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a b s t r a c t

A new family of three-legged piano stool structured organometallic compounds containing the fragment
g5-cyclopentadienyl-ruthenium(II)/iron(II) has been synthesized to evaluate the existence of electronic
metal to ligand charge transfer upon coordination of the novel benzodithiophene ligands (BDT),
benzo[1,2-b;4,3-b0]dithiophen-2-carbonitrile (L1) and benzo[1,2-b;4,3-b0]dithiophen-20nitro-2-carboni-
trile (L2). All the compounds were characterized by 1H, 13C, 31P NMR, IR and UV–Vis. spectroscopies
and their electrochemistry studied by cyclic voltammetry. The X-ray structures of [Ru(g5-C5H5)(PPh3)2-
(NCC10H5S2)][PF6] (1Ru), [Ru(g5-C5H5)(PPh3)2(NCC10H5S2)][CF3SO3] (10Ru), [Ru(g5-C5H5)(DPPE)(NCC10-
H5S2)][PF6] 2Ru and [Fe(g5-C5H5)(DPPE)(NCC10H5S2)][PF6] (2Fe) were determined by X-ray diffraction
showing centric crystallization on groups P�1 and P21/n, respectively.

Quadratic hyperpolarizabilities (b) of some of the complexes (2Fe, 2Ru and 3Fe) have been determined
by hyper-Rayleigh scattering (HRS) measurements at a fundamental wavelength of 1500 nm, to minimize
the probability of fluorescence due to two-photon absorption and to reduce the effect of resonance
enhancement, in order to estimate static b values.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

The search for new organometallic materials with nonlinear
optical (NLO) properties has been an area of considerable interest
due to its relevance to optical device technology [1–6].

The high values of first molecular hyperpolarizability (b) found
in organometallic compounds has been related to low energy elec-
tronic metal-to-ligand or ligand-to-metal charge transfer excita-
tions. In addition, this charge transfer energy can be tuned by
variation of the metal itself and its oxidation state, ligand environ-
ment and coordination geometries in order to optimize the second
order NLO response. Significant results have been achieved in
push–pull systems in which the metal centre, bonded to a polariz-
able organic conjugated backbone (chromophore), acts as an elec-
tron releasing or withdrawing group [1–6]. In particular, structures
presenting the metal centre and the chromophore in the same

plane, have been found of potential interest for second-order opti-
cal nonlinearities, due to the charge delocalization through a
dmetal–p*

ligand interaction. This is widely illustrated in the literature
by the families of g5-monocyclopentadienyl iron and ruthenium
molecular materials presenting p-nitrobenzonitriles [7–10], p-nitro-
benzoacetylides [11–13], nitrothienylacetylides [14] and thiophene
derivatives [15].

Although the first molecular hyperpolarizability of purely
organic push–pull molecules increases strongly with the length
of the conjugated chain [16,17], this is not the case for the benz-
oderivatives, due to the torsion angle between the rings. Neverthe-
less, the extension of conjugation turns out effective by insertion of
a vinylene unit between two phenyl rings. Yet, extended conju-
gated chain in systems based on thiophene rings, is expected to
present an improved planarity since the torsion angle between
rings can become quite small. In accordance, ab initio calculations
[18] suggests that for terthiophene, although the gas-phase
structure is not planar, the conformational inter-conversion energy
is very low and sensitive to the chemical environment. Also a

0022-328X/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2008.05.035

* Corresponding author. Tel.: +351 217500972; fax: +351 217500088.
E-mail addresses: lena.garcia@ist.utl.pt, i017@alfa.ist.utl.pt (M.H. Garcia).

Journal of Organometallic Chemistry 693 (2008) 2987–2999

Contents lists available at ScienceDirect

Journal of Organometallic Chemistry

journal homepage: www.elsevier .com/locate / jorganchem

mailto:lena.garcia@ist.utl.pt
mailto:i017@alfa.ist.utl.pt
http://www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem


semi-empirical calculation, indicating that the structure of bithi-
ophene becomes planar in water solution [19], supports the
assumption of easier planarity on oligothiophene compounds.

Our recent studies in complexes containing the organometallic
donor fragment [FeCp(P–P)]+ (P–P = DPPE, (+)-DIOP) and conjugated
thiophene derived ligands, showed an improved electronic p-cou-
pling between theg5-cyclopentadienyl iron fragment and thep-sys-
tem of the conjugated thiophene ligands, when compared to the
previously reported p-benzonitrile analogues [15]. As a result, the
first hyperpolarizabilities at 1.064 lm are indeed higher than for
the related benzonitrile compounds, and they could be scaled up
by increasing the conjugation length, leading to the high b 910 �
10�30 esu for the complex with three thiophene units. Nevertheless,
the increased conjugation originated by that chain-lengthening can
also be on the basis of a lowering of the charge-transfer (CT) effi-
ciency, as was suggested by our published electrochemical and spec-
troscopic experimental data and also by the solvatochromic studies.
The constancy of b0 � 100 � 10�30 esu upon chain-lengthening is a
consequence of the compensation of two favourable effects, namely
the increasing of conjugation length and the lowering of the charge
transfer efficiency [15].

Therefore, it seems that the exploitation of promising thiophene
based ligands for NLO purposes, should not be limited to the chain
lengthening alternative, within this family of organometallic com-
pounds, but instead, other alternatives seem to be quite pertinent.

In this work we explore the potentialities of new benzo[1,2-
b;4,3-b0]dithiophene based chromophores where the fused rings
structure guarantees the rigidity of the ligand to be coordinated
on the same plan of the metal centre, in a family of cyclopentadi-
enyl iron/ruthenium derivatives.

Although some reports concerning the NLO properties of thio-
phene-based organometallic complexes have been published, they
are mainly about ferrocenyl and tricarbonyl chromium arene
derivatives [20–26] in which the metal is unfavourably placed out-
side of the conjugation plane [27], in contrast with the present
complexes and our previously reported oligothiophene containing
complexes [15].

A new class of compounds for second-order NLO materials was
developed, combining the organometallic donor fragment [MCp-
(L_L)]+, (M = Ru(II), L_L = DPPE, 2PPh3and TMEDA; M = Fe(II),
L_L = DPPE) with the benzodithiophene functionalized molecules
(BDT), namely benzo[1,2-b;4,3-b0]dithiophen-2-carbonitrile (L1)
and benzo[1,2-b;4,3-b0]dithiophen-20-nitro-2-carbonitrile (L2).
The coligand TMEDA (N,N,N0,N0-tetramethyl-ethylenediamine) was
introduced in these studies to evaluate the ability of [RuCp(TME-
DA)]+ fragment as donor group comparatively to the well studied
[RuCp(P_P)]+. Spectroscopic and cyclic voltammetry data were ana-
lyzed to get some understanding about the electronic p-coupling
between the g5-cyclopentadienyliron/ruthenium fragment and
the p-system of the benzodithiophene derived ligands. Quadratic
hyperpolarizabilities of three compounds of this family have been
determined by hyper-Rayleigh scattering (HRS) measurements at
the fundamental wavelength of 1500 nm. These measurements re-
vealed that the first hyperpolarizabilities are lower than expected.

2. Results and discussion

2.1. Synthesis of the benzodithiophene derived ligands (BDT)

The synthesis of the BDT ligands, benzo[1,2-b;4,3-b0]dithio-
phen-2-carbonitrile (L1) and benzo[1,2-b;4,3-b0]dithiophen-20-ni-
tro-2-carbonitrile (L2) is summarized in Scheme 1. The aldehyde
starting material was prepared with good yield, by generation of
the benzodithiophene a-anion with n-BuLi and subsequent treat-
ment with DMF, following Ref. [28].

The new nitrile ligands, obtained with yields of 84% (L1) and
46% (L2), and the compounds 3 and 5, were fully characterized
by IR, 1H and 13C NMR spectroscopies and the elemental analysis
were in accordance with the proposed formulations. The solid state
FT-IR spectra (KBr pellets) showed the characteristic stretching
vibration of the nitrile functional group at �2215 cm�1 for both
compounds. In addition, L2 presented also the vibrations attrib-
uted to the NO2 group, at �1515 and 1335 cm�1.

2.2. Synthesis of the Ru(II)/Fe(II) complexes

Complexes of general formula [M(g5-C5H5)(LL)(BDT)][Z], with
Z = PF�6 and/or CF3SO�3 ; (LL) = DPPE, 2PPh3 and TMEDA when
M = Ru(II) and (LL) = DPPE when M = Fe(II); BDT = benzo[1,2-b;4,3-
b0]dithiophen-2-carbonitrile (Y = H) and benzo[1,2-b;4,3-b0]dithio-
phen-20-nitro-2-carbonitrile (Y = NO2), were prepared, as shown in
Scheme 2, by halide abstraction with TlPF6 (or AgCF3SO3) from the
parent neutral complexes [M(g5-C5H5)(LL)X] (M = Fe(II), X = I;
M = Ru(II), X = Cl ), in acetone, in the presence of an adequate excess
of the corresponding nitrile.

The reactions were carried out at reflux, stirring overnight un-
der inert atmosphere. The compounds were recrystallized by slow
diffusion of n-heptane or n-hexane in acetone or dichloromethane
solutions, giving crystalline yellow or orange products. With the
exception of compound [Ru(g5-C5H5)(TMEDA)(NCC10H5S2)][PF6]
(4Ru), which was very air sensitive, all the compounds were fairly
stable to air and moisture, either in the solid state or in solution
and were obtained in good yields (70–90%). Attempts to character-
ize the iron analogue [Fe(g5-C5H5)(TMEDA)(NCC10H5S2)][PF6] were
unsuccessful, due to the instability of the compound. The formula-
tion of all the new compounds is supported by analytical data,
FT-IR and 1H, 13C, 31P NMR spectroscopic data. The solid state FT-
IR spectra (KBr pellets) of the complexes presented a large number
of bands which identify the presence of the various coligands.
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