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Magdalena Zamora, Beatriz Alonso, $<a& Pastor, and Isabel Cuadrado*

Departamento de Qmica Inorganica, Facultad de Ciencias, Unérsidad Autmoma de Madrid,
Cantoblanco, 28049, Madrid, Spain

Receied June 8, 2007

A convergent growth approach for the synthesis of novel heterometallic dendritic molecules derived
from carbosilane frameworks and functionalized with silicon-bridged ferrocenylgharyl)tricarbon-
ylchromium moieties has been developed. The synthetic route involves the construction of the dendritic
fragments (Ck=CH)MePhSiFc {) (Fc= (#°-CsHs)Fe{;*-CsHs)) (CH;=CHCH,)PhSi[(CH,).MePhSiFc}

(3), (CH;=CH)MeSi[ (775-CeHs)Cr(CO)} Fc] (4), and (CH=CHCH,){ (15-CsHs)Cr(CO)} MeSi[(CH,),-

Me{ (178-CeHs)Cr(CO)} SiFc} (5), containing a single reactive=€C functionality, in addition to ferrocenyl

(1 and3) and linked ferrocenyl and;f-C¢Hs)Cr(CO)% moieties & and5) and their subsequent attachment

to the tetrafunctional core Si[(GhiSi(Me)H]4 (6), via platinum-catalyzed hydrosilylation reactions. The
first- and second-generation dendrim@iand9, containing four and eight ferrocenyl units on the dendritic
surface, respectively, have been prepared by this procedure. Thermal treati@amd®f with Cr(CO)
afforded the targeted heterometallic dendriméasnd10, carrying silicon-bridgeds®>-CsH,)Fe@®>-CsHs)

and °-CeHs)Cr(CO) moieties appended at the dendrimer periphery. The molecular structures of the
vinyl-functionalized silane4 and4 have been determined by single-crystal X-ray diffraction. The crystal
structure of4 showed that the Cr(C@Jroup is disposed in wansoidconfiguration with respect to the
ferrocenyl moiety. The heterobimetaldicalso shows an interesting self-assembly of the metals (Fe and
Cr) in the crystal. The electrochemical behavior of all new dendritic molecules has been investigated.
For the heterometallid, 7, and10 the oxidation of the iron centers becomes more anodic compared to
the oxidation of the ferrocenyl units in the homometallic molecule8, and 9, due to the electron-
withdrawing nature of the neighboring silicon-linkegl®{C¢Hs)Cr(CO) moieties. In addition, stable
electrode surfaces modified with dendrim&and9 have been prepared.

Introduction

One of the most significant recent highlights in the field of
dendrimer chemistfylies in the incorporation of transition

metals into dendritic structures to create metallodendrimers,

which offers many additional possibilities for applications as
functional materials with interesting electrochemical, catalytic,
photo-optical, and magnetic propertfesA challenging target

is the possibility to insert a controlled number of different

organometallic centers in predetermined sites of the dendritic
structure. The presence of two (or more) different metal centers

within the same dendritic molecule can profoundly affect both

the physical properties and the reactivity of the dendritic system.
It is thus possible to construct heterometallic dendrimers capable

of performing complex functionality resulting from the integra-
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tion of the specific properties of their dissimilar constituent
organometallic moieties. This may result in the development
of a variety of novel and improved characteristics that do not
occur in homometallic dendritic molecules. Although synthetic
methods for homometallic dendrimers are well developed,
synthetic efforts for the construction of dendritic molecules
containing two or more different organotransition metal moieties
are limited, and only a few attempts have been made in this
direction#~° In particular, metallodendrimers having two dif-
ferent redox-active organometallic units are systems of intrinsic
interest, as each of the chemically different organometallic units
introduces into the same dendritic structure its own ability to
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undergo redox processes at a certain potential. Therefore, these Results and Discussion
metallodendrimers can be used to perform valuable functions
such as reversible exchange (storage and release) of a controlle
number of electrons at a certain potential, an attractive
characteristic for the design of molecular electronic devices and
multi-electron-transfer catalyst8.Furthermore, such hetero-
metallic dendrimers offer the unique opportunity to explore the
dependence of electronic cooperativity on redox asymmetry and
of chemical reactivity upon the presence of a second, different
redox center in the same metallodendritic molecule. In this
context, we have reported metallodendrimers containing neutral
ferrocene and cationic cobaltocenium units located simulta-

neously at the surface of a dendritic structtifEhese hetero- . . . -
the starting redox-active organometallic molecule in our con-

metallic dendrimers are of significance because they exhibit a - .
vergent methodology. These considerations are based on our

double function. Thus, conducting films of electrodeposited forek led h lic dendri hesis |
dendrimers containing both ferrocene and cobaltocenium units ‘oreknowledge that organometallic dendrimer synthesis Is

have been used successfully in a double way for the aerobic'nherenﬂy labor intensive, which involves lengthy and difficult
and anaerobic determination of glucdse synthetic steps and requires relatively large quantities of readily

On the e hand, i he st years e ave been exlorngSCCS5S11e Saring orgencnetall nateriou prerecustes
routes for the construction of new families of redox-active meets all the foIIowFi)n ycriteria' () bge easy to prepare; (ii) bear
organometallic dendritic structures, containing nitrogen- and 9 : y fo prepare,

silicon-based frameworkd:15 One of our synthetic approaches a single reactive €C functionality appropriate for dendritic
to the synthesis of such organometallic macromolecules Wasconvergent growth; (i) have tolerance to the conditions

based on hydrosilylation reactions that exploit the reactivity of r}ecessary.for carbqsnane chemlst.ry (in particular, .hydrosnyla-
Si—H polyfunctionalized carbosilanes and siloxanes toward tian conditions and inertness to Grignard reagents); (iv) carry a

suitable ferrocenyl derivatives containing reactive vinyl or allyl potential Ilgqu binding site for aFtachm_ent of a second d'ﬁefer?t
groupst-15 In this way, we have reported the first examples orggnotransmon mgtal fragment; (y) this second organometglllc
of organometallic dendritic molecules possessing peripheral moiety must to be |n_c_orporated without dec_ompl_ex_mg '_[he first
electronically communicated ferrocenyl moieties, which were starting organotransition metal fragment. With this in mind, the
constructed using a convergent methodology by sequences o arget reo_lox-_actlve precursor molecule was 'chosen to be the
hydrosilylation and alkenylation reactioffs'®> Our objective novel derivative ferrocenylmethylphenylvinylsilar® (shown
now is to extend this synthetic strategy to new dendritic in Scheme 1.

molecules containing a controlled number of different electro- eIi;Tr?aggvnOtrngiglr?g;l%rrﬁ?jnemfﬁmnicviﬁﬁsrﬂ?hbly JZﬁ i/"’i‘!t
active organometallic units, precisely located in the dendritic y ylpheny

structure. As a continuation of our efforts toward the develop- nylchlorosilane in THF at-30°C (Scheme 1). For this purpose

ment of new families of redox-active organometallic dendrimers, (t.ri-n-bgtylstannyl)ferrocene was selected as starting material,
we have chosen now to combine in a dendritic molecule a S'"¢€ .'t 'has proved to be an gxcellent precursor O.f pure
typical strong electron-donating fragment such as ferrocene monolithioferrocent® (see Experimental Section). This is

together with the electron-withdrawing moief§-aryltricarbo- crucial, in order to exclude the formation of the dimetalated
nylchromium. ferrocene, Fef>-CsHyLi),, which could produce undesirable

We report herein full details on the synthesis, characterization additional disubsituted dendritic] lmaterials. After appropriate
and redgx behavior of a series of no)\//el redc;x-active multim-’ workup, the target vinyl-terminatetwas isolated in high purity
. . . : and reasonable yield (75%) as an orange, crystalline solid. This
etallic dendritic systems, derived from carbosilane frameworks,

L A imple organometallic molecule featur veral ki mponen
containing ferrocenyl andyf-CsHs)Cr(CO) moieties linked simple organometallic molecule features several key components
together in close proximity by a bridaing silicon atom that meet the requirements detailed above. First, the reactive

9 P y by ging ' vinyl group attached to the silicon atom tfenables further

(10) (a)Supramolecular Electrochemistrigaifer, A. E., Ganez-Kaifer, Pflab?.ratgg V:g hy%rIOS:lylgtlondreaCtlon V.V(Ijth_s.h:] pOlygunC-h d
M., Eds.; Wiley-VCH: Weinheim: Germany, 1999; Chapter 16, p 207. tionalized building blocks in order to provide either a branche
(b) Inorganic ElectrochemistryTheory, Practice and ApplicatioZanello, second-generation dendron or a first-generation final dendrimer
(P.), E\dt.; Ro;gal %OCI'etly ﬂ Cger,r:lllsttry: S(Iagb,rld%e, rf2r00§; C_hi;)t?r 5,|P 185. in a typical convergent dendrimer growth. Second, the free aryl
C Struc, D.; Daniel, .Gl ate, S.; Rulz, J. ends In iviolecular . : . f
ElectrochemistryPombeiro, A. J. L., Amatore, C., Eds.; Marcel Dekker: rng Can be read”y,coor,dmated t‘? a secon(.:i.dlﬁerent organ-
New York, 2004; Chapter 9, p 283. otransition metal moiety via-interaction. In addition, the redox-

(11) Alonso, B.; Gar@-Armada, P.; Losada, J.; Cuadrado, |.; Gdeza active 1 is thermally and air stable and soluble in common

B.; Casado, C. MBiosens. Bioelectror004 19, 1617. ; ;
(12) (a) Cuadrado, .- M6rg M.: Casadg C M- Aonso B.- Lobete  Organic solvents. In factl can be stored for a long period

Synthesis of the Homo- and Heterometallic Precursor
%endritic Fragments 1-5. We are interested in developing
methods for the synthesis of new redox-active silicon-based
heterometallic dendritic molecules based on the convergent
methodologyt817In our designed convergent approach, suitable
organometallic dendritic wedges containing=C functionality
at the focal point are constructed first, and then these dendrons
are attached to a SH polyfunctionalized core molecule via
hydrosilylation chemistry in the final steps of the dendrimer
constructiont*

There were several key requirements that had to be met by

F.. Garca, B.; Ibisate, M.: Losada, DrganometalliceL996 15, 5278. (b) (several months) under an air atmosphere at room temperature
Gonzalez, B.; Casado, C. M.; Alonso, B.; Cuadrado, |.; Moi.; Wang, without noticeable decompositiofH NMR spectroscopy).
Y.; Kaifer, A. E. Chem. Commurl998 2569. (c) Zamora, M.; Herrero, ivati
S.; Losada, J.; Cuadrado, |.; Casado, C. M.; AlonsoQBjanometallics T.he convergent g'rowt'h of the .ferroc.enyl derlvatllle/va§
2007 26, 2638. achieved by hydrosilylation reaction with phenylchlorosilane
(13) (a) Alonso, B.; Cuadrado, |.; ManaM.; Losada, JJ. Chem. Soc.,
Chem. Communl994 2575. (b) Alonso, B; Mom, M; Casado, C. M,; (16) (a) Hawker, C. J.; Fohet, J. M. JJ. Chem. Soc., Chem. Commun
Lobete, F.; Losada, J.; CuadradoChem. Mater1995 7, 1440. (c) Gara, 199Q 1010. (b) Hawker, C. J.; Frechet, J. M.JJ.Am. Chem. Sod99Q
B.; Casado, C. M.; Cuadrado, |.; Alonso, B.; MoraM.; Losada, J. 112 7638.
Organometallics1999 18, 2349. (17) For an excellent recent review on convergent construction of
(14) Cuadrado, I.; Casado, C. M.; Alonso, B.; Mora/.; Losada, J.; dendrimers see: Grayson, S. K.; &het, J. M. JChem. Re. 2001, 101,
Belsky, V.J. Am. Chem. S0d.997 119, 7613. 3819.
(15) Alonso, B.; GonZez, B.; Rannez, E.; Zamora, M.; Casado, C. (18) Zamora, M. Ph.D. Thesis, Universidad Antma de Madrid, 2006.

M.; Cuadrado, 1J. Organomet. Chen2001 637—639, 642. (19) Guillaneux, D.; Kagan, H. Bl. Org. Chem1995 60, 2502.
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Scheme 1. Synthesis of the Homo- and Heterometallic Dendritic Fragments—52

Fe co

aReagents and conditions: (i) CISiPhMe(€8H,), THF, —30 °C; (ii) CISiPhH,, toluene, 40°C, Karstedt's cat.; (iii) (CHCH=CH,)MgBr,
Et,O, reflux; (iv) Cr(CO}, n-Bu,O/THF (9:1, v/v), reflux.

in toluene at 40°C in the presence of Karstedt's catalyst solutions. The novel heterobimetallic dendrahand5 were
(Scheme 1)!H NMR and IR spectroscopies were utilized to isolated as yellow-orange crystals. The sokdand5 may be
follow the progress of the reaction, and it was established that handled in air for short periods of time, but the solutions must
complete reaction of the two SH functionalities of phenyl- be handled under an inert atmosphere.
chlorosilane was easily achieved under these mild conditions. The structural identities of the novel dendritic molecule$
The intermediate compoun@ was isolated as an orange, ere straightforwardly established on the basis of elemental
moisture-sensitive, oily product. TH&l NMR spectrum of2 analysis, IR, and multinucleatt{, 13C, 2°Si) NMR spectroscopy
evidences that only th@-isomer was formed under the described and mass spectrometrit NMR spectra ofl—5 show in all
reaction conditions and no Markownikow addition (Wthh would cases the pattern of resonances centered at abb0tand 4.3
lead toa-isomer) took placé? which assures a regular dendritic ppm, respectively, characteristic of the unsubstituted and
convergent growth and the generation of molecules of maximum sypstituted cyclopentadienyl ligands in the ferrocenyl moieties.
symmetry. Subsequent treatment of the terminat@ifunc- The *H NMR spectra ofl and 4 show a set of resonances
tionality in 2 with allyimagnesium bromide, followed by  characteristic of the reactive vinyl group&6.9, 6.2, and 6.4
hydrolytic workup and purification via column chromatography, ppm in the expected integration ratios. Likewise, the three
afforded an orange solid, which was isolated and characterizedsjgnals of the allyl part ir8 and5 include two multiplets for
as being the desired grOWth dendron fragmﬁmhown in each Of=CH(t|'anS) and =CH(CiS) and a doublet at 1.9 ppm for
Scheme 1, carrying two ferrocenyl units linked to phenyl rings the methine proton. In addition, in tel NMR spectra of the
by a bridging silicon atom. heterometallicg and5 the complete;-coordination of the Cr-
The z-coordinating ability of the free phenyl rings afand (CO); moieties to the phenyl rings in the homometalli@nd
3 toward transition metals offered a good chance to gain an 3was confirmed by the total absence of resonances in the range
easy synthetic access to the targeted first- and second-generatiop 3—7.5 ppm, in which the aryl resonances of the noncoordi-
heterometallic dendrons. Thus, thermal treatment aind 3 nated dendritic wedge are observed. As a consequence of the
with Cr(CO) in the donor solvent medium ofdibutyl ether/  withdrawal of thes-electrons from the aryl rings by the Cr-
tetrahydrofuran (9:1, v/v) at 14T afforded the heterobimetallic  (CO); moieties, the aromatic protons on the complexed den-
4 and the heteropentametallic respectively (see Scheme 1). drimer resonate at significantly higher field, in the region from
'H NMR spectroscopy was used to follow the progress of these 5.1 to 5.5 ppm. For both heterometallic molecutesind 5
reactions, by monitoring the considerable upfield shift of the additional evidence for thgf-coordination of the Cr(CQ)group
aryl proton resonances upon coordination to the Cre@@up. to the phenyl ring included the presence of the two typical
After these reactions were finished, it is necessary to remove (C=0) strong bands near 1970 and 1870 &in the IR spectra,
some insoluble decomposition materials by filtration through a related to the Aand E vibration modes of the Cr(C&tyipod.
short column of Celite, resulting in bright yellow-orange The structures o# and5 were also confirmed by thHéC NMR
spectra, which display exclusively the resonances expected for
(20) (a) Comprehensie Handbook on HydrosilylatiorMarciniec, B., the different carbon atoms, with the characteristic upfield shift
Ed.; Pergamon Press: Oxford,‘1992. (b) Ojima, I.Time Chemlstry of . .
Organic Silicon Compound®atai, S., Rappoport, Z., Eds.; John Wiley &  Of ca. 37 ppm in the resonances of the coordinated aryl carbon
Sons: New York, 1989; Part 2, p 1479. nuclei relative to the uncoordinated aromatics of the ferrocenyl
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Cc13
Figure 1. Molecular structures of (A) and of the heterometallid (B). Hydrogen atoms have been omitted for clarity.

derivativesl and 3. In addition, resonances at aa233 ppm a solution of the corresponding compound in hexane. Figure 1
due to the carbonyl carbon atoms were observed it*@&IMR shows views of the molecular structureslaind4. A summary

spectra of4 and 5. The 2°Si NMR spectra of these dendritic  of crystallographic data and data collection parameters is
molecules are of interest, as they exhibit only the signals included in Table 1. Table 2 contains a comparison of selected

expected for one (il and4) and two (for3 and5) different bond lengths and angles of compouridand 4.

types of silicon environments present in the molecules. Mass The two ferrocenyl-functionalized silanésand4 are chiral
spectral analysis of dendritic wedg&s3, 4, and5 confirmed about the silicon atom, and both form monoclinic crystals with
the targeted dendritic structures. Specifically, in the fast atom space grouf2;/c. In the monometallid there are two different
bombardment (FAB) mass spectra of the heterometdlaod molecules in the unit cell corresponding to the two enantiomers
5, characteristic consecutive loss ofM- 3CO and M — Cr- (36.5% and 63.5%, respectively). The phenyl substituent is

(CO); units was detected, in addition to the peak corresponding arranged in an almost perpendicular position relative to the
to the molecular ion M at m/z 468.1 (for4) andm/z 1221.0 ferrocenyl cyclopentadienyl rings. In the heterometadlithe

(for 5). Cr(CO); tripod is coordinated in &ransoid arrangement with
X-ray Structures of 1 and 4. Single-crystal X-ray diffraction respect to the silicon-bridged ferrocenyl moiety. The silicon
studies of the two vinyl-substituted moleculésand 4 were atoms are nearly tetrahedral, with-Si—C bond angles of

undertaken. Crystals df and4 were obtained at-40 °C from 108.8 (for 1) and 106.1 (for 4). The cyclopentadienyl rings
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Table 1. Crystal Data and Structure Refinement Details for Compounds 1 and 4

1 4
empirical formula GoH1gFeSi GoH2CrFeQSi
fw 330.27 468.32
temp, K 100(2)
wavelength, A 1.54178
cryst syst monoclinic
space group P2:/c
a A 7.3569(2) 10.4463(2)

b, A 12.9056(4) 11.9294(2)

c, A 17.5057(5) 16.3013(3)

a, deg 90 90

B, deg 100.907(2) 97.0010(10)

y, deg 90 90

vV, A3 1632.06(8) 2016.29(6)

z 4 4

density (calcd), mg m? 1.344 1.543

abs coeff, mm?! 8.012 10.945

F(000) 688 960

cryst size, mm 0.25x 0.10x 0.10 0.10x 0.09x 0.04

6, deg 4.28t071.32 4.26 t0 67.07

index ranges —-8=<h=7 —12<h=<10
—15=<k=14 —14=<k=13
20=<1=20 —17=<1=<18

no. of reflns collected 17 159 13231

no. of indep refins 3083(int) = 0.0322] 3434 R(int) = 0.0482]

completeness t§ = 71.32 97.6% 95.5%

absorp corr semiempirical from equivalents

refinement method full-matrix least-squaresrén

no. of data/restraints/params 3083/0/200 3434/0/254

goodness-of-fit orfF2 1.063 1.019

final Rindices ( > 20(1))
Rindices (all data)
largest diff peak and hole, e &

Ry = 0.0298 w

Table 2. Selected Bond Lengths (A) and Angles (deg) for
Compounds 1 and 4

1 4
Fe(1)-C(1) 2.0534(16) 2.048(3)
Si(1)-C(1) 1.8528(18) 1.853(4)
Si(1)-C(11) 1.8638(19) 1.853(4)
Si(1)-C(13) 1.8695(19) 1.870(4)
Si(1)-C(14) 1.8845(17) 1.894(4)
C(11)-C(12p 1.298(4) 1.320(6)
Cr(1)-C(14) 2.246(3)
Cr(1)-C(20) 1.851(4)
Cr(1)-C(21) 1.840(4)
Cr(1)-C(22) 1.849(4)
Si(1)-C(1)-Fe(1) 125.02(9) 126.34(19)
C(1)-Si(1)-C(11) 109.29(8) 111.08(17)
C(1)-Si(1)-C(13) 110.04(8) 111.92(18)
C(1)-Si(1)-C(14) 108.80(7) 105.91(16
C(11)-Si(1)-C(13) 110.96(9) 110.99(19)
C(12)-C(11)-Si(1) 124.21(19) 108.55(16)
C(13)-Si(1)-C(14) 108.17(17)
C(21)-Cr(1)-C(20) 87.52(16)
C(21)-Cr(1)-C(22) 88.18(17)
C(22)-Cr(1)-C(20) 88.24(17)

aFor 1 this distance is shorter than fdrdue to the contribution of the
disorder of the vinyl group.

of the ferrocenyl moiety irl are essentially planar and nearly
parallel and exhibit a fully eclipsed conformation. By contrast,
the two cyclopentadienyl groups of the heterometadliare
arranged in a conformation between eclipsed and staggered
which is presumably due to the sterically demanding Cr¢CO)
tripod coordinated to the phenyl ring. Ip8-areneCr(CQ)
compounds, the orientation of the carbonyl ligands with respect

to the arene substituents has been shown to be dependent o

both the donor and steric properties of the substitéelrt.the

(21) Davis, R.; Kane-Maguire, L.A. P. l@omprehensie Organometallic
Chemistry Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon:
Oxford, England, 1982; Vol. 3, pp 106564.

R; =0.0290wR, = 0.0781

0.478 and-0.235

R;=0.0412wR, = 0.1027
Ry =0.0577wR, = 0.1110
0.785 and-0.310

R, = 0.0787

heterobimetalliet the Cr(CO) tripod adopts a nearly staggered
exo conformation with similar CfCgrene and CrCO bond
distances that compare well with those found for related Cr-
(CO)-containing compound®.

The molecular arrangement4fn the crystal structure shown
in Figure 2 is of interest. An examination of the crystal packing
diagram along thec-axis shows that association of similar
organometallic moieties, a type of self-assembly, is apparently
driving the packing in the crystal. The intermolecular chromium
distances to the next neighboring molecules range between 6.206
and 8.487 A and place the Cr(COiripods in a favorable
proximity for cluster-forming intermolecular solid-state reac-
tions. Thus, one can clearly observe repeating chromium-rich
and ferrocene-rich layers lying in theb-plane; the distance
between one of these Fe pseudolayers to the Cr neighbor one
is 4.0318 A.

Synthesis of the Homo- and Heterometallic Dendrimers
7—10. In the convergent approach, the previously synthesized
dendritic wedges are attached to a multifunctional core unit in
the final steps of the dendrimer constructi§ri? In this work,
the availability of free olefinic substituents at the focal point of
the dendritic wedgeg, 3, 4, and5, potentially enables their
attachment to many different SH functionalized cores via
hydrosilylation chemistry. The four-directional carbosilane Si-
[(CHY)3Si(Me)H]4 (6), in which the reactive SiH are located
at the end of quite long silicon-containing chains, was selected
as a dendritic core, in order to prevent the possibility of steric
congestion and provide the final dendrimers with a fourth
branched core. Having obtained two different key starting vinyl-

Runctionalized molecule% and4, the two synthetic pathways

(22) See for example: (a) Santi, S.; Ceccon, A.; Bisello, A.; Durante,
C.; Ganis, P.; Orian, LOrganometallic2005 24, 4691. (b) Gomes, E. L.
S.; Haner, M.; Young, V. G., Jr.; Dupont, J.; Caliman, V.; Casagrande, O.
L., Jr. Organometallics1999 18, 3869. (c) Muler, T. J. J.; Blumel, J.J.
Organomet. Chenm003 683 354.
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Figure 2. Crystal-packing diagram of showing the iron-rich and chromium-rich pseudolayers.

depicted in Scheme 2 can be envisaged to obtain the targetednvolves two reaction steps and allowed the synthesis of both

first-generation heterooctametallic dendrinfeand both were
attempted.

The two routes that were employed to prepare dendrimer
involve either (A) hydrosilylation reaction of the heterobimetallic
4 with the carbosilane coré or (B) synthesis of the first-
generation tetraferrocenyl dendrim&; by hydrosilylation
reaction ofl and6, followed by thermal treatment & with

the first-generation tetraferrocenyl dendrindaand the targeted
heterooctametallic first-generation dendrinTedn contrast to

the above-described results, the hydrosilylation reaction of the
more electron-rich vinyl-substituedwith the Si-H tetrafunc-
tionalized dendrime6, in the presence of Karstedt's catalyst,
in toluene solution at 40C, proceeded cleanly to completion,
affording the first-generation dendrim8r(Scheme 2). In the

chromium hexacarbonyl. Route A has the advantage that thesame way, the second-generation octaferrocenyl dend@mer

desired heterometallic dendrim@ris produced directly, in a

(Chart 1) was synthesized by hydrosilylation reaction of the

single hydrosilylation reaction step after chromium complexation growth dendritic wedge and the carbosilane co& Again,

of the phenyl ring to Cr(CQ)units in4. However, attempts to
graft by hydrosilylation reaction the Cr(C&yomplexed den-
dritic wedge4 to the core moleculé failed in large measure to
afford the expected heterooctametallic dendrimeReaction
of 4 with 6, in toluene at 70C, in the presence of Karstedt's
catalyst led to significant amount of the startihgin addition
to a small amount of the desired and other presumably
decomposition materials as inferred frold NMR and IR

IH NMR and IR spectroscopies established that complete
reaction of the four SiH functionalities in 6 was easily
achieved under mild conditions. After purification of the
hydrosilylated products by column chromatography, the tetra-
ferrocenyl and octaferrocenyl dendrim@&and9 were isolated

as air-stable, orange, tacky oils. Subsequent thermal treatment
of dendrimers8 and 9 with Cr(CO) in n-Bu,O/THF afforded

the desired first- and second-generation heterometallic den-

spectra. This result indicates that the presence of the Cg(CO) drimers7 and 10 (see Scheme 2 and Chart 1, respectively).
moiety in4 induces an electron-deficient character on the phenyl Not surprisingly, thermal displacement of CO in Cr(G@y

ring bound to the StCH=CH, group that clearly decreases
the effectiveness of the hydrosilylation reaction with the 1Si
functionalized core molecul@.23-25 Furthermore, isolation of
the pure dendrimer from this multicomponent mixture proved
to be a very difficult task. Consequently, for further synthetic

the phenyl rings of dendrimed was not as facile as witB,

and more forcing conditions than those used in the synthesis of
the octametallic dendriméf were required. After appropriate
workup, the desired heterometallic dendrimefsand 10,
containing eight and 20 organometallic units, respectively, were

studies this path to the desired heterometallic dendrimers didisolated as yellow-orange, tacky oils.

not seem very promising and was therefore abandoned.
In route B the hydrosilylation reaction of the-SCH=CH,
group with the coré was done prior to the coordination of the

The structural identities of the novel ferrocenyl dendrimers
8 and 9 and of the heterometallic dendrimerfsand 10 were
confirmed by IRH, 13C, and?°Si NMR spectroscopies, matrix-

phenyl ligand to the tricarbonylchromium fragment. This route 5gsjsted laser desorption, ionization time-of-flight mass spec-

(23) It is well-known that electron-withdrawing substituents on the vinyl

group decrease the rate of hydrosilylation processes compared to the mor

trometry (MALDI-TOF-MS), and elemental analysis. In thé

JNMR spectra oB and9, confirming evidence for the complete

electron-donating groups. On the other hand, steric factors due to substituentfunctionalization of the four reactive SH sites in the carbosi-
in both silane and vinyl groups may also affect the rate and completeness|ane dendritic frameworlé with silicon-bridged phenyl and

of hydrosilylation reactions. See, for example, refs 20, 24, and 25.

(24) (a) Stein, J.; Lewis, L. N.; Smith, K. A.; Lettko, K. X. Inorg.
Organomet. Polyml991, 1, 325. (b) Liu, H. Q.; Harrod, J..RCan. J. Chem
199Q 68, 1100.

(25) For a recent interesting work illustrating the effect of the substituents

of the Si-H and G=C groups on hydrosilylation reactions see: Hilf, S.;
Cyr, P. W.; Rieder, D. A.; Manners, |.; Ishida, T.; Chujo, Macromol.
Rapid Commun2005 26, 950.

ferrocenyl moieties is provided by the total absence of the-Si
resonance near3.8 ppm, as well as by the expected integration
ratio of the protons corresponding to the ferrocenyl groups, the
methylene units, and the methyl groups of the carbosilane
dendritic framework. The structures of dendrim@rs10 were
corroborated by mass spectrometry (FAB or MALDI-TOF). The
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Scheme 2. Two Alternative Synthetic Routes for the Construction of the Heterometallic Dendrimer 7
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main peaks in the spectra of the tetra- and octanuclearin both cases correspond to the correct molecular mass. The
dendrimers8 and 9 are singly charged molecular ions atz FAB mass spectrum of the heterometallishows the molecular

1761.7 (FAB) and 3684.3 (MALDI-TOF), respectively, which ion M™ at m/z 2304.5 as well as a clear characteristic pattern
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Table 3. Cyclic Voltammetric Data for the Homometallic
and Heterometallic Dendritic Compounds

Fe centered Cr centered

compound E12 (V)P E12 (V)P
1 0.44[0.79]
3 0.46 [0.83]
4 0.50 [0.96] 0.90 [0.55]
5 0.52[1.00] 0.91[1.10]
7 0.51[0.97] 0.92 [0.60]
8 0.44 [0.80]
9 0.45[0.50]
10 0.53[1.05] 0.95[1.13]

aMeasured in CECl, solution,» = 0.1 V s'1. P The peak potential
separation value\E (V), are indicated in brackets.

of peaks that arise from species formed by consecutive loss of
Cr(CO) moieties (see Supporting Information). In the MALDI-
TOF spectrum of dendrimelO the molecular ion peak atvz
5317.0 is detectable but is much less intense than peaks thal
arise from the dendrimer minus CO and Cr(G@psses.
Electrochemical Behavior of the Ferrocenyl Dendritic
Molecules 1, 3, 8, and 9An important aspect of this work is
to evaluate the redox properties of the new multimetallic
dendritic molecules, not only in homogeneous solution but also

Zamora et al.

and eight-electron redox systems has been successful, resulting
in detectable electroactive material persistently attached to the
electrode surfaces. The voltammetric response of an electrode-
posited film of the second-generation dendrifdém CH,Cl; is
shown in Figure 3, as an illustrative example. The electroactive
dendrimer film behaved almost ideally with rapid electron- and
charge-transfer kinetics.

A well-defined, symmetrical oxidatioareduction wave is
observed, which is characteristic of a surface-confined redox
couple, with the expected linear relationship of peak current
with potential sweep rate (see inset in Figure 3 The shape
of the features in the cyclic voltammograms is independent of
the scan rate from 5 to 1000 mV'% and repeated scanning
does not change the voltammograms, demonstrating that films
of the octaferrocenyd are stable to electrochemical cycling. A
formal potential value oE;;, = +0.45 V vs SCE was found
for films of 9, which is nearly identical to the formal potential
bf the octametallic dendrimérin solution. For films examined
at scan rates lower than 100 mVso splitting between the
oxidation and reduction peaks was observed, /gl increases
only slightly with increasing sweep ratAf,x = 15 mV at 150
mV s™1), suggesting that the rate of electron transfer is rapid
on the experimental time scale. Likewise, a value of the full

confined onto electrode surfaces (i.e., where the molecules serveyiqih at half-maximum AEsuhm: Of 58 mV was measured for
as electrode modifiers). Electrochemical data for the homome- ya s\ rface wave (atascan rat’e of 100 mY,avhich is smaller

tallic compoundsdl, 3, 8, and9 are shown in Table 3, together
with those of the related heterometallic dendritic molecules.

The cyclic voltammograms (CVs) df, 3, 8, and9 show a
single reversible oxidation process. The voltammetric features
(ipdipa €ssentially equal to one unihEy values about 5085
mV, and Epx independent of the scan rate) clearly show that
the oxidation ofl and 3 and of the dendrimer8 and 9 is
chemically and electrochemically reversible, resulting in the
production of the ferricinium specied][” and the stable and
soluble polycations3)?*, [8]**, and P]®". Coulometry mea-
suments in ChICl, solutions indicated the removal of one (for
1), two (for 3), four (for 8), and eight (for9) electrons/molecule.

In addition, differential pulse voltammetry measurements (DPV)
gave only one wave (see Supporting Information), indicating
that the oxidation of all the ferrocenyl moieties in the dendritic
molecules occurs at the same potential. The electrochemical
results unequivocally demonstrate that in the polyferrocenyl
dendrimers8 and 9 the observed reversible oxidation waves
represent a simultaneous multielectron transfer of four and eight
electrons, respectively, as expected for independent, reversibl
one-electron process, at the same potential, of the fou)(in
and eight (in9) noninteracting ferrocenyl redox centéfs.

On the other hand, the diffusion coefficientdf for the
polyferrocenyl dendrimers in Ci€l, solution have been
calculated from cyclic voltammetry using the Ranet&evcik
equatior?’” As expected, the diffusion coefficients of the
multimetallic dendritic molecule8 and9 (D, = 4.13 x 1076
and 6.57x 1077 cn? s71, respectively) are lower than that of
the monometallid (D, = 6.92 x 107 cn¥ s71) of small size.
Furthermore, the values of the diffusion coefficients increase
as the number of peripheral ferrocenyl moieties increases; that
is, D, increases with increasing dendrimer generation.

A key feature concerning the ferrocenyl dendrim@i@nd9
is their ability to deposit onto electrode surfaces as they become
oxidized. Thus, modification of electrodes with films of
dendrimers8 and 9 containing, respectively, reversible four-

(26) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, FJGAm. Chem.
Soc 1978 100, 4248.

(27) Analytical Electrochemistry2 ed.; Wang, J., Ed.; Wiley-VCH: New
York, 2000.

€

than the ideal peak width expected for surface-confined redox
specieg? indicating that attractive interactions take place
between the electroactive ferrocenyl sites attached to the
electrode surface Noteworthy, Pt and glassy-carbon electrodes
modified with films of9 are extremely durable and reproducible.
Extended cyclic voltammetric scans can be carried out in-CH
Cl; and CHCN solutions with no detectable loss of electrode-
posited material. This is an important observation since many
of the potential applications of the modified electrodes as multi-
electron-transfer mediators will require extensive redox cycling.
Electrodeposited films of the tetraferrocenyl first-generation
dendrimer8, obtained under the same conditions as $or
showed qualitatively similar voltammetric responses and a
comparable stability to the redox process.

Electrochemistry of the Heterometallic Dendritic Mol-
ecules 4, 5, 7, and 10The electrochemical oxidation d&f 5,

7, and 10 has been examined by cyclic voltammetry and
differential pulse voltammetry using GEI, as non-nucleophilic
solvent ancdh-Bus;NPF; as supporting electrolyte. The electro-
chemical behavior of these dendritic molecules is in accordance
with their heterometallic nature. For the bimetalicand the
octametallic7 the voltammetric behavior of the two molecules
is quite analogous, and the CV for dendrin7es illustrated in
Figure 4 as an example.

Scanning up to the potential of 1.20 V vs SCE, the cyclic
voltammogram of reveals two diffusion-controlled, reversible
oxidation processes at abdtt;, = 0.51 V andE;, = 0.93 V
vs SCE, respectively (see data in Table 3). The first oxidation
process can be ascribed to the oxidation of the iron centers,
and the second one to the oxidation of the chromium centers.
For both heterometallic compoundsand7, the E;/, values of
the first oxidation process are slightly higher than B found
for the oxidation of the iron centers of the related homometallic

(28) (&) Murray, R. W. InMolecular Design of Electrode Surfaces
Murray, R. W., Ed.; Techniques of Chemistry XXII; Wiley: New York,
1992. (b) Abruia, H. D. In Electroresponsie Molecular and Polymeric
SystemsSkotheim, T. A., Ed.; Dekker: New York, 1988; Vol. 1.

(29) In surface-immobilized redox species, the peak width for an ideal
surface wave i€rwnim = 90.6h (n = number of electrons transferred per
molecule). See ref 28.
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Figure 3. Voltammetric response of a glassy-carbon disk electrode modified with a film of the octaferrocenyl derginmeasured in
CH,Cl, with 0.1 M n-BuyNPF;. Scan rates: 25, 50, 75, 100, and 150 mV. énset: Scan rate dependence of the anodic peak current. The
surface electroactive coverage of ferrocenyl sites in the film Was 2.11 x 1071° mol of ferrocenyl sites cn.
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Figure 4. Cyclic voltammogram (A) and differential pulse
voltammogram (B) of7 in CH,CI, solution.

ferrocenyl precursor moleculdsand8, and this is reasonably
due to the electron-withdrawing nature of the adjacesft (
CsHs)Cr(CO) moieties, bonded through a bridging silicon atom.
In addition, the chromium-centered oxidations of the hetero-
metallic4 and7 show a slight anodic shift with respect to the
Ea/2 for (78-CeHs)Cr(CO) as a result of the positive charges in
[4]" and [7]*" generated after the first oxidation process.
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Figure 5. Differential pulse voltammogram of the pentametallic
5 in CH.Cly/n-BusNPFs solution.

The pentametallic dendritic wedde which has two ferro-
cenyl moieties and threg/§-aryl) cromiumtricabonyl subunits,
shows a somewhat different electrochemical oxidation volta-
mmetric feature. The presence of an ext& CsHs)Cr(CO)
moiety, nonbonded to a ferrocenyl unit, is naturally reflected
by an additional chromium-centered oxidation process. The
cyclic voltammogram of the pentametalbén CH,ClI, solution
exhibits two separated oxidation waves, the second one being
broad and poorly resolved. Both electron transfers exhibit
directly associated responses in the reverse scan. For both waves,
the ratio of cathodic to anodic peak curreipj/{ps was close
to unity, and the plot of peak current ¥82was linear, indicating
diffusion-controlled redox processes. On the other hand, the
differential pulse voltammogram &fin CH,Cl; solution shown
in Figure 5 exhibits two separated peaks of different heights.
The second peak is broader than the first and displays a shoulder
(marked in Figure 5 with an asterisk), suggesting two overlapped
redox processes. Integration of the peak areas gives a first to
second wave ratio of 2:3. Formal potentials were calculated from
the DPV peak potentials, and the results obtained \Egre—

0.51 V for the process corresponding to the first pdalg ~
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0.80 V for the second peak (observed as a shoulder) Eand
= 0.91 V for the peak at higher potential.

Zamora et al.

Silica gel (70-230 mesh) (Merck) was used for column chromato-
graphic purifications. (Tri-butylstannyl)ferrocene was synthesized

Assignment of the formal potentials observed in the DPV of as described in the literatute Phenylchlorosilane was prepared
5 to the corresponding electrochemical processes has beerPy reaction of phenyisilane (Fluka) with RChccording to the

carried out by comparison with the redox potentials observed
for the related dendritic homo- and heretometallic dendritic
molecules 3 and 4, respectively. On this basis, it looks
reasonable to suggest that the two ferrocenyl moietiésaot

the first metallic centers to be oxidized. Consequently, the first
oxidation peak is attributed to the simultaneous two-electron
transfer of two electrons removed from the two ferrocenyl
subunits in the molecule, resulting in the formation of the
dicationic species §%2". The central, almost unresolvable,
oxidation peak (at abou;» = 0.80 V) presumably is centered
in the chromium center of the isolategl®{C¢Hs)Cr(CO) unit
linked to the Si-allyl group. Finally, two electrons are removed
(atEyp = 0.91 V) from the remaining chromium centers of the
(7%-CgHs)Cr(CO) moieties neighboring the ferrocenyl moieties
already oxidized. The heterometallic dendrimi@rdisplayed a
qualitatively similar DPV response, although in this case the

literature3! The carbosilane Si[(ChkSiMe,H]4 (6) was prepared

by treatment of Si[(CH)sSiMe,Cl], with LiAIH 4 as we have
described previouslii# Infrared spectra were recorded on a Bomem
MB-100 FT-IR spectrometer. NMR spectra were recorded on
Brucker-AMX-300 and Bruker DRX-500 spectrometers. Chemical
shifts are reported in parts per milliod)(with reference to residual
solvent resonances féiH and**C NMR (CDCk, H, 6 7.27 ppm;

13C, 0 77.0 ppm).2°Si NMR spectra were recorded with inverse-
gated proton decoupling in order to minimize nuclear Overhauser
effects. In some cases the solutions contained 0.015 M Crgacac)
in order to reduce T1's. FAB mass spectral analyses were conducted
on a VG Auto Spec mass spectrometer equipped with a cesium
ion gun. The MALDI-TOF mass spectra were obtained using a
Reflex Il (Bruker) mass spectrometer equipped with a nitrogen
laser emitting at 337 nm. The matrix was ditranol. Elemental
analyses were performed by the Microanalytical Laboratory,
Universidad Autooma de Madrid, Madrid, Spain.

second oxidation wave was considerably broadened and the Electrochemical MeasurementsCyclic voltammetric experi-

redox process displays electrochemical irreversibility, as shown

ments were recorded on a BAS-CV-50W potentiostat.,ClH

by the absence of the corresponding cathodic peak in the reversdspectrograde) for electrochemical measurements was freshly

scan.

Concluding Remarks

We have designed and explored an efficient convergent
growth approach that permits the preparation of a new family
of redox-active heterometallic dendritic molecules, derived from
carbosilane frameworks and functionalized with silicon-linked
ferrocenyl and #%-CsHs)Cr(CO) moieties. In this synthetic
strategy suitable organometallic dendritic wedges containing a
single olefinic functionality at the focal point are constructed
first. Subsequently, these dendrons are attached to—#l Si
tetrafunctionalized core molecule via hydrosilylation chemistry
in order to provide the final first- and second-generation
heterometallic dendrimers with a fourth branched core. The

distiled from calcium hydride under argon. The supporting
electrolyte was tetra-butylammonium hexafluorophosphate (Flu-
ka), which was purified by recrystallization from ethanol and was
typically used at a concentration of 0.1 M. A conventional three-
electrode cell connected to an atmosphere of prepurified nitrogen
was used. All cyclic voltammetric experiments were performed
using either a platinum-disk working electrod®= 0.020 cnd) or

a glassy carbon-disk working electrod& & 0.070 cmd). All
potentials are referenced to the saturated calomel electrode (SCE).
A coiled platinum wire was used as a counter electrode. Solutions
were typically 164 to 103 M in the redox-active species for cyclic
voltammetry. The solutions for the electrochemical experiments
were purged with nitrogen and kept under an inert atmosphere
throughout the measurements. Differential pulse voltammetry was
done with scan rates of 20 and 50 mV.sa pulse height of 50
mV, duration of 50 ms, and pulse intervals of 2 s. Formal potentials

convergent methodology described here is advantageous becausgere calculated from the DPV peak potentials usig = Eox +

of its simplicity and offers ample opportunities for structural
variations; therefore, it will represent a versatile method for
accessing a potentially large number of dendritic molecules
containing organometallic moieties of different nature. Further
extension of this synthetic aproach is in progress in order to
prepare siloxane-based heterometallic dendritic polymeric as-
semblies (dendronized polyme#8).

Experimental Section

Materials and Equipment. All reactions and compound ma-
nipulations were performed under an oxygen- and moisture-free
atmosphere (Nor Ar) using standard Schlenk techniques. Solvents
were dried by standard procedures over the appropriate drying
agents and distilled immediately prior to use. Ferrocene and Cr-
(CO) (Fluka) were purified by sublimation prior to ustert-
Butyllithium (1.7 M solution in pentaneq-butyllithium (2.5 M
solution in hexane), allylmagnesium bromide (1.0 M solution in
diethyl ether), and tetraallylsilane (Aldrich) were used as received.
(Tri-n-butylstannyl) chloride (Aldrich) and methylphenylvinylchlo-
rosilane (Fluka) were distilled prior to use. Platinum-divinyltet-
ramethyldisiloxane complex {33.5% in xylene) (Karstedt's cata-
lyst), available from Petrarch Systems Inc., was used as received

Epuisd2, whereEpseis the pulse height. Coulometric measurements
were made with a PAR-379 digital coulometer, using Pt gauze as
a working electrode.

X-ray Crystal Structure Determination. Compoundsl and4
were structurally characterized by single-crystal X-ray diffraction.
A suitable orange crystal dfof needle shape and dimensions 0.25
x 0.10 x 0.10 mm and a suitable yellow crystal #bf star shape
and dimensions 0.1 0.09 x 0.04 mm were located and mounted
on a glass fiber with “magic oil”. The samples were transferred to
a Bruker SMART 6K CCD area-detector three-circle diffractometer
with a MacScience rotating anode (CuKadiation,A = 1.54178
A) generator equipped with Goebel mirrors at settings of 50 kV
and 100 mA. For compound a total of 3083 independent
reflections Ry,; = 0.0322) were colleted in the range 4328 0 <
71.32. For2 a total of 3434 independent reflectior,( = 0.0482)
were colleted in the range 4.26< 0 < 67.07. X-ray data were
collected at 100 K, with a combination of six runs at different
and 20 angles, 3600 frames. The data were collected using 0.3
wide w scans with a crystal-to-detector distance of 4.0 cm. The
substantial redundancy in data allows empirical absorption correc-
tions (SADABS¥? to be applied using multiple measurements of
symmetry-equivalent reflections. The raw intensity data frames were

integrated with the SAINT prografi,which also applied correc-

(30) Further studies of the use dfand4 in the synthesis of siloxane-

(31) Mawaziny, SJ. Chem. Soc. (A197Q 1641.

based heterometallic dendritic and polymeric assemblies are in progress (32) Sheldrick, G. M.SADABSVersion 2.03, Program for Empirical

and will be reported.

Absorption Correction; University of Gtingen: Germany, 19972001.
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tions for Lorentz and polarization effects. The software package ether containing 2.0 mL (1.9 mmol) of allylmagnesium bromide
SHELXTL version 6.10 was used for space group determination, (1 M in diethyl ether). The resulting orange solution was refluxed
structure solution, and refinemetiThe space group determination  for 4 h, cooled to O°C, and then hydrolyzed with aqueous hCGH

was based on a check of the Laue symmetry and systematic(10%). The organic layer was separated, washed with water, and
absences and was confirmed using the structure solution. Thedried over anhydrous MgSOThe solvent was removed under
structures were solved by direct methods (SHELXS-97), completed vacuum, and the residue was purified by column chromatography.
with difference Fourier syntheses, and refined with full-matrix least- An orange band was colleted using hexane as eluent. Solvent

squares using SHELXL-97, minimizing(F,2 — F2)2.353Weighted
Rfactors R,) and all goodness of fibare based oR?; conventional
Rfactors R) are based of. All non-hydrogen atoms were refined

removal afforded the desired growth dendr8ncarrying two
ferrocenyl units. Yield: 0.70 g (57%). Anal. Calcd foi#8ls,Sis-
Fe: C, 69.45; H, 6.45. Found: C, 69.38; H, 6.38.NMR (CDCls,

with anisotropic displacement parameters. The hydrogen atom 300 MHz): 6 0.51 (s, 6H, El3), 0.83 (m, 8H, E1,CH,), 1.83 (d,
positions were calculated geometrically and were allowed to ride 2H, CH,CH=CH,), 3.99 (s, 10H, @Hs), 4.05, 4.10, 4.33 (m, 8H,

on their parent carbon atoms with fixed isotroplcAll scattering

CsHy), 4.82-4.90 (m, 2H, CH=CH,), 5.75-5.80 (m, 1H, Gi=

factors and anomalous dispersions factors are contained in theCH,), 7.35, 7.50 (m, 15H, gHs). 33C{*H} NMR (CDCls, 75.43

SHELXTL 6.10 program library. The crystal structureslodind4

MHz): & —4.43 CHj), 4.10, 7.78 CHy), 19.69 CH.CH=CH)),

have been deposited at the Cambridge Crystallographic Data Centresg.39, 69.01, 70.91, 71.08, 73.65, 73.0H4/CsHs), 113.6, 134.10
and allocated the deposition numbers CCDC648116 and CCDC (CH=CH,), 127.80, 127.91, 129.01, 129.16, 136.8QHs). 2°Si-

648117, respectively.

Synthesis of (CH=CH)MePhSiFc (1).Ferrocenyllithium was
generated in situ via the reaction of (trdbutylstannyl)ferrocene
(30.0 g, 63.2 mmol) witm-butyllithium (28.5 mL, 2.5 M solution
in hexane) in 50 mL of THF at-78 °C. After 90 min, the mixture
was warmed t6-30 °C. To this stirred system was added dropwise
methylphenylvinylchlorosilane (11.30 g, 52.0 mmol) in 20 mL of

THF. The mixture was allowed to warm to room temperature and 1,4
was stirred for 14 h. The solution was concentrated, treated with
hexane, and then filtered to remove the lithium chloride byproduct.

Solvent removal yielded an orange, oily product, which was purified

by column chromatography on silica gel using hexane as eluent. A
first band containing ferrocene was eluted and, subsequently, a
second major orange band was collected. Solvent removal afforded

the desired product as an air-stable, orange, crystalline solid.
Yield: 14.50 g (75%). Anal. Calcd for {gH,0SiFe: C, 68.66; H,
6.07. Found: C, 68.58; H, 6.18H NMR (CDClz, 300 MHz): ¢
0.61 (s, 3H, G3), 4.10 (s, 5H, @Hs), 4.14, 4.17, 4.40 (m, 4H,
CsHy), 5.85 (dd2J = 19.8 Hz,2J = 3.3 Hz, 1H, CH=CHyansHcis),
6.15 (dd,2J = 14.8 Hz,2J = 3.3 Hz, 1H, CH=CHyans Hcis), 6.40
(dd, 33 = 19.8 Hz,2) = 14.8 Hz, 1H, Gi=CHy), 7.34 (m, 3H,
CsHs), 7.53 (m, 2H, GHs). 13C{'H} NMR (CDCls, 75.43 MHz):
0 —3.75 CH3), 67.38, 68.32, 71.12, 73.6€4Hs/CsH,), 127.61,
128.95, 134.26, 136.84C(Hs), 133.53, 137.70GH=CH,). 2°Si-
{H} NMR (CDCls, 59.3 MHz): 6 —14.05 Si(CHy)). MS (FAB):
m/z (%): 332.6 [M], (100), 147.6 [SiMe(CH-CH,)]™, (35.2).
Synthesis of PhCISIi[(CH),MePhSiFc}, (2). To a solution of
1 (1.00 g, 3.0 mmol) in toluene (30 mL) was added /0 of a
solution of Karstedt's catalyst. The mixture was stirred at room
temperature for 0.5 h. A solution of phenylchlorosilane (0.20 g,
1.5 mmol) in dry toluene (10 mL) was added dropwise. The mixture
was heated to 40C, and after a few minutes, a FTIR spectrum of
the reaction mixture showed complete loss of thSi—H)
absorption at 2179 cm. Likewise, '"H NMR spectroscopy con-
firmed the complete disappearance of the Siproton resonances
of the starting phenylchlorosilane. The mixture was filtered, the

{H} NMR (CDClz, 59.3 MHz): 6 —5.15 @SiFc), 0.30 GiCH,-
CH=CH,). MS (FAB): nVz(%)812.0[M"](7),305.0[SiFcCHCsHs| *,
(100).

Synthesis of (CH=CH)MeSi[{ (#5-CsHs)Cr(CO) 3} Fc] (4). A
degassed solution of 0.40 g (1.8 mmol) of chromium hexacarbonyl
and 0.50 g (1.5 mmol) of in a mixture of 90 mL ofn-dibutyl
ether and 10 mL of THF was heated to reflux temperature (oil bath
°C). Over the course of the reaction, new IR carbonyl bands
at 1972 and 1873 cm were observed to increase in intensity.
Likewise, in thelH NMR (CDCls) spectrum, the resonances in the
7.3—7.5 ppm region progressively disappeared while new reso-
nances in the range 5:%.5 ppm were detected. After 48 h, the
suspension was filtered through a pad of Celite to remove the small
amounts of insoluble decomposition products and some unreacted
Cr(CO). From the resulting light orange solution, the solvent was
removed under vacuum, affording a yellow solid, which was
purified by treatment with hexane solution at low temperature. After
standing at-30 °C, a yellow solid was formed, which was filtered
off to afford the desired molecukg which was isolated as an air-
unstable, crystalline, yellow solid. Yield: 0.40 g (63%). Anal. Calcd
for CooH,003SiFeCr: C, 56.41; H, 4.31. Found C, 56.30; H, 4.22.
IH NMR (CDCls, 300 MHz): 6 0.66 (s, 3H, El3), 4.14 (s, 5H,
CsHs), 4.22, 4.23, 4.45 (m, 4H, 481,), 5.09, 5.38, 5.48 (m, 5H,
CeHs), 5.93 (dd2J = 20.5 Hz,2J = 3.6 Hz, 1H, CH=CHyansHcis),

6.24 (dd,3J = 15.3 Hz,2) = 3.6 Hz, 1H, CH=CHysans His), 6.50
(dd, 33 = 20.5 Hz,2J = 15.3 Hz, 1H, Gi=CH,). *C{H} NMR
(CDCl, 75.43 MHz): 6 —4.11 (CH3), 64.42, 68.49, 71.66, 71.84,
73.57 CsH4/CsHs), 90.31, 95.73, 97.90, 100.2Z4Hs), 134.82
(CH=CH,), 232.91 (CO)?*Si{H} NMR (CDCl,, 59.3 MHz): ¢
—10.88 SiFc). IR (KBr): »(C=0) 1972 and 1873 cm. MS
(FAB): mVz (%) 468.1 [M"] (65), 384.1 [M" — 3CO] (100), 332.1
[M* — Cr(CO}], (80).

Synthesis of (CH=CHCH ,){ (75-C¢Hs)Cr(CO) 3} Si[(CH).Me-

{ (78-CgHs)Cr(CO) 3} SiFcl, (5). Using the same method as detailed
for the preparation of, the pentametallié was synthesized starting

solvent was removed under vacuum, and the remaining orange oilffom 0.57 g (0.7 mmol) o8 and 0.58 g of Cr(CQ)(2.6 mmol).

(1.10 g, 95%) was used immediately in the next reaction stép.
NMR (300 MHz, CDC}): 6 0.43 (s, 6H, Ei3), 0.92, 1.20 (m, 8H,
CH,CHy), 4.10 (s, 10H, @Hs), 4.08-4.40 (br, 8H, GHy), 7.35,
7.50 (m, 15H, GHs).

Synthesis of (CH=CHCH)PhSIi[(CH,),MePhSiFc}L (3). A
solution of 1.10 g (1.42 mmol) of recently prepar2dn diethyl
ether was added dropwise with vigorous stirring to 50 mL of diethyl

(33) SAINT+NT Version 6.04; SAX Area-Detector Integration Program;
Bruker Analytical X-ray Instruments: Madison, WI, 199Z001.

(34) Bruker AXS SHELXTLVersion 6.10, Structure Determination
Package; Bruker Analytical X-ray Instruments: Madison, WI, 2000.

(35) Sheldrick, G. MActa Crystallogr A 199Q 46, 467.

(36) Sheldrick, G. MSHELXL97 Program for Crystal Structure Refine-
ment; Germany, 1997.

The reaction was completed after 72 h as it was established from
IR and'H NMR spectroscopies. The reaction mixture treated as
above and the heterometallic dendrdrwas isolated as an air-
unstable yellow solid. Yield: (0.21 g, 43%). Anal. Calcd for
CseHs204SisFeCrs: C, 55.08; H, 4.30. Found: C, 54.96; H, 4.21.
IH NMR (CDCls, 300 MHz): 6 0.57 (s, 6H, El3), 1.02 (br, 8H,
CHy), 1.94 (d, 2H, ®1,CH=CH,), 4.10, 4.17, 4.45 (m, 18H,s85/
CsHy), 4.98, 5.81 (m, 3H, 8=CH,), 5.13, 5.43, 5.51 (m, 15H,
CeHs). 13C{'H} NMR (CDCls, 125.8 MHz): 6 —4.87 (SCHy), 4.67,
7.75, CHCHy), 19.29 CH,CH=CH,), 66.08, 68.42, 71.53, 71.72,
73.54 (CsH4/CsHs), 90.52, 90.77, 95.79, 98.45, 99.75, 100.10,
100.25 CsHs), 115.32, 133.30¢H=CH,), 233.10 CO). 2°Si{ *H}
NMR (CDCls, 99.4 MHz): 6 —4.87 SiFc), 1.03 8iCH,CH=CH,).

IR (KBr): »(C=0) 1972 and 1873 cm. MS (FAB): mVz (%)



5164 Organometallics, Vol. 26, No. 21, 2007

1221.0 [Mf] (1), 1084.0 [M" — Cr(CO)] (8), 948.13 [M" — 2Cr-
(CO)] (4), 812.2 [M" — 3Cr(CQOy)] (6), 305.0 [SiFCCHCgHs]*
(100).

Synthesis of Dendrimer 7.This heterometallic derivativé was
obtained by the same thermal procedure as describetidod5,
starting from 0.70 g (0.4 mmol) 08 and Cr(COy 0.40 g (1.9
mmol). After 72 h the reaction was finished and the residue was
treated in a manner similar t6. The desired heterometallic
dendrimer was isolated as an air-unstable, yellow-orange oil.
Yield: 0.32 g (37%). Anal. Calcd for {ggH13:SigFe,01,Cry: C,
56.24; H, 5.77. Found: C, 56.17; H, 5.681 NMR (CDCl;, 300
MHz): 6 0.01 (s, 24H, Si(El3),), 0.56 (m, 12H, E3), 0.56 (br,
16H, CH,CH,CHy), 0.88 (m, 16H, El,), 1.30 (br, 8H, CHCH,-
CHy), 4.12 (s, 20H, @Hs), 4.21, 4.43 (m, 16H, €H,), 5.08, 5.35,
5.47 (m, 20H, GHs). 3C{*H} NMR (CDCls, 75.43 MHz): 6 —4.45
(CH3), —3.84 (SiCHs),), 8.02, 7.41 CH,), 17.51, 18.60, 19.65
(CH2CH.CH,), 66.57, 68.34, 71.31, 71.46, 73.485Hs/CsH,),
90.13, 95.55, 99.15, 100.3&¢Hs). 2°Si{*H} NMR (CDCl;, 59.3
MHz): 6 —1.68 @SiFc), 1.05 GiCH,), 3.80 SiCHg)). IR (KBr):
»(C=0) 1961 and 1882 cnt. MS (FAB): mVz (%) 2304.5 [M']
(11.0), 2170.2 [M — Cr(CQO}] (8), 2035.1 [M" — 2Cr(CO}] (0.5),
1896.7 [Mt — 3Cr(CO}] (0.3), 305.1 [SiFcCHCgHs] ™ (100).

Synthesis of Dendrimer 8.To a toluene solution (25 mL) df
(0.85 g, 2.5 mmol) was added 3Q of Karstedt's catalyst. The
mixture was stirred at room temperature for 0.5 h. A solution of
0.20 g (0.4 mmol) of the carbosilarg in toluene was added
dropwise, and then the mixture was warmed to 4D The
attachment ofl to the four Si-H active sites of the dendritic core
6 proceeded cleanly to completion in 4 h, as established fitdm
NMR and IR analysis of the reaction mixture. The solvent was
removed and the resulting oil was subjected to column chroma-
tography using hexane as eluent. A first band contaidingas
separated, and with additional hexane, the deskredhs eluted.
Solvent removal afforded the homometallic dendril@eis an air-
stable, orange oil. Yield: 0.73 g (90%). Anal. Calcd foysldi3-
SigFe;: C, 65.43; H, 7.56. Found: C, 65.28; H, 7.4%51 NMR
(CDCl;, 300 MHz): 6 —0.08 (s, 24H, Si(El3);), 0.52 (m, 12H,
CHs), 0.52 (m, 16H, €1,CH,CH,), 0.86 (t, 16H, Si€i,CH,), 1.29
(9, 8H, CHCH,CH,), 4.05 (m, 20H, @Hs), 4.10, 4.15, 4.35 (m,
16H, GHa), 7.34 (m, 12H, @Hs), 7.53 (m, 8H, GHs). *C{H}
NMR (CDCl,, 75.46 MHz): 6 —4.38 (CH3), —3.75(SiCHs).), 7.78,
7.91 (CHy), 17.56, 18.66, 19.750H,CH,CH,), 68.32, 69.32, 70.78,
70.94, 73.66CsHs/CsHy), 127.61, 128.945, 134.11, 138.84s).
29Si{ *H} NMR (CDCl;, 59.62 MHz): 6 —5.15 SiFc), 0.73 BICH,),
3.56 SiCH;). MS (FAB): m/z (%) 1761.7 [M7] (5), 305.0
[SIFCCH;CgHs] ™ (100).

Synthesis of Dendrimer 9.This dendrimer was prepared by the
same procedure as that described for the synthess sifarting
from 0.42 g (0.5 mmol) of3 and 0.05 g (0.1 mmol) o08. In this
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case, longer reaction periods (12 h) with a higher temperature
(65°C) were required to achieve the complete incorporation of the
growth dendron3 to the core moleculé. After filtration and
purification by column chromatography using hexane as eluent, the
desired octaferrocenyl dendrim@rwas isolated as an air-stable,
dark orange, tacky oil. Yield: 0.24 g (60%). Anal. Calcd for
CZOSHZGOSiUF&: C, 67.81; H, 7.12. Found: C, 67.65; H, 6.9H
NMR (CDClz, 300 MHz): 6 0.08 (s, 24H, Si(El3),), 0.52 (m, 24H,
CHs), 0.52 (m, 32H, €1,CH,CH,), 0.89 (m, 32H, SiEi,CH,), 1.28

(g, 16H, CHCH,CH,), 4.00 (m, 40H, GHs), 4.06, 4.10, 4.33 (m,
32H, GHy), 7.35, 7.51 (m, 60 H, s). 13C{*H} NMR (CDCl,,
125.75 MHz): 6 —4.48 CHs;), —3.12 (SiCHa),), 7.69, 7.73
(CH.CH,), 18.45, 20.48¢H,CH,CH>), 68.28, 69.03, 70.79, 70.95,
73.55, 73.60CsHs/CsH,), 127.70, 127.75, 128.81, 128.88, 134.11,
134.29, 138.31GeHs). 2°S{*H} NMR (CDClz, 99.36 MHz): 6
—5.24 @SiFc), —0.90 SiPh), 0.95 SiCH,), 3.46 SiCH3). MS
(MALDI-TOF): nvz 3684.3 [M].

Synthesis of Dendrimer 101n analogy with the synthesis @f
thermal treatment d® (0.32 g, 0.08 mmol) with an excess of Cr-
(CO)s was carried out during 96 h. After appropriate workap,
was isolated as an air-unstable, yellow, tacky oil. Anal. Calcd for
0244Hgﬁosi17l:e303zcrg: C, 55.12; H, 4.93. Found: C, 54.92; H,
4.74.'H NMR (CDCl;, 300 MHz): ¢ 0.06 (br, 24H, Si(El3)y),
0.49 (br, 24H, El3), 0.49 (br, 32H, €1,CH,CH,), 0.90 (m, 32H,
CH,CHy,), 1.31 (br, 16H, CHCH,CH,), 3.90 (s, 40H, €Hs), 4.09,
4.34 (br, 32H, GHy), 5.10-5.44 (br, 60H, GHs). 3C{H} NMR
(CDCl, 125. 75 MHz): 6 —4.50 CH3), —3.15 (SiCHa),), 7.41,
7.70 CH,CHy), 18.45, 19.95CH,CH,CH,), 68.19, 69.00, 70.04,
70.90, 72.98, 73.40QsHs/CsHy), 90.50, 95.76, 99.30, 100.20
(CeHs). 2°Si{1H} NMR (CDClz, 99.36 MHz): 6 —4.83 SiFc),
—3.70 SiPh), 0.98 8iCH,), 3.20 SiCHs)). MS (MALDI-TOF):

m/z 5317.0 [Mf], 5181.0 [M" — Cr(CO})], 5045.0 [M" — 2Cr-
(CO)], 4909.0 [MF — 3Cr(CO}].
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