in KBr pellets.
'H NMR spectra were recorded at 25 °C with a Brucker AC 250 (250 MHz)
spectrometer. *C NMR spectra were obtained in the pulsed FT mode at
62.91 MHz with a Brucker AC 250 spectrometer. All chemical shifts are
reported with reference to Me,Si (TMS). Electronic spectra (UV and
visible) were recorded at 20 °C with a Cary 219 spectrophotometer with 10
or 1 mm quartz cells. Cyclic voltammetry data were recorded with a PAR
273 potentiostat galvanostat. Care was taken in the CV experiments to
minimize the effects of solution resistance on the measurements of peak
potentials (the use of positive feedback iR compensation and dilute
solution (1073 mol L") maintained currents between 1 and 10 mA). When
possible, the additional redox couple [FeCp,]/[FeCp,|" was used as a
control for iR compensation. Thermodynamic potentials were recorded
with reference to an aqueous SCE in THF (0.1m nBu,NBF,). The value of
the [FeCp,]/[FeCp,]* redox couple was E° =0.470 V versus SCE on Pt in
DMF and 0.475 V versus SCE on Pt in CH,Cl,. The QRE potential was
calibrated by adding the reference couple [FeCp,]/[FeCp,]*. The counter
electrode was platinum. Mdssbauer spectra were recorded with a 25 mCi
YCo source on Rh, using a symmetric triangular sweep mode by Professor
Francois Varret at the University of Versailles. Elemental analyses were
performed by the Centre of Microanalyses of the CNRS at Lyon-
Villeurbanne, France. Elemental analyses of the high dendrimer (from
27- to 243-ferrocenyl dendrimers) systematically showed low C content,
which was a result of inclusion phenomena well-known in dendrimer
chemistry.[*?]

Triferrocenyl dendron 3: Karstedt catalyst (250 pL of a solution containing
2.2% Pt in xylene) was added to a solution containing the triallylphenol 2
(0.228 g, 1 mmol) and ferrocenyldimethylsilane (1) (1.1 g, 4.5 mmol) in
toluene (20 mL) under an inert atmosphere (an alternative procedure using
a stream of air gave analogous results). The closed reaction medium was
heated to 45°C for one day. Toluene was removed under vacuum, the
reaction product extracted with pentane, and the resulting solution was
concentrated and chromatographed on a silica column using a 9:1
pentane:diethyl ether mixture providing 3 as a red-orange oil (0.864 g,
0.900 mmol 90 % yield). Analytical data for Cs,HgOSisFes: caled: H7.14, C
64.98; found: H 7.21, C 64.75. MALDI TOF mass spectrum: major peak
mlz: 960.26 (calcd for m/z: 960.41); '"H NMR (CDCl;, 250 MHz): 6 =7.12
(d,2H; CH,), 6.75 (d, 2H; C¢H,), 4.20 (t, 6 H; CsH,), 4.09 (s, 15H; CsHs),
4.01 (t, 6H; CsH,), 1.59 (s, br, 6H; CH,Ar), 1.12 (s, br, 6H; CH,CH,Ar),
0.61 (s, br, 6H; CH,Si), 0.17 (s, 18 H; SiMe); 3*C NMR (CDCl;, 62.9 MHz):
0=156.55 (C,, Ar0O), 139.88 (C,, Ar), 127.66 (CH, Ar), 114.67 (CH, Ar),
72.95 (CsHy), 71.58 (Cy, CsHy), 70.52 (CsH,), 68.12 (CsHs), 43.12 (C4-CH,),
42.16 (CH,), 18.08 (CH,CH,Si), 17.56 (CH,Si), —1.93 (SiMe).

9-Ferrocenyl dendron 5, convergent path: Compound 3 (0.600g,
0.625 mmol) in freshly distilled DMF (10 mL) and K,CO; (0.088g,
0.625 mmol) were introduced into a flamed and deaerated Schlenk flask.
The reaction mixture was stirred for 30 min, then p-EtCO,CsH,C(CH,CH,.
CH,I); (0.093g, 0.14 mmol), dissolved in DMF (10 mL) was added, and
stirring was continued for two days at room temperature. K,CO; (0.100 g)
and water (0.150 mL) were added and the mixture was heated at 45°C for
two days. DMF was removed under vacuum and the reaction product was
extracted with pentane/Et,O (50/50) and chromatographed on a silica
column; 3 eluted first, then 5 eluted using a 80:20 pentane:Et,O mixture,
and was obtained as red-orange oil (0.262 g, 0.084 mmol, 60% yield).
Analytical data for C;;H,,0,SigFe: calced: H 7.26, C 66.39; found: H 7.50, C
66.12. MALDI TOF mass spectrum, major peak: m/z: 3110.44 [M + H"]
(caled 3108.94); '"H NMR (CDCl;, 250 MHz): 6 =7.18 (m, 8H; C4H,), 7.04
(m, 8H; CH,), 4.23 (m, br, 18 H; CsH,), 4.02 (s, 45H; CsH;), 3.94 (m, br,
6H; CsH,), 3.89 (s, br, 6H; CH,0), 1.54 (s, br, 24H; CH,CH,Ar), 1.18
(s, br, 24H; CH,CH,Ar); 0.56 (s, br, 18H; CH,Si), 0.16 (s, 45H; SiMe);
BC NMR (CDCly, 62.9 MHz,): 6 =156.11 (Cq, ArO), 152.39 (C,, ArOH),
140.02 (C,, Ar), 12763 (CH, Ar), 127.60 (CH, Ar), 114.64 (CH, Ar), 113.69
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(CH, Ar), 7321 (CsH,), 71.83 (C,, CsH,), 70.88 (CsH,), 68.38 (CsHs), 43.20
(Cq-CH,), 42.16 (CH,), 29.50 (CH,CH,Ar), 18.07 (CH,CH,Si), 17.56
(CH,Si), —1.95 (SiMe).

9-Ferrocenyl dendron 5, divergent path: Karstedt catalyst (250 uL of a
solution containing 2.2 % Pt in xylene) was added to a solution containing 4
(0.230 g, 0.25 mmol) and ferrocenyldimethylsilane (1) (0.732 g, 3.0 mmol)
in toluene (20 mL). The system was closed and heated to 40 °C for one day,
toluene was removed under vacuum, and the product was extracted with
pentane, chromatographed on a silica column using a pentane :diethyl ether
9:1 mixture as the eluent. The compound 5 was obtained as an orange oil
(0.505 g, 0.162 mmol, 65 % yield). MALDI TOF mass spectrum, dominant
molecular peak: m/z: 3111.65 [M + H*] (calcd 3108.94 [M]).

54-Ferrocenyl dendrimer 6: Complex 5 (0.153 g, 0.049 mmol) in ethanol
(5 mL) and K,COj; (0.007 g, 0.051 mmol) were introduced into a flamed
and deaerated Schlenk flask, the reaction mixture was stirred for one hour
at room temperature, C4(CH,Br)4 (0.004 g, 0.006 mmol) was added, and the
reaction mixture was refluxed for 14 days. The solvent was removed under
vacuum, and the product was extracted with diethyl ether and chromato-
graphed on a silica column. Compound 6 was eluted with a 9:1 petroleum
ether:ether mixture (thin layer chromatography: frontal retention indices:
0.8 using a 8:2 petroleum ether:diethyl ether mixture as the eluent), and
was obtained as an orange solid (0.023 g, 0.0012 mmol, 20 % yield). The
compound 5 was then eluted and recovered. 6: 'H NMR (CDCl;,
250 MHz): 6=712 (m, 60H; C¢H,), 6.77 (m, 60H; CsH,), 521 (s, br,
18H; PhCH,0), 429 (m, br, 108H; CsH,), 4.09 (s, 270H; CsH;), 4.01
(m, br, 108H; CsH,), 3.86 (s, br, 36H; CH,0), 154 (s, br, 108H;
CH,CH,Ar), 1.12 (s, br, 108H; CH,CH,Ar), 0.60 (s, br, 108H; CH,Si),
0.16 (s, 324H; SiMe); *C NMR (CDCl;, 62.9 MHz): 6 =156.11 (C,, ArO),
139.56 (C,, Ar), 127.60 (CH, Ar), 127.3 (CH, Ar), 114.68 (CH, Ar), 113.72
(CH, Ar), 72.92 (CsH,), 70.62 (C,, CsH,), 70.58 (CsH,), 68.08 (CsHs), 66.00
(CH,CH,0), 43.99 (C,-CH,), 4136 (CH,), 29.73 (CH,CH,Ar), 18.08
(CH,CHS,Si), 17.67 (CH,Si), — 1.87 (SiMe); analytical data for C,g,H ;350054
Sis,Fes,, 6: caled: C 66.63, H 7.24; found: C 66.93, H 8.06.

9-Ferrocenyl dendrimer 11: Karstedt catalyst (250 uL of a solution
containing 2.2% Pt in xylene) and dimethylferrocenylsilane 1 (2 g,
8.20 mmol) in diethyl ether (10 mL) were added dropwise to a solution
of 7 (0.30 g, 0.62 mmol) in diethyl ether (20 mL). The mixture was stirred
overnight at 40°C, and the solvent removed under high vacuum. The
residue was purified by flash chromatography (silica gel column) with
petroleum ether:diethyl ether (98:2). Unreacted ferrocenyldimethylsilane
was eluted first (0.23 g), then 11 was obtained as a dark-orange waxy solid
(1.05 g, 63 % yield). "H NMR (250 MHz, CDCl;): d =7.10 (s, 3H), 4.56 (m,
18H), 4.36 (s, 45H), 4.31 (m, 18 H), 1.89 (m, 18 H), 1.41 (m, 18 H), 0.90 (m,
18H), 0.45 (s, 54H); “C NMR (62.9 MHz, CDCl;): 6 =145.92 (C,, Ar),
121.81 (CH, Ar), 77.83, 76.83 (CsH,), 77.59 (C,, CsH,), 71.58 (CsHs), 44.10
(CH,), 42.39 (C,), 18.52 (CH,), 17.19 (CH,), —1.63 (CH;); analytical data
for C,4H,0,FeoSiy: caled: C 64.57, H 7.23; found: C 64.70, H 7.31. MALDI
TOF: m/z: 2679.79 [M*+H]. E,, (vs. FeCp,, Pt, CH,Cl,) = —0.005 V.

27-Ferrocenyl dendrimer 12: Karstedt catalyst (250 uL of a solution
containing 2.2% Pt in xylene) and ferrocenyldimethylsilane (1) (0.117 g,
0.48 mmol) in diethyl ether (20 mL) were added dropwise to a solution of 8
(0.05 g, 0.012 mmol) in diethyl ether (20 mL). The mixture was stirred for
two days at 45 °C, the solvent was removed under vacuum, and the residue
was purified by flash chromatography (silica gel column) with petroleum
ether:diethyl ether (50:50) as eluent. Unreacted ferrocenyldimethylsilane
(0.018 g) was eluted first, then 12 was obtained as a dark-orange waxy solid
(0.031 g, 28 % yield). '"H NMR (250 MHz, CDCL,): 6 =7.12 (d, 18 H), 6.72
(d, 18H), 4.20 (m, 54H), 4.03 (s, 135H), 3.96 (m, 54H), 3.89 (m, 18H),
1.70-1.40 (m, 72H), 1.01 (m, 72H), 0.60 (m, 54H), 0.15 (s, 162H); *CNMR
(62.9 MHz, CDCl;): 130.42 (CH, Ar), 128.29 (CH, Ar), 126.93 (CH, Ar),
113.41 (CH, Ar), 75.93, 73.28 (CsH,), 71.03 (CsH;), 67.73 (CH,), 22.53
(CH,), 1771 (CH,), 13.63 (CH,), 10.54 (CH,), —2.41 (CH,); analytical data
for CspyHggoFe,,00Si,;: caled: C 66.31, H 7.29; found: C 63.37, H7.66; E,, (vs.
FeCp,, Pt, CH,Cl,) =—0.010 V.

81-Ferrocenyl dendrimer 13: Karstedt catalyst (250 uL of a solution
containing 2.2% Pt in xylene) was added to a solution of 9 (0.03 g,
333x 103 mmol) in toluene (10 mL). ferrocenyldimethylsilane (1)
(0.100 g, 0.40 mmol) in toluene (20 mL) was added dropwise. The mixture
was stirred for three days at 45°C, and the solvent was removed under
vacuum. The residue was purified by flash chromatography (silica-gel
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column) using petroleum ether:diethyl ether (98:2) as the eluent.
Unreacted ferrocenyldimethylsilane (0.017 g) was eluted first. The com-
pound 13 was eluted with diethyl ether and was obtained as a dark orange
waxy solid (0.035 g, 37 % yield). 'H NMR (250 MHz, CDCl;): 6 =718 (m,
72H), 6.83 (m, 72H), 4.20, 4.01 (br, m, 729H), 3.81 (m, 72H), 2.02 (br, m,
234H), 129 (br, m, 234H), 023 (br, m, 162H), —0.25 (br, s, 486H);
BC NMR (62.9 MHz, CDCl;): 6 =156.81 (C,, Ar), 138.92 (C,, Ar), 127.52
(CH, Ar), 114.81 (CH Ar), 74.21, 72.17 (CsH,), 69.15 (CsHjs), 68.83 (CH,),
42.31 (C,), 41.90 (CH,), 30.29 (CH,), 19.27, 18.52, 15.21 (CH,), —0.93
(CH3); #Si NMR: 6= —2.39; analytical data for C,sgH,geFeg Os6Sis;:
caled: C 66.80, H 7.30; found: C 61.91, H 7.17; E,;, (vs FeCp,, Pt, CH,Cl,) =
—0.015V.

243-Ferrocenyl dendrimer 14: Karstedt catalyst (250 pL of a solution
containing 2.2% Pt in xylene) was added to a solution of 10 (0.020 g,
1.103 x 10 mmol) in toluene (10 mL). Ferrocenyldimethylsilane (1)
(0.100 g, 0.40 mmol) in toluene (20 mL) was added dropwise. The mixture
was heated to 45°C for three days, then a 2% solution of the Karstedt
catalyst in xylene (250 L) was added, and the mixture was maintained at
50°C for a further four days. The solvent was removed under vacuum, the
residue washed with diethyl ether (3 x 20 mL), and 14 was obtained as an
orange waxy solid (0.021 g, 22 % yield) that was found to be insoluble in
both pentane and diethyl ether. 'H NMR (250 MHz, CDCl;): 6 =7.26 (m,
234H), 6.85 (m, 234H), 4.33 (m, 486H), 4.16-4.12 (br, m, 1701 H), 1.90
(br, m 720H), 1.20, 0.60 (br, m 1206 H), 0.16 (br, m, 1458 H); *C NMR
(62.9 MHz, CDCl;): 6 =130.00 (CH, Ar), 115.00 (CH, Ar), 72.97, 70.61
(CsH,), 68.14 (CsHs), 29.73 (CH,), 18.91, 16.25 (CH,), 0.1-0.2(CH,); E;,
(vs FeCp,, Pt, CH,Cl,) = —0.015 V.
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