Available online at www.sciencedirect.com

sc-ence@mnecv COORDINATION

CHEMISTRY REVIEWS

ELSEVIER Coordination Chemistry Reviews 248 (2004) 279-297

www.elsevier.com/locate/ccr

Review

From long-chain conjugated oligomers to dendrimers: synthesis and
physical properties of phenyl-ethenyl-ferrocenyl containing
one- and two-dimensional complexes

Eduardo Peris

Dpto. de Quiica Inorganica y Orgéanica, Universitat Jaume |, 12071 Castellén, Spain

Received 12 September 2003; accepted 19 January 2004

Contents
Y 53 T 279
O 10110 To 11T 1o o 279
2. One-dimensional ferrocenyl-phenyl-ethenyl OligQOmMELS. . ... ... i ettt 280
2.1. Synthesis of the COMPOUNGS . . . . ...ttt e e e e e e e e e e e e e ettt 280
b =Yoo 1o o= o i - 282
2.3, ElECIIOCNEIMISTIY. . . .ottt ettt et e e et 284
2.4, MOIBCUIAT SITUCTUIES . . . . . ottt e et et e e e ettt e e e e e e e e e e e e e e e et 285
b2 S T N @ I o] ) =T 1= 286
2.5.1. EleCtron-aCCepling GrOUD. . . ..ottt ettt ettt et et e e e e e et e e e e e e e e e e e 287
2.5.2. Chain Iengthening . .. ...ttt et e e e e e s 288
2.5.3.  ZIE CONMIQUIALION. . . ..ottt ettt et et et e e e e e e e e e e e 288
3. Compounds With INKEd fEITOCENES . . . .. ... ettt et ettt e e e e e e e e 288
3.1, Preparation Of the COMPIEXES . . . ...ttt et et et et e e 288
3.2, Molecular Structure Of the COMPIEXES. . . ...\ttt ettt e e e e e e e e e e 289
3.3, EIBCIIOCNEMUSITY. . . .ottt e e 290
4. Two-dimensional star-shaped compounds-metallodendrimers . . ... . e 201
4.1. Preparation 0f the COMPOUNGS . . ... ..ottt et ettt e e e e e 291
4.2. Other dendritic polyferroCenyl COMPIEXES. . . .. ... et ettt e e e e e e e e ettt 294
B CONCIUSIONS . .« .ttt et e et e e e e e 295
ACKNOWIBAGEMENLS . . .ttt ettt e e e 295
R O ENCES . . . o 295
Abstract

This review article presents an overview of the chemistry of phenyl-ethenyl oligomers containing ferrocene. The synthetic procedures,
electronic spectra, electrochemistry and molecular structures are briefly described, pursuing a rationalized relation with the physical outputs
(especially regarding the nonlinear optical responses). All the properties of the compounds described are clearly dependent on the conju-
gated character of the ancillary ligands of the ferrocene. Three types of complexes are described: mono-dimensional conjugated oligomers,
compounds with linked ferrocenes, and two-dimensional star-shaped (dendrimers) ferrocenyl compounds.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

During the last three decades, much attention has been
* Fax: +34-964-728214. devoted to the chemistry of ferrocenyl complexes be-
E-mail addresseperis@gqio.uji.es (E. Peris). cause ferrocene combines chemical versatility with high
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thermal stability. These properties, together with the ex-
ceptional electrochemical properties of ferrocene, make Y4 @
ferrocene-based complexes good candidates for the prepara-

Fe n
tion of new materials with applications in organic synthesis,
catalysis and materials sciendg2]. When two or more fer- n=0,1,2
rocenyl fragments are connected to obtain compounds with Scheme 1.

linked ferrocenes, further interests are envisaged, since in-
termetallic electronic communication affords a wide range
of new applications, and many studies have been madeteresting physical propertie§¢heme L. Among the appli-
regarding intramolecular electron-exchange reactjidns]. cations that we pursued for our oligomers, we were specially
Metal containing long-chain conjugated systems have interested in those derived from the NLO responses, and in
emerged as an important category of materials. The impetusclarifying if there were any clear relationships between the
for developing these materials is based on the premise thatchemical structures, physical properties (electronic spectra,
conjugated chains containing metals are expected to possesgleéctrochemistry) and NLO behavior of the complexes ob-
properties significantly different from those of conventional tained.
organic conjugated oligomers. Examples of these prop-
erties include: electrical conductivity, magnetic behavior, 2.1. Synthesis of the compounds
thermal stability, nonlinear optical (NLO) effects, and even
superconductivity. Because of the special electronic and Most of the ferrocenyl-based conjugated oligomers re-
chemical properties of ferrocene, many efforts have beenported to date, have been obtained by conventional Wittig—
directed towards the incorporation of a ferrocene moiety Horner (WH) reactions, but these reactions usually lead to
into a polymer[1,2] in order to investigate novel proper- the formation ofE andZ isomer mixture§11-14] Several
ties such as those mentioned above. Although there haveauthors have reported the advantages ofgiigpe isomers
been many studies reported where metallocene-containingover theZ-type for effective electronic couplinid5,16] The
long-chained conjugated systems are obta[B&&+-9], there lack of coplanarity between donor and acceptor groups in
still lacks systematic descriptions of syntheses leading to the Z isomers leads to a decrease in their electronic com-
useful starting materials. In fact, the bottleneck to the devel- munication. In addition, the reduction of the through space
opment of organometallic push—pull oligomers is the lack of distance (in th&-type) between donor and acceptor results
systematic approaches to the synthesis of long-chained conin a lower change in dipole per unit charge separation. Since
jugated systems. All the metal-containing polymers which most of the times the aim of the synthetic procedures is to
have been reported, have in common that they are only con-obtain linear oligomers with effective electronic coupling,
ducting if charge carriers can be delocalized over both the the E isomers are the ones that are mainly pursued, but the
metal and the organic fragments. In this regard, we have fo- separation of the mixtures of ttteandZ isomers is not al-
cused our attention on the fabrication, characterization andways easy. In our first study, we reported the preparation
study of several types of ferrocene-containing conjugated and characterization of simple ferrocenyl-based ligands with
oligomers, paying special attention to the relation between end capped nitrile, pyridyl and phenyl groyidg]. The syn-
their chemical structures and their physical outputs. thetic process was based in the olefination of aldehydes by
In this paper, several phenyl-ethenyl ferrocenyl contain- the Wittig method, yielding mixtures af and E isomers
ing oligomers are described, specially with (i) pendant which could be conveniently separat&tfieme  The end-
electron-accepting groups (nitro, pyridine, nitrile and het- capping groups allowed the preparation of heterometailic
erometallic complexes derived from the coordination of bound (CN and pyr cases) ameébound (phenyl) complexes,
the two latter terminations), (ii) linked ferrocenes, and by reacting these ligands with M(C®JM = Cr, Mo, W).
(iii) two-dimensional star-shaped structures (or metalloden- When we used the same reaction (WH) in order to ob-
drimers). tain the longer chained compounds, we unexpectedly ob-
served that the only characterizable spectroscopically and
isolable compounds were thE,Z) and E,E,Z) isomers (the
2. One-dimensional ferrocenyl-phenyl-ethenyl first number always corresponds to the double bond near-
oligomers est to the ferrocenyl group). For reasons that we still do not
know, stereolinear isomer&,E) and E,E,E) were not ob-
The idea of end-capping a phenyl-ethenyl oligomer with a tained by this procedure. In order to obtain these isomers we
ferrocenyl fragment, comes from the wide range of options performed the corresponding Horner—-Emmons—Wadsworth
that this system can offer to the design of metal-containing (HEW) reaction that stereoselectively lead to the formation
oligomers. Ferrocene has been widely considered as a modef double bonds in thE-configuratior[18]. As itis shown in
erate electron-donating fragmdt2,10] so the connection  Scheme 3(E,E) and E,E,E) compounds were obtained by
to an electron-accepting moiety through a conjugated chaindouble olefination op-xylenebis(diethylphosphonate) with
may afford the preparation of push—pull oligomers with in- the ferrocenyl-aldehyde compour@){CHO or E,E)-CHO
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and the corresponding 4-substituted-benzaldehyde. This pro- Another problem that we found in the preparation of
cedure leads to reasonably good yields for compouBds ( these ferrocenyl complexes, came from the synthetic routes
but compoundsH,E,E) are only obtained in extremely low to the carboxaldehyde intermediatds)-CHO and E,E)-
yield. We tried to obtain th&-isomers by isomerization of CHO. The synthetic routes for such complexes lead, in

theZ isomers usingN-bromosuccinimide and lor with ba- most cases, to moderate to poor yie[d4], and the sep-
sic alumina, but no conversion was observed. aration workups make the overall process complicated. In
=2
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order to simplify the preparation of these intermediates, we ture[9,12,14,15,17,20-22Another weaker band at higher
modified their synthesis as it is shown 8theme 3The wavelengths (about 500nm), is attributed to a metal-to-
use of terephthalaldehydemono-(diethylacetghfOHC- ligand charge-transfer (MLCT) band, and d-d transitions
CsH4-CH(OEL)] instead of the more widely used tereph- are only discernible in some cases as a shoulder on the
thaldehyde [§-OHC-GsH4-CHO), avoids the formation  MLCT band. This assignment is in accordance with the the-
of 1,4-bis(ferrocenyl)ethenylbenzene as one of the major oretical results reported by Barlow et al. (model Il in Ref.
side-products of these types of reactions. The ferrocenyl-[9]) and to other experimental resu]$12,14,15,17,20-22]
acetal complex so synthesized, can be transformed into thealthough we are aware that there is some controversy about
carboxaldehyde compound, by simply reacting the acetal this assignmen3]. In the compounds that we report here,
derivative in a solution of hydrochloric acid as has already only one band for ther—=* transitions is clearly observed
been reportediL 4]. being strongly influenced by the length of the conjugated
The use ofp-xylenebis(diethylphosphonate) in the HEW ancillary ligand. The band is redshifted with increasing
reactions leads to the formation Bfisomers in relatively polyenic length only in the cases in which the addition
good yield for the cases where the number of phenyl-ethenyl of the phenylene-vinylene unit is produced in tBdorm.
unitsis 1 and 2, but it did not lead to favorable results for syn- This effect can be clearly seen kig. 1 for the case of two
thesis of longer oligomers. This is a general fact that affects ferrocenyl-nitro compounds with different chain lengths.
all the compounds obtained with end-capping nitrile, pyri- The same effect is observed for the compounds terminated
dine and nitro. We believe that this unfavourable result may with nitrile and pyridine fragments, as can be seen in
be due to the extremely low solubility of the compounds con- Table 1 This result indicates that elongation of the conju-
taining more than three phenyl-ethenyl units, which would gation length lowers the energy of thé orbital only if the
be formed by this method. This low solubility, probably due elongation is produced in the form. On going from thee
to the rigid-row geometry derived from the &leonfigura- to the Z isomers, we observe that there is a bathochromic
tion, complicates the characterization of these complexes (if shift of the m—=* transition indicating that ther* orbital
formed) by conventional methods and, furthermore, would is less stabilized than in the case of tBeisomers. This
explain the loss of the aforementioned compounds during effect is due to a partially loss of the conjugation as a
the extraction of compounds made in the last step of the consequence of the non-coplanar geometry imposed by

olefination. the configuration of the complex. The lower energy band
Pyridine and nitrile terminated ferrocenyl compounds can (MLCT) also shows a clear dependence on the chain length
be coordinated to metal carbonyl fragments M(EQY = of the polyenic ligand, but the effect is of a lower magnitude
Cr, Mo, W) giving heterobimetallic push—pull complexes. than for the higher energy bane{r*). As a result, the
Scheme &hows the general synthetic route. two bands overlap for long ferrocene oligomers avoiding a
clear assignment of a frequency to the MLCT transitions.
2.2. Electronic spectra A redshift is also observed in the cases in which an

electron-accepting moiety is coordinated to the ligand (see

The current interest in the use of organic and organometal-the Cr(CO} and W(COj cases inTable 1), these changes
lic materials in second nonlinear optics prompted us to being much more appreciable for tHg,E) isomers, accord-
determine the suitability of these ferrocenyl derivatives by ing to their greater charge transfer capabilities.
carefully studying their electronic spectra. Solvatochromic ~ We believe that an interesting point can be drawn from
effects can hint to the magnitude of the expected NLO a comparison of the electronic spectroscopic data for the
properties, since they reflect the polarizability of a chro- methylated ferrocenyl—pyridine complexdsible ). A non-
mophore[11,19] In general, the electronic absorption spec- linear increase in the value af (m—=*) is observed upon
tra of the ferrocenyl mono-substituted compounds show chain-lengthening, suggesting different net contributions for
one prominent band between 300 nm and 390 nm assigneceach phenylene-vinylene subunit. These data (although lim-
to m—m* transitions, according to the data in the litera- ited to only three points) suggest that an effective limit for

h
M(CO)g T (THF)M(CO)s5 P . WCO X
Fe n
< n=0,1

M= Cr, Mo, W
X=N, C-CN

(N <= < X M(CO)s
Fe n

<

Scheme 4.
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Fig. 1. UV-Vis spectra of compound$(E)-(;°-CsHs)Fe(°-CsHa)[(CH=CH)(CsH4)INO2}, (E)-NOy, and {(E,E)-(n°-CsHs)Fe(®-CsH4)[(CH=CH)
(CeHa)]2NO2}, (E,E)-NO,, showing the redshift of the—w* band upon elongating the conjugated chain.

Table 1

Electronic spectra data for several representative ferrocenyl-nitro, —pyridine and —nitrile complexes () CHCI

Compound

Ma—a* (nm) Compound

Ma—a* (nm)

> #<-CN
Fe

<

w@CN
e
A=

= <S> <-cN
Fe
<

329

340

369

315

358

417

363

/CN

Fe
A=)y
P #—<>-CN-W(CO)s
Fe
<
w@‘CN-CF(CO)s
Fe
<<
@_//—<O:N+'CH3
Fe
<
S NCH,
Fe
<>
._/—.—/_©_NOZ
Fe
<<z

380

394

380

361

402

388
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conjugation may be envisaged, this being supported by thein CH,Cl, using the same setup. In all cases, we observed
results reported by Hsung et §4] where again, a nonlin-  the chemically reversible ferrocenium/ferrocene couple with
ear shift ofAmax is observed upon elongating the chain of a ipa/ipc = 1. Although the peak to peak separations in all
series of ferrocenyl-based phenylethynyl oligomers. compounds were greater than the ideal value for a fully re-
In the literature, we have found that smaller shiftsxin  versible one-electron process, this differenEge(— Epa) is
are observed upon changing the solvent for the high-energysimilar to that measured for ferrocene under the conditions
band —*) [9] whilst larger solvatochromic shifts are ob- of the experiment. Addition of the electron-accepting frag-
served for the low energy bands. The same effect is seen forment to ferrocene, results in a increase of the redox poten-
our ferrocenyl-based compounds. A small and negative sol-tial compared to that of unsubstituted ferrocene (445 mV).
vatochromic effect is observed for the-w* transition band  This effect has been studied in detail by Barlow et[8].
(higher energy band) in all the compounds that we stud- Chain lengthening promotes a decrease in the redox poten-
ied. This effect is also observed for the lower energy band tial, probably due to the stabilization of the positive charge of
(MLCT), this being more solvatochromic than the higher the oxidized species along the conjugated chain. This effect

energy onef—m*). is especially seen in thE-type complexes, where the sta-
bilization of the positive charge along the conjugated chain
2.3. Electrochemistry is better achieved as observed by the larger decrease of the

redox potential than that observed for thdype oligomers.
Electrochemistry offers the possibility to examine trends  For the cationic methylated ferrocenyl-pyridiniumyl com-
in LUMO energies. The electrochemical data obtained for pounds, there is a large cathodic shift when going frde-[(
some of the most representative compounds in this study are(i°-CsHs)Fe°-CsH4)(CH=CH)(CsH4N-CH3)]*,  (E)-N-
summarized iffable 2 All the compounds were measured CHa, to [(E,E)-(1°-CsHs)Fe(;°-CsH4)[(CH=CH)(CsH4)]-

Table 2
Cyclic voltammetric data for some representative ferrocenyl-nitro, —pyridine and —nitrile complexes
Compound Ei12 (AEp) Compound Ei12 (AEp)
<>

@Fe 446 (106) cN 420 (85)
= =
> —<>ON S S ONW(CO)s

Fe 480 (80) = 435 (80)
<> <
SN P N = LS

= CN 445 (70) = 435 (85)
<> <

P —<>-CN = —<SN-CH;,

Fe 440 (70) Fe 596 (84}

< <>
S < N+—CH3

<= N 468 (70) <> = 384 (78}
<> <>
N <7 < N*—CH3

= 440 (67) 357 (67}
<<z =2
=2 @ NO, @_/—@/_@NOZ

Fe 500 (100) Fe 445 (100)
<> <=

S /_©_ CN
428 (70)

Fe

E1/2 and AEp in millivolt. Measured in CHG.
a8 Measured in acetone.
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Fig. 2. Redox potentials (ferrocene-basedmV)) vs. number of vinyl-phenylene subunits)(

(CH=CH)(CsH4N-CHz3)] ™", (E,E)-N-CHg, but much less im- pyridine complexes were easy to crystallize and afforded
portant when adding a new vinyl-phenylene subunit to obtain good single crystals suitable for X-ray diffracti¢d].
[(E,E,E)-(#°-CsHs)Fe(®-CsH4)[(CH=CH)(CgH4)]2(CH= In general, the two cyclopentadienyl (Cp) rings are
CH)(CsH4N-CH3)]™, (E,E,E)-N-CHs. A similar effect (al- slightly tilted (2.4—6.58) with respect to each other. The iron
though with a lower redox change between the compound distances to the substituted and unsubstituted rings and the
with one and two vinyl-phenylene subunits) is observed for C—C distances within these rings lie in the expected range.
the ferrocenyl—-nitrile complexes, for which addition of each Except for compound K,2)-pyridine, with a Z olefinic
vinyl-phenylene subunit also results in a nonlinear decreasegeometry, the phenylene and pyridyl rings are roughly
of the redox potential. This effect can be observed when coplanar with the substituted Cp ring. The phenylene ring
we plot the redox potentials (ferrocene-based) versus thedeviates from coplanarity with respect to the substituted
number of conjugated double bonddd. 2). Cp ring in 1.93 and 11.96for compounds K,E)-pyridine,
Humphrey and coworkers have reported that stepwiseand the methylated analogouk,E)-N-CHs, respectively.
elongation of the conjugated chain in ruthenium acetylides, In addition, methylation of the pyridyl fragment promotes
leads to an increase in the NLO responses of the material,an increase in coplanarity of the pyridyl group with respect
but this increase is gradually less until an asymptotic or limit to the substituted Cp from 7.53or (E,E)-pyridine to 1.9%
situation is achieved in which elongation of the chain does for (E,E)-N-CHs. In compound E,E)-pyridine, the through

not lead to any further increase in the NLO resporigés space Fe-N distance, equals 14.8A, and the sum of the
This observation, together with our results, suggest that con-bond lengths corresponding to the conjugation pathway
jugation may reach a limiting effective length. from Fe to N is 18.9 A Fig. 3. Almost the same through

space distance between the Fe and N atoms is observed
for the methylated compoundEE)-N-CHz (14.4 A), indi-
cating that no significant modification of the conjugated
backbone has occurred upon the methylatkig. 3 shows

2.4. Molecular structures

Electronic communication between the terminal groups
in a conjugated polymer is one objective to achieve in order
to obtain interesting physical properties such as electrical Pl R Deg? N e e
conductivity, magnetic behavior, thermal stability, NLO ef- ! "';;-;:,1. . - v = @ w9
fects, and even superconductivity. As we have seen in the '
two previous sections, electronic spectra and cyclic voltam-
metry can give us a good account of how the electronic 2 -
properties of our complexes can be modified by the effect of 14.8 A g
chain-elongation. In a series of vinyl-phenylene complexes (Through bonds = 18.9 A)
such as ours, coplanarity is playing an important role in the
electronic communication along the complex, since it favors e e e S S e
w-overlapping of the porbitals of the oligomer facilitating
conjugation to be more effective.

The study of the molecular structures of a series of 5
ferrocenyl-vinyl-phenylene—pyridine complexes offered us
an excellent opportunity to study how coplanarity changes rig. 3. Two perspectives of the molecular structure & -(;°-CsHs)
upon elongating the oligomer chain. We were lucky that the Fe(;-CsH4)(CH=CH)(CsH4)(CH=CH)(CsH4N)], (E,E)-pyridine.

ar
b
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Fig. 4. Molecular structure of E,2)-(°-CsHs)Fe(;°-CsH4)[(CH=CH)(CsH4)(CH=CH)(CsH4N)], (E,2)-pyridine.

two perspectives of the molecular structure of compound tronic perturbation induced by oxidation of the iron atom or,
(E,E)-pyridine, in which clear coplanarity between the Cp in our case, the effective electronic communication from the
and the pyridyl ring is observed. positively charged pyridiniumyl moiety and the ferrocenyl
As seen inFig. 4, compound E,2)-pyridine, shows a  fragment, may promote this change in the relative confor-
large deviation from coplanarity with respect to the substi- mation of the two Cp rings in order to relieve steric strain
tuted Cp ring for both the phenylene and pyridyl rings as a induced by electronic perturbatig].
consequence of thé olefinic geometry. The linear arrange- In many cases, crystal packing determines the bulk physi-
ment is completely lost as seen from the Fe—N through cal properties of the compounds. In particular, if we are pur-
space distance of 9.74A (compared with the 14.81A in suing high bulk NLO responses, we will have to take into ac-
(E,E)-pyridine). count that crystallization in a centrosymmeteric space group
The pyridinium compoundH,E,E)-N-CH3 shows a Fe—N  ensures canceling of the dipolar nature of the molecule and
distance of 21.03 A (through space) and 27.13 A (through hence annuls the second order nonlinear responses. In this
conjugated bonds). A clear loss of coplanarity with respect to sense, the ferrocenyl—nitro complex){(n°>-CsHs)Fe(;°-
the substituted Cp ring is observed, as seen by the interplanaiCsH4)(CH=CH)(CsH4)NO>, (E)-NO2, has been reported to
angles of 8.73, 29.66, and 1878(from the first phenylene  display high molecular NLO responses, but shows no sec-
ring to the pyridyl fragment, respectively). The Cp to Cp ond harmonic generation (SHG) in the solid stit8,26]
(subs) interplanar angle is 649the highest of those of Although it has been argued that the low efficiency in the
the compounds that we report, although this result may be bulk NLO response for)-NO; is due to its centrosymme-
mainly due to crystal packing effects (s€ig. 5). try, we did not find in the literature nor in the CSD the re-
Both ferrocenyl—pyridinium complexe<,E)-N-CHsz and ported crystal structure for this compound. For this reason,
(E,E,E)-N-CHs show an eclipsed disposition of the Cp rings we obtained single crystals oE)-NO, and determined its
of the ferrocenyl fragmentHg. 5), in contrast to the stag- molecular structurg7]. CompoundE)-NO; crystallizes in
gered disposition in the pyridyl complexeR,[E)-pyridine the centrosymmetric space groBgi/c. As seen inFig. 6,
and E,2)-pyridine. This effect has already been described the molecule has an almost perfect coplanar arrangement
for other systems, and it has been pointed out that the elec-between the ferrocenyl donor and the nitrophenyl moiety.
The dimer pairs adopt a head-to-tail (DAAD) alignments in
which the molecular dipoles mutually cancel each other out.

2.5. NLO properties

In this section, we summarize our most relevant results
(b) on NLO properties of our ferrocenyl push—pull complexes.

Ci4) ci5)
) mcm

(Through bonds = 27.13 A)

Fig. 5. Molecular structures of (a)B(E)-(°-CsHs)Fe(;°-CsH4)[(CH=
CH)(CeH4)I(CH=CH)(CsHaN-CHg)]*, (EE)-N-CHs, and (b) [EEE)-
(7°-CsHs)Fe®-CsH4)[(CH=CH)(CsH4)] 2(CH=CH)(CsH4N-CHg)]*, (E, Fig. 6. View of the dimer pairs of)-NO, showing a head-to-tail (DAAD)
E,E)-N-CHjs. alignment.



E. Peris/Coordination Chemistry Reviews 248 (2004) 279-297 287

Table 3
NLO properties (hyperpolarizabilitieg) of some of the ferrocenyl complexes under study
Compound B (10730 esu) Compound B (10730 esu)
o SN L < SN—Ci(CO)s

Fe 203 e 63
@ @
LS #—<SCN-Cr(CO0)s —

Fe 271 LD SN 95
< i

<

S CN(C0)s 375 > e 101

Fe Fe
<= <

@//._@N 21 N‘CI’(CO)s 369
Fe

Fe

> ——<N 146 S —<N-Mo(CO)5 448

Fe Fe

<> <

= —<SN-CH, 407 NA(CO)s 535
Fe Fe

< <

@N‘CHa 197 > #—<NO, 31 (EFISH)
Fe Fe

< <=

Svers 458 S, 122

< <=

o DS, 209 @ NO; 403
Fe Fe

= <<

Values summarized from Reffl7,27,32] Calculated with respect t8 of PNA in choloroform.
a Calculated with respect t6 of PNA in acetone.

The aim of this work is to see whether there is a clear chloroform, while acetone was used for the ionic methyl-
structure/properties relation in the compounds we have de-pyridinium compounds due to their low solubility in the
scribed, especially concerning their NLO outputs. In fact, former solvent. It has been shown, that both the MLCT
this section is merely illustrating the work done by some and thew—=* transitions lead to changes h[30] so the
other authors, who have studied these effects in a muchtwo-level model may not be appropriate when considering
deeper manner, and have described how organometallicmetallocenes and we have not estimated the static hyperpo-
and coordination chemistry can offer a very large vari- larizability values.

ety of NLO structures in relation to the metal configu- Some important structure—property relationships can be
ration, oxidation state, spin state, etc. Metal complexes derived from the NLO values. As we can seeTable 3

can satisfy the very different demands of second-order several factors can affect the NLO respong@ 6f our
NLO materials such as being switchable, tuneable, and complexes.

having multi-dimensional NLO properties, depending on

the subtle interplay of structure—property relationships 2.5.1. Electron-accepting group

[10,25,28] The nature of the electron-accepting group in the
All the compounds were measured by the hyper-Rayleigh push—pull complex has a clear effect on the NLO response
scattering (HRS) techniqu§9]. The hyperpolarizabili- of the compound. For similar conjugated chain lengths, the

ties B for the most representative compounds are reported 8 values seem to follow a decreasing trend in the order
in Table 3 The neutral compounds were measured in NO, > CN > pyr, thus reflecting that the higher electron-
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accepting character of the terminating moiety the higher effectis particularly observed if we compare healues for
NLO response. (E,E)-NO, with (E,Z)-NO, and E,E,Z2)-NO, complexes.

The metal carbonyl moieties enhance the push—pull char- In general, we observe that electrochemical and spec-
acter compared to the pyridyl and nitrile uncoordinated troscopic studies give a good idea of the trends in NLO
species and even to the methyl-pyridinium compounds, asbehavior in a series of similar complexes. In this sense,
reflected by the highes values observed. Thg value in- we always observe that maintaining the electron-accepting
creases when we change the metal, in the order Wo > and electron-donating groups, chain lengthening promotes
Cr, probably due to the decrease in the Pauling electronega-a bathochromic shift of ther—=* band, reduction of the
tivity in the same direction and to the higher back donation redox potential, and an enhancement of the NLO response.
capability of W compared to Cr and Mo. However, this These results confirm that the ferrocenyl derivatives follow
point has to be considered as a crude estimation since hythe same qualitative design rules that have evolvedrfor
perporalizabilities of organometallic push—pull complexes electron organic chromophores. However, our attempts to
often exhibit significant solvent polarity dependence, thus make quantitative predictions or good correlations between
enhancing when the polarity increases (the measurements these physical properties and the hyperpolarizability values
of the cationic species have been carried out in acetone,failed, probably due to the increase in the number of excited
whilst neutral compounds were measured in C§Cln states contributing t@ upon chain lengthening, thus mak-
this sense, it is observed that the stronger acceptor (cationidng simple models to interpret the experimental data (such
CHj3 terminated complexes) would not lead to the largest as the two-level model) poor approximations.
nonlinearities. This observation is rather surprising, al-
though longm-chained complexes with better acceptors do
not necessarily show higher nonlinear resporj3&% 3. Compounds with linked ferrocenes

2.5.2. Chain lengthening One of the richest areas of metallocene chemistry has been
As expected, the increase in the conjugation length by that of linked metalloceng8]. Much of the interest in these
n multiple bonds results in a rather dramatic increase in species is concerned with the interaction between metal cen-
the 8 values, as seen for the methyl-pyridinium compounds ters. When two or more ferrocenyl fragments are connected
(E)-N-CHjs, (E,E)-N-CHz and E,E,E)-N-CHgz (Table 3. A to obtain compounds with linked ferrocenes, many interests
similar trend is observed for the neutral pyridyl complexes are envisaged, since intermetallic electronic communication
and for the NQ terminated complexes, although different affords a wide range of new applications. Many studies have
increases in thgd values are observed for each vinylene- been made during the last decade, regarding intramolecular
phenylene unit added on the three series of complexes (-pyr.electron-exchange reactiofs-6] and the number of papers
-pyr-M(CO)s, and -NQ). devoted to describe the synthesis and electronic properties
According to theoretical calculations, a linear dependence of new polymetallocenyl compounds has grown enormously
betweens and the length of the conjugated chain must not in the last few year§5,8,36,37]
be expected3]. In extended conjugated systems, the num-  In this section, we describe the synthetic procedures and
ber of excited states contributing oincreases upon chain  the physical properties of several conjugated bis-ferrocenyl
lengthening[34]. In an effort to quantify the NLO depen- compounds with end-capped pyridine and nitrile groups.
dence with the chain length, Jayaprakash et al. found thatSpecial attention is paid to the molecular structures and the
the equations = ar’ (wherea andb are constant values electrochemistry of the described complexes.
andn the number of double bond§3}5] gives a good cor-
relation for their compounds. Although a limited data are 3.1. Preparation of the complexes
available for our compounds, we compared the diffekent
values obtained using the same relationship. We found that Scheme Shows the general procedure for the synthesis of
the exponenb is 2.3 for the methyl-pyridinium complexes our linked bis-ferrocenyl complexes of the (Fc, Fc)-X type.
and 2.8 for the uncoordinated neutral pyridyl ones. For the The synthetic procedure is based on the Wittig olefination
metal carbonyl-substituted compounds, the values are 2.6method, starting from ferrocene-1-His-carboxaldehyde.
2.2 and 2.4 for Cr, Mo, and W, respectively. For the NO SinceE-type isomers have shown higher efficiency for elec-
terminated complexel is 3.6. These values are consider- tronic coupling than th&-type, we tried to optimize the
ably higher than those obtained by Jayaprakash et al. in theirpreparation of theE-type isomers. In this sense, only the
study [35], showing that these seem to highly depend on preparation of compoundg&)-(Fc, Fc)-CHO andK,E)-(Fc,
the nature of the electron-accepting fragment, although in Fc)-NO, afforded a mixture of the correspondifgZ iso-

an apparently random manner. mers which could be easily separated. FurthermoreZthe
isomers were quantitatively converted to tadhomologues
2.5.3. Z/E configuration by treatment with 4 in refluxing toluene. The preparation

We observeTable 3 that the loss of conjugationis alsore- of compounds E,E)-(Fc, Fc)-CN and E,E)-(Fc, Fc)-pyr
flected in a spectacular decrease in hyperpolarizability. This yielded theE isomers as the only isolable species.
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The coordination capabilities of the end-capped pyridine distances and angles lie in the expected range. In all the
(E,E)-(Fc, Fc)-pyr, and nitrile, E,E)-(Fc, Fc)-CN, bis- cases that we have studied, the complexes show a perfect
ferrocenyl complexes, allowed us to obtain the trimetallic eclipsed disposition of the Cp rings in all the ferrocene units,

species [,E)-(Fc, Fc)-CN-M(CO3, and E€,E)-(Fc, Fc)-

pyr-M(CO) (M = Cr, Mo, W), by reacting the ligands
with (THF)M(CO)s which was photochemically generated

in situ (Scheme h

3.2. Molecular structure of the complexes

and a slightly tilting angle can be observed between the two
Cp rings of every Fc unit. As seen in some of the'-bis-
substituted ferrocenyl complexes that \\&8] and others
[39,40] have reported so far, all these complexes adopt the
sterically more hindereagyn conformation, in a parallel
disposition of the ancillary ligands in which intramolecular

w-stacking may be having some effect. In the case of the

1,1-Bis-substituted-ferrocenyl compounds offer a good complex E)-(Fc, Fc)-CHO Fig. 9), where m-stacking is
opportunity to assess the impact of electronic and steric fac-not possible, thesyn conformation is also observed, this
tors affecting the ferrocenyl disposition of the ancillary lig- indicates that packing effects may be having a more impor-
ands of the ferrocene. In ferrocenyl complexes, it has beentant effect in the steric disposition of the molecule in the
reported that two molecular motions relieve steric striih:
(i) the rotation from an eclipsed to a staggered disposition
of the two Cp rings, and (ii) their tilting from a parallel dis-
position.

For compounds K,E)-(Fc, Fc)-pyr-M(COy (M = Cr,
Mo, W), there is a very similar geometrical arrangement
in the molecular disposition of the molecules (s&gs. 7
and §. The iron distances to the Cp rings and the Cp(C-C)

Fig. 8. Molecular structure and atomic labeling scheme BE)-(Fc,
Fc)-pyr-Cr(CO3, {(E,E)-(n°-CsHs)Fe(r®-CsHa)(CH=CH) (°-CsHa)Fe

Fig. 7. Molecular structure for compound,E)-(Fc, Fc)-pyr-Mo(CO3,
{(E;B)-(n°-CsHs)Fe(s®-CsHa)(CH=CH)(y°-CsHa)Fe(;*-CsHa)(CH=CH)
PyMo(CO)}. Hydrogen atoms have been omitted for clafdg].

(7°-CsH4)(CH=CH)PyCr(CO}}, with 50% displacement ellipsoids. The
two molecules per asymmetric unit are shown. Hydrogen atoms have been
omitted for clarity[42].
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Fig. 9. Molecular structure and atomic labeling scheme fa)-(Fc,
Fc)-CHO, {(E)-(n°-CsHs)Fe(®-CsHa)(CH=CH)(y°-CsHa)Fe(®-CsHa)
CHO} [42].
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ters, the degree of interaction, and the effect of the acceptor
moiety [42].

Fig. 10 shows three voltammograms corresponding to
compounds K)-(Fc, Fc)-CHO, E,E)-(Fc, Fc)-NQ and
(E,E)-(Fc, Fc)-pyr-Cr(COy. As can be seen, the redox
bands corresponding to the two ferrocenyl fragments, are
very poorly influenced by the nature of the ancillary lig-
ands. This is a general behavior for all the bis-ferrocenyl
complexes in our study. Only in the case of the aldehyde
complexes E)-(Fc, Fc)-CHO and 4)-(Fc, Fc)-CHO, the
half-wave potentials of the ferrocenyl moieties show a clear
positive shift compared withE)-Fc-CH=CH-Fc, meaning
some degree of electron transfer between the iron center
and the electron-accepting aldehyde fragment. However,
the half-wave potentials of the nitrile and pyridine deriva-
tives with longer conjugated chains are similar to that
shown for E)-Fc-CH=CH-Fc indicating that the inclusion
of the electron-accepting fragments (pyr, -CN), are some-

Crystal structure. In this sense, Lee et al. have reported ahOW Compensated by the delocalization of the Charge a|0ng

study in which the eclipsed/staggered conformation of1,1
bis(ethenyl-4-pyridine)ferrocene is controlled by cocrys-
tallization in various solvent$40]. This effect, together
with the different conformations that I1;his-ferrocenyl
complexes may adopt upon oxidatiptl] make ferrocene
behave as a ‘hinge-like’ compound, which interesting ap-
plications can be derived.

The orientation of the coordinated pyridyl rings with
respect to the metal-carbonyl fragments is defined by the
angles between the pyridyl plane and the plane defined by
M (M = Cr, Mo, Cr) and three coplanar carbon atoms of the
carbonyl ligands. In this regard, the pyridyl plane BE)-

(Fc, Fc)-pyr-Cr(CQOy is at an angle of 44%to the Cr(1)-
C(30)-C(33)-C(34) mean plane, this angle being 6&Ad
44.7 for (E,E)-(Fc, Fc)-pyr-W(CO3 and E,E)-(Fc, Fc)-
pyr-W(CO}, respectively. M(ar)—pyridinegr*) back bond-

ing would be maximized when these angles are®(. In

our case, the carbonyl ligands adopt a quasi-staggered dis
position with respect to the pyridine fragment (specially in
the cases off,E)-(Fc, Fc)-pyr-Cr(COj and E,E)-(Fc, Fc)-
pyr-W(CO}, where the angle is practically equal to the ide-
alized staggered disposition, 45s0 minimizing the steric
interactions. The expectddans influence is present, with
the M—C bondsransto the pyridine ligand (Cr, 1.84 A; Mo,
1.95A; W, 1.97 A) being significantly shorter than the other
M—C bonds (Cr, 1.90A; Mo, 2.05A; W, 2.02 A). These re-
sults are in good agreement with the features of the molec-
ular structures reported by Sakanishi et al. for other related
ferrocenyl-pyridyl ligands coordinated to Cr(G{?3].

3.3. Electrochemistry

Electrochemical techniques have been the most widely
used tools to investigate metal-metal interactions in met-

allocene systems and also to evaluate the donor—acceptor

electronic influence. Here, we have used cyclic voltammetry
in order to evaluate the redox properties of the metal cen-

the longer conjugated system of the ligand, which makes
oxidation easier.

Coordination of the neutral unit M(C@)to the ferro-
cenyl nitrile and pyridine ligands, does not have any signif-

< -«
11(5 WA)
—>
@_/—@—Noz
Fe
=<
AE =185
(|:O < >
C
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—
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>
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Fig. 10. Cyclic voltammograms (scan rate 100 mV)s of (E)-(Fc,

Fc)-CHO, E,E)-(Fc, Fc)-NQ, and €,E)-(Fc, Fc)-pyr-Cr(COy [42].
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icant effect on the redox potential of the ferrocene centers, sued new synthetic routes for the production of high molecu-
compared to those of the pyridine and nitrile ligands. The lar weight compounds with as many generations as possible.
oxidation potential of the third step ascribed to the metal- More recently, the interest in dendrimer chemistry, turned to
carbonyl fragment depends on the metal present, this beingthe modification of the properties of dendritic compounds
higher for the W complexes compared to the Cr and Mo by either the introduction of internal or peripheral function-
complexes. This band is only reversible in the case were alities, as this can provide access to materials with poten-
Cr(CO) was used. This result is consistent with those stud- tial magnetic, electronic, photo-optical or catalytical prop-
ies reported before where chromium and tungsten ferrocenylerties. The introduction of metal atoms into the structure of
derivatives show quasi-reversible and complete irreversible the dendrimer, has allowed the generation of a new type of
oxidation waves, respective[i3,17,20,44] molecules callednetallodendrimer$47,48] The inclusion

The degree of separation or resolution of the two waves in of redox centers into the dendrimer wide-spreads the struc-
the homobimetallic compounds, is a quasi-direct measure oftural diversity and the properties of these materials. Many
the degree of interaction of these metals, although we haveapproaches have been used to introduce the metal centers
to take into account the intrinsic inequivalency of the two into the dendrimer structure, but still we can see that the
metal centers. The presence of two one-electron oxidationslack of systematic preparation procedures constitute the bot-
instead of one two-electron oxidation indicates a stabiliza- tleneck of the study of this new type of materials.
tion of the mixed valence species. The separation between Among all the metallodendrimers obtained until now,
the two oxidation potentials, was employed to calculate the those containing ferrocene seem to have attracted a special
comproportionation constar;, from, the following equa- attention[48-50] undoubtedly because ferrocene combines

tions: chemical versatility with high thermal and redox stability.
K.

(Fc', Fd) + (Fe", Fe'y<s2(Fe" Fe') (1) 4.1. Preparation of the compounds

AE = AE1p(FS" FS) — AE1(FS", R )

In the design of two-dimensional dendrimers, we con-
AE (mV) =59.15(logK;) at298K (3) sidered that using ferrocenyl-vinyl-phenylene-derived den-
drons would be a good starting point due to the planar con-
This is a crude estimation of the interaction between the iron figuration that they showed in their molecular structures (see
centers due to their geometrical inequivalence, but it gives usprevious sections). The convergent synthesis that we have
an approximate estimation of the electronic communication proposed is based on the preparation of olefin-terminated
between the two metal centers. This approximation has alsodendrons, which can be coupled to halogen-containing cores
been used in some other examples in which the two metalby simple Heck coupling reactions.
centers were inequivalent, and even in cases in which the As seen irScheme 6the general procedure for the prepa-
metals were differer[B7]. In any case, we are aware that the ration of the two-dimensional dendrons, is based in a com-
electronic communication between the redox centers mustbination of the Wittig and Heck coupling reactions. By
be less than that measured by the potential difference. this method, we were able to obtain olefin terminated first-
K¢ values obtained byq. (3) lie in the range of the  and second-generation dendrons [(FEH=CH, and (Fc)-
weakly connected class Il mixed-valence complex&E,( CH=CHj,] in good yields.
ca. 200mV). The most interesting feature of this interac- As the core for the preparation of our dendrimers, we
tion between our diferrocenyl derivatives is the strong cou- first tried to use 1,3,5-tribromobenzene, since it gives ex-
pling observed for compound€)-(Fc, Fc)-CHO AE = cellent results in the Heck-coupling of ferrocenyl—vinylene
380 mV) and §)-(Fc, Fc)-CHO AE = 355mV), especially  [41]. The reaction of a three-fold excess of (RH=CH,
when we compare these values to the ones published beforewith 1,3,5-tribromobenzene yielded unambiguously a tetra-
For example in the case dEf-Fc-CH=CH-Fc the coupling  ferrocenyl complex indicating that only two dendrons bound
constant is ca. 150 m{45]. The coupling in E)-(Fc, Fc)- to the core. Higher excesses of (F€H=CH, in the re-
CHO is larger than that off)-Fc-CH=CH-Fc, even in the  action procedure, higher amounts of catalyst or the use of
case that we considered an intrinsic inequivalence of 60 mV, higher temperatures, did not afford the three-fold coupled
which is approximately the difference in the redox potentials dendrimer. We believe that the reason for this is the copla-
of ferrocene (445 mV) and ferrocenealdehyde (500 mV).  narity imposed by the extended conjugated system, clearly
making the steric or ‘starburst’ limit of this two-dimensional
dendrimer, already achieved in the first generation.
4. Two-dimensional star-shaped compounds- Since we believed that steric reasons were the only ones
metallodendrimers to blame for the failure in the synthesis of our hexaferro-
cenyl dendrimer, we decided to use compounds 3l
Since Vdogtle and coworkers obtained the first acyclic 2-Brg as new cores. With these two compounds the steric
branched polyamindd6] dendrimer chemistry has attracted strain is released because (i) the bromine atoms show a
the interest of a large number of chemists, who mainly pur- higher through space distance, and (ii) the less effective
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conjugation between the phenylene connections, affords al3Cc NMR spectra of the compounds are rather clean, the
lower C-C rotation barrier which can break the coplanarity assignment of the signals for the more complicated com-
of the whole molecule, but the coplanarity of each individ- pounds 5-Fg and 6-Fg» cannot be easily made due to the

ual branch should be maintained. Compound giBas ob-

overlapping of the peaks corresponding to the olefin and

tained by Miller et al[51] and was satisfactorily used inthe  aromatic hydrogens. However, tRey_y coupling of the
preparation of a series of monodisperse organic dendrimersglefin hydrogen atoms were in all cases very close to 16 Hz,

By a similar method to that leading to 2-8mwe obtained 1-
Brz in very high yield (ca. 80%) starting from commercially
available 4-bromoacetophenorigcheme Y.

The reaction of 1-By and 2-Bg with vinylferrocene,

which unambiguously confirms the all-configuration of
the complexes. Th&H NMR spectra also shows the pattern

of mono-substituted ferrocenyl compounds, this confirming

the equivalence of the peripheral ferrocene units. The struc-

affords the preparation of three- and Six-ferrocenyl con- ture of the Compounds 5-5@nd 6-Fg» was corroborated

taining dendrimers, 3-kcand 4-Fg¢ (Scheme Y. More

by fast atom bombardment mass spectroscopy (FAB-ms).

interesting are the reactions of the first generation dendron  We were unsuccessful in obtaining good single crystals of

(Fcp-CH=CH, with 1-Br3 and 2-Bg yielding the den-
drimers 5-Fg and 6-Fg» (Scheme B Although the'H and

O§C/CH3 Br
®
®
o Br O O Br
l-BI’g
K5S,07/H,S0,4/180°C
OQC/CH3 Br O Br
Br/©\Br Br O O O Br
Br Br
2-Br6

i) Pd cat. n-BusNBr, NaOAc, DMA, 130°C

Scheme 7.

the dendrimers, but we could resolve the crystal structure of
the first generation dendrimer (R€H=CHy. Fig. 11shows

AN
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Br
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Scheme 8.

the ORTEP diagram of (FeTH=CHy in two different per- to the simultaneous oxidation of 3, 6, 6, and 12 ferrocene
spectives. The most remarkable feature of this structure isunits, respectively. This result indicates that the ferrocenyl
that it shows an almost coplanar structure between the Cp,centers in each compound are essentially non-interacting.
vinylene and phenylene units, as can be seehign 11h However, this result may also be interpreted as a conse-
confirming that the conjugation extends along the whole quence of fast heterogeneous electron-transfer kinetics. It
structure. We believe that the coplanar arrangement of thehas been suggested that one of the reasons for this obser-
dendron may be extended to the whole structure of the den-vation may be due to the fast rotation of the dendrimer
drimers. This fact, implies that the structure of the dendrons compared to the electrochemical timescale, so that all redox
be two-dimensional and the dendrimers should also proba-centers come close to the electrode within this timescale
bly be two-dimensional. [50]. A similar effect was observed for the compound
From the electrochemical data, we can observe that, in 1,3,5-tris(ferrocenylethenyl)benzef#l].
general, all the dendrimer type complexes described, show As previously reported for other ferrocenyl dendrimers
lower potentials than that shown for ferrocene (445mV), [53] the redox behavior of the compounds 3F4-Fg, 5-
probably due to their higher electron delocalization abil- Fcs and 6-Fgz is marked by changes in solubility with the
ities. A cooperative electron-donating character of each change in the oxidation state of ferrocene units. Whereas the
ferrocenyl unit may be also contributing to this redox poten- anodic wave has a typical diffusional shape, a sharp cathodic
tial lowering. Compounds 3-B¢ 4-Fg, 5-Fg and 6-Fg» stripping peak is observed, which indicates precipitation of
show a unique reversible electron wave, this correspondingthe dendrimers onto the electrode upon oxidation.
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Fig. 11. Two perspectives of the molecular diagram of the first generation
dendron (FG)CH=CH,, showing its coplanarity in panel (§%2].

4.2. Other dendritic polyferrocenyl complexes

In the search of new polyferrocenyl complexes, we
thought that 1,%(phenylene-ethenyl)bis-substituted fer-
rocenes could provide a new family of complexes with
interesting structural and electronic properties.’-Bis-

E. Peris/Coordination Chemistry Reviews 248 (2004) 279-297
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Fig. 12. Molecular diagram of §,E)-1,1-bis[p-bromophenyl-ethenyl]-
ferrocene[42].

substituted ferrocenes are known to show interesting proper-
ties derived from what we have called ‘hinge-like’ structure
[42,52] In this sense, we synthesize,E)-1,1-bis[p-
bromophenyl-ethenyl]-ferrocene, as the core for a new
series of oligoferrocenyl compounds. The synthesis of this
new core was based on the conventional Wittig olefination
method from 1,%bis-carboxaldehyde-ferrocene.

The crystal structures of the compounésH)-1,1 -bis[p-
bromophenyl-ethenyl]-ferrocene and it&€,4{) analogue
were determined by means of X-ray diffractomeffig. 12
shows the ORTEP diagram for thE,E) isomer. The most
remarkable feature is that it shows an almost coplanar struc-
ture between the Cp, vinylene and phenylene units, confirm-
ing that the conjugation is extended along all the structure.
As described in the previous sections for other ferrocenyl
complexes, the Cp rings adopt an eclipsed conformation,
with the two ancillary ligands in asyn conformation.

Fe
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Scheme 9.
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This observation has been reported by some other authordNOBF,. We strongly believe that the oxidized compounds
[38-40,42] must display interesting structural features, such as a fully
As mentioned before, § E)-1,1-bis[p-bromophenyl- expandedanti conformation in order to avoid electrostatic
ethenyl]-ferrocene was used as the core for the synthesisrepulsions of the peripheral cationic centers. In fact, the
of several oligo-ferrocenyl complexes. The palladium cat- change in conformation suffered by this complexes upon
alyzed reaction with vinylferrocene afforded the trisferro- oxidation must have important applications in the design of

cenyl complex 7-Fgin very high yield Scheme ¥ By fol- new molecular switches.

lowing a similar procedure, the reaction of gfCH=CH,

with (E,B)-1,2-bis[p-bromophenyl-ethenyl]-ferrocene af-

forded the pentaferrocenyl complex 8sF(Scheme P in 5. Conclusions

high yield. Compounds 7-kand 8-Fg were fully charac-

terized by conventional methods. Although we failed to ob- ~ From the study of the molecular structures, electronic

tain good single crystals suitable for X-ray diffraction stud- spectra and cyclic voltammetry of a series of phenyl-ethenyl

ies, we consider that it is highly probable that the structures complexes of ferrocene, we have tried to rationalize some

of these two complexes also show a high degree of copla-of their physical properties. In general, we have observed

narity. If we also consider the ability of 7;bis-substituted  that, for mono-dimensional oligomers, electrochemical,

ferrocenyl complexes to displaynconformations, we be-  and spectroscopic studies give a good idea of the trends

lieve that a fluxional equilibrium of all the possible rotamers in NLO behavior in a series of similar compounds. In this

must be present in solution of compounds %-Eod 8-Feg. sense, we always observe that while maintaining the same
In cyclic voltammetry, the tri- and penta-ferrocenyl electron-accepting and electron-donating groups, chain

complexes 7-F¢ and 8-Fg display two reversible peaks lengthening promotes a bathochromic shift of the-w*

corresponding to the central ferrocene and the equivalentband, reduction of the redox potential, and an enhancement

terminal ferrocenyl units. The lower potential waves cor- of the NLO response. This behavior confirms that the fer-

respond to a two-electron oxidation process in compound rocenyl derivatives that we have studied, follow the same

7-Fg and four-electron in the case of compound &-Fu- qualitative rules that have evolved far-electron organic

ply that the oxidation of the terminal units occurs at a lower chromophores.

potential than the central bis-substituted ferrocene. It can be A new family of linked ferrocenyl complexes has been

shown[54] that in a molecule witt noninteracting equiv-  described, showing interesting electrochemical properties,

alent redox centers, in an electrochemical experiment, onespecially regarding the strong coupling observed for the

should observe a separationF, of (RT/PIn2" between vinyl-connected bis-ferrocenes. The interaction between the

the first and the last redox events within the equivalent redox ferrocenyl units depends on the substituents on the ferrocene.

centers. This would imply that, in our case, compound 7-Fc  Interestingly, the molecular structures of these compounds

with two noninteracting redox centers, should display a peak present the more sterically hindered eclipsed conformation.

separation of 36 mV for the two terminal ferrocenyl units. In ~ Some dendritic two-dimensional complexes have been

the case of compound 8-Edhe peak separation of the four obtained and their electronic properties have been studied.

noninteracting peripheral units would be of 72mV. Both According to the molecular structure of the conjugated

numbers are rather small separations to be resolvable in roudendrons, the dendrimers described must show three pla-

tine electrochemical experiments. When we study the peaknar branches, the coplanarity only being disrupted at the

separation between the peripheral and the central ferrocenyicentral core. We have established that Pd-mediate@ C
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