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In order to investigate nonlinear optical properties, in
particular second harmonic generation (SHG) of
organometallic complexes, numerous dipolar monocationic
sesquifulvalene complexes of the general form [Mc2Z2

C7H6]+ have been synthesised (Mc = metallocenyl), wherein
the metallocenyl moiety Mc acts as an electron donor, and
the tropylium cation C7H6

+ as an electron acceptor. The
mutual electronic influence of the donor and the acceptor
groups is warranted by a linking spacer Z, which is a single
bond [Mc = CpFeC5H4 (4a); Mc = CpRuC5H4 (4b)], an
unsaturated bridge containing olefins [Z = (E-CH=CH)n: n =
1, Mc = CpFeC5H4 (25a); Mc = CpRuC5H4 (25b); n = 2, Mc =
CpFeC5H4 (26); n = 3, Mc = CpFeC5H4 (27)], or thiophene
units [Z = 2,5-C4H2S, Mc = CpFeC5H4 (28); Z = 5,59-(2,29-
C4H2S)2, Mc = CpFeC5H4 (29); Z = 2-(5-E-CH=CH)C4H2S,
Mc = CpFeC5H4 (30)]. For the salts of 4a·BF4, 4b·PF6 and
25a·PF6 X-ray structure determinations have been performed
[4a·BF4: orthorhombic, Pnma, a = 21.75(2), b = 9.900(2), c =
6.881(3) Å, V = 1482.0(15) Å3, Z = 4; 4b·PF6: monoclinic,
P2(1)/c, a = 8.104(3), b = 18.206(14), c = 11.228(4) Å, β =
107.59(3), V = 1579.1(15) Å3, Z = 4; 25a·PF6: triclinic, P1̄,
a = 10.067(6), b = 10.496(6), c = 11.418(6) Å, α = 94.07(4), β =
110.96(4), γ = 102.88(5)°, V = 1083.1(11) Å3, Z = 2]; the solid
state structures indicate an almost coplanar arrangement of
the organic π-system. Cyclic voltammetry studies reveal an

Introduction

Materials showing nonlinear optical (NLO) properties
have potential applications in photonic devices i.e. for op-
tical data acquisition, storage, transmission and processing.
The most prominent NLO features are frequency doubling
or even tripling [second and third harmonic generation
(SHG and THG)] of incident light, the linear electro-optical
effect (Pockels effect) which describes the change of the re-
fractive index of matter with the strength of an applied ex-
ternal electric field, and photorefractivity. [1]

An important class of compounds capable of frequency
doubling is composed of an electron donor (D), an acceptor
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irreversible one-electron reduction and an electrochemically
reversible one-electron oxidation step for the ferrocenyl
derivatives, whereas the ruthenocenyl derivatives
demonstrate an irreversible two-electron oxidation. The
redox potentials clearly indicate that the oxidation occurs at
the metallocene unit, and the reduction is localised on the
tropylium entity. In the electronic absorption spectra two
intense bands are observed in the region 400 , λ , 900 nm
which undergo strong negative solvatochromic shifts. The
origin of the high-energy absorption band is assumed to be
an interligand charge-transfer (LL2CT) transition, and the
low-energy absorption band is assigned to a donor-acceptor
charge-transfer (DA2CT) transition. Whereas the LL2CT is
continuously shifted to lower energy with increasing spacer
length, the energy of the DA2CT approaches a limiting
value. A comparable phenomenon is also observed for the
difference between the oxidation and reduction potentials
obtained from electrochemical studies. Investigations
concerning the nonlinear optical properties of the dipolar
cationic sesquifulvalene complexes by means of hyper-
Rayleigh scattering (HRS) indicate that the ferrocenyl
derivatives fluoresce due to two-photon absorption whereas
the ruthenocenyl congeners exhibit second harmonic
generation with considerably large first hyperpolarizability
which is partly resonance-enhancement based.

(A) and a π-bridge providing the electronic communication
between the donor and acceptor. Such D-π-A compounds
are highly polarizable and experimental NLO studies on
this kind of organic compounds in a molecular arrange-
ment, incorporated in a polymer, or used as a self-as-
sembled monolayer indeed reveal large SHG effects.[123]

Our approach to NLO chromophores has been to syn-
thesise organometallic sesquifulvalene-type complexes suit-
able for SHG, whose NLO properties are characterised by
the first hyperpolarizability β. The special features of or-
ganometallic complexes have been well documented,[426]

and include fine-tuning of the molecular polarisation, tail-
oring of the crystal formation, or fixing additional func-
tional groups as docking spots in supramolecular chemistry.

Very often the change-transfer (CT) states which are very
important to achieve high β values (vide infra), can be rep-
resented by polar resonance forms[1a] and this also holds for
sesquifulvalene (1). Although it can be described in terms
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of two resonance forms of different polarities (Scheme 1),
sesquifulvalene behaves like a polyene with alternating
bond lengths, [7] and its ground state is thus best described
by the nonpolar resonance form A. Upon excitation charge
separation occurs and the resulting structure is likely to be
related to the polar resonance form B.

Scheme 1. Resonance forms of sesquifulvalene (1)

Calculation of the first hyperpolarizability β [8] [9] of 1 con-
firms a change in the dipole moment on excitation, but the
high reactivity of 1 [10] prevents the experimental determi-
nation of its NLO properties. In previous papers we re-
ported the NLO properties of sesquifulvalene-type com-
plexes wherein both aromatic termini of the resonance form
B are coordinated to metal centres (2a, 2b). [11]

The objective of the present work was to stabilise only
the five-membered ring of the aromatic units in 1 by coordi-
nation to (η5-cyclopentadienyl)iron and -ruthenium. Hence,
the neutral five-membered ring moiety of the sesquifulva-
lene complex would act as an electron donor whereas the
uncoordinated tropylium cation would behave as an elec-
tron accepting group. Such a molecular arrangement creates
a dipolar structure in the ground state, which could change
upon excitation. Additionally, it was proposed to introduce
various bridging functions Z, i.e. olefins and thiophenes, in
order to modulate the interaction between the five- and
seven-membered ring (3). Thiophenes are often used be-
cause of their superior thermal stability, and because of
their lower resonance stabilisation energy relative to other
aromatic spacers. The former HRS studies on the ethene-
diyl bridged heterodinuclear complex 2b revealed a large
first hyperpolarizability β. [11] It is well-known from dipolar
organic NLO chromophores that increasing the number of
π-bonds by one between the donor and acceptor increases
the experimental β value by a factor of 1.522. Therefore
the introduction of additional double bonds between the
five- and seven-membered ring of the sesquifulvalene com-
plexes appeared to be a very promising endeavour to im-
prove the NLO properties. Just recently, NLO results of re-
lated mononuclear sesquifulvalene complexes with a cym-
antrenyl entity [MLn 5 Mn(CO)2L; L 5 CO, PR3] instead
of MCp as the electron donating group have been published
wherein the donor is directly coupled to the tropylium cat-
ion or separated by an ethynediyl linker. [12] Thus it would
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be worthwhile to compare the two families of mononuclear
sesquifulvalene complexes concerning their NLO proper-
ties.

Results and Discussion

Synthesis

The general strategy to form the desired cationic mono-
nuclear sesquifulvalene complexes was the coupling of func-
tionalised metallocenes with the corresponding cyclohepta-
triene derivatives to obtain the neutral mononuclear
monohydro-sesquifulvalene precursor. The monohydro-ses-
quifulvalene complexes were converted into the mononu-
clear cationic sesquifulvalene species by hydride abstraction
(Scheme 2).

Scheme 2. General strategy for the synthesis of cationic mononuc-
lear sesquifulvalene complexes

Complexes Without a π-Linker (Z 5 Single Bond)

The first published route to the archetypal mononuclear
sesquifulvalene complex with the metallocenyl substituent
directly linked to the tropylium cation (Z 5 single bond:
4a, 4b) was the electrophilic substitution reaction of ferro-
cene with the tropylium cation (Scheme 3, i). [13] This
method is also applicable to ruthenocene under more vigor-
ous conditions.

However, our experience with the electrophilic substi-
tution reaction revealed difficulties in the purification of the
products 4a and 4b which were polluted with [C7H7]1. Ad-
ditionally, 4a was contaminated with paramagnetic impurit-
ies which were not easy to remove. Therefore, the nucleo-
philic addition of monolithiated metallocene[14] to the trop-
ylium cation was preferred yielding the neutral complexes
5a and 5b (Scheme 3, ii). The formation of the cationic
complexes 4a and 4b was subsequently achieved by the re-
action of 5a and 5b with [Ph3C][PF6] (vide infra).

Complexes With Olefinic Linkers [Z 5 (E-CH5
CH)n, n 5 1, 2, 3]

The introduction of one, two or three double bonds be-
tween the five- and seven-membered rings was afforded by
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Wittig-type reactions of different formyl metallocenes with
nucleophiles of the corresponding cycloheptatrienes. Since
deprotonated phosphonates are known to react more ster-
eoselectively than phosphoranes in the formation of E-olef-
ins, [15] (cycloheptatrienylmethyl)diethylphosphonate (6) was
prepared in a Michaelis-Arbuzov reaction from 1-chloro-
methyl-1,3,5-cycloheptatriene. [16] For n 5 1 the phosphon-
ate 6 underwent a Wittig-Horner-Wadsworth-Emmons
(WHWE) reaction in the presence of NaH with the formyl
metallocene (M 5 Fe: 7a; M 5 Ru: 7b [17]) to form the neu-
tral compounds 8a and 8b (Scheme 4, i). The elongation of
the olefinic bridge (Scheme 4, ii2vii) could be performed
by the reaction of the formyl metallocenes 7a and 7b with
(ethoxycarbonylmethyl)diethylphosphonate in a WHWE
reaction. The reduction of the formed ester 9 by LiAlH4

yielded the alcohol 10 which was oxidised with BaMnO4
[18]

to the vinylogous metallocenyl carbaldehyde 11. The alde-
hyde 11 was reacted either with 6, yielding the cyclohepta-
trienyl derivative 12, or was further subjected to the elong-
ation sequence to form the dienyl formyl derivative 13,
which was then linked to the seven-membered ring to give
the neutral complex 14.

Scheme 3. Formation of the monometallic sesquifulvalene comp-
lexes 4a and 4b: (i) M 5 Fe, MeCN, reflux; M 5 Ru, 1,2-C2H4Cl2,
reflux; (ii) Et2O, 220°C; (iii) CH2Cl2, [Ph3C][PF6]

Complexes With Thiophene Linkers {Z 5 2,5-C4H2S
or 5,59-[2,29-(C4H2S)2]}

Another preparatively convenient method to warrant the
electronic interaction in dipolar NLO chromophores upon
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elongation of the dipole is the use of thiophenes as π-link-
ers.[19221] These types of complexes have been synthesised
starting from 2,5-dibromothiophene[22] (15) (Scheme 5).
Lithium-bromine exchange and subsequent nucleophilic ad-
dition to the tropylium cation led to the formation of 2-
bromo-5-cycloheptatrienylthiophene (16). [23] Compound 16
was allowed to react with ferrocenyl zinc chloride[24] in a
cross-coupling reaction[25] affording a mixture of isomers
A, B and C of the monothiophene species 17 (Scheme 5).
Thermolysis of the mixture only revealed the isomers B and
C (40:60), which facilitated the final hydride abstraction
(vide infra).

The elongation of the 2,5-thienylene bridge by an ad-
ditional thiophene unit has been achieved in a Ni-catalysed
cross-coupling reaction[26] of the Grignard reagent 2-thienyl
magnesium bromide (18) with 16 resulting in the formation
of the bithiophene derivative 19 [27] (Scheme 6). The bithio-
phene 19 was lithiated, followed by a zinc-lithium exchange
and cross-coupled with iodoferrocene, [14] subsequently
yielding the bithiophene bridged monohydro-sesquifulva-
lene complex 20 as the isomer A, which was thermally iso-
merized to B.

Complexes With a Vinylenethienylene Linker [Z 5 2-
(5-E-C2H2)C4H2S]

A third way to extend the π-bridge was the combination
of an olefinic bond and a thiophene forming a vinylenethi-
enylene bridge. [28] These types of bridges between the donor
and an acceptor moiety are easy to synthesise by the for-
mylation[29] of 2-cycloheptatrienylthiophene (21), [25] to
form compound 22. Subsequent Wittig reaction of 22 with
(ferrocenylmethyl)triphenylphosphorane (23) [30] [31] afforded
the vinylenethienylene-bridged mononuclear monohydro-
sesquifulvalene complex 24 (Scheme 7) as a mixture of E
and Z isomers, each of which consisted of two further iso-
mers differing in the position of the sp3-carbon atom in the
seven-membered ring. The isomers were not isolated as,
after the hydride abstraction, only one isomer was formed
(vide infra).

Formation of the Cationic Sesquifulvalene Complexes

All the sesquifulvalene complexes described above were
subjected to hydride abstraction by adding trityl cation to
a solution of the neutral complexes (Scheme 8), and was
accompanied by a dramatic change in colour from orange-
red to deep violet-blue indicating a strong enhancement in
the electronic communication between the metallocene and
the cationic tropylium entity. All the cations were fully
characterised except the cationic sesquifulvalene complex
27 which suffers from a limited stability in solution and in
solid state which prevented complete analysis.
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Scheme 4. Formation of the olefinic bridged monohydro-sesquifulvalene complexes: (i) THF, 278°C, (EtO)2(O)PCH2C7H7 (6), nBuLi;
(ii) toluene, 0°C, (EtO)2(O)PCH2CO2Et, nBuLi; (iii) Et2O, LiAlH4, AlCl3; (iv) CH2Cl2, BaMnO4; (v) 6, NaH, DME; (vi) 1. toluene, 0°C,
(EtO)2(O)PCH2CO2Et, nBuLi, 2. Et2O, LiAlH4, AlCl3, 3. CH2Cl2, BaMnO4; (vii) 6, NaH, DME

Scheme 5. Formation of the thiophene bridged monohydro-sesqui-
fulvalene complex 17: (i) 1. THF, 278°C, nBuLi, 2. [C7H7][BF4];
(ii) THF, FcZnCl, Pd(PPh3)4; (iii) toluene, reflux

Structural Results

A very important conclusion of the studies on the struc-
tural parameters and molecular factors governing the NLO
properties, in particular the first hyperpolarizability β, is the
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correlation between the bond length alternation (BLA) of
olefinic bridged D-π-A systems and (i) the dipole change
∆µeg between the ground and the excited CT state, (ii) the
electronic transition moment M2 of the CT transition, and
(iii) the energy ∆E of the CT transition. [32] [33]

From the sesquifulvalene complexes 4a, 4b and 25a X-
ray structure analyses were performed (Figure 1), although
for 25a the accuracy of the structural analysis, which is ab-
solutely necessary for the discussion of a structure-property
relationship, suffered from molecular disorder. Two differ-
ent molecules in the ratio 70:30 lie in almost identical posi-
tions and the uncoordinated carbon-carbon double bonds
between the five- and seven-membered rings are in a crossed
position to each other (Figure 1). The result of an X-ray
structure analysis of 4a has already been published[34] but
with less accuracy than obtained in the present work.

The complexes 4a, 4b and 25a all crystallise in centro-
symmetric space groups and hence could not be used in the
crystalline state for NLO studies to evaluate the SHG. The
crystal structures of 4a, 4b and 25a all reveal a virtually
coplanar arrangement of the π-termini of the sesquifulva-
lene ligand (Figure 1, Table 1) as has already been observed
in the cymantrenyl congeners. [12] [35] The interplanar angle
between the five- and seven-membered ring is less than 5°.
Within experimental error, the C2C and C2metal dis-
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Scheme 6. Formation of the 5,59-bithienylene bridged monohydro-sesquifulvalene complex 20: (i) THF, 2-(C4H3S)MgBr (18), NiCl2dppe;
(ii) 1. THF, 278°C, nBuLi, 2. ZnCl2; (iii) THF FcI, Pd(PPh3)4; (iv) toluene, reflux

Scheme 7. Synthesis of the vinylenethienylene bridged monohydro-sesquifulvalene complex 24: (i). 1. THF, 278°C, nBuLi, 2. DMF; (ii)
THF, nBuLi, [FcCH2PPh3]I

tances in the metallocene moieties are very similar to the
corresponding structural data of other metallocene deriva-
tives. The C2C bond lengths of the seven-membered ring
in 4a and 4b show a small but distinct bond alternation
suggesting a slight contribution of the polyene resonance
structure A (vide supra) to the ground state. Concomitantly
the C2C bond linking the five- and seven-membered rings
is somewhat shorter than expected for a sp2-sp2 carbon-
carbon bond. Additionally, it is worth mentioning that the
vector of the connecting bond between the two π-termini in
4a and 4b is slightly tilted towards the metal centre indicat-
ing the electron-withdrawing property of the tropylium
part[36] (Table 1).
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Redox Properties

The ferrocenyl-containing compounds reveal an electro-
chemically reversible one-electron oxidation (Figure 2)
which is anodically shifted with respect to ferrocene. The
amount of the anodic shift depends on the length of the π-
linker (Table 2). The reduction of the sesquifulvalene com-
plexes occurs in an irreversible one-electron transfer and
at very similar potentials as reported for the unsubstituted
tropylium cation. [37] The peak potential Epc also depends
on the length of the π-connection. Comparable trends in
the redox behaviour are observed for the ruthenocenyl-con-
taining complexes, although the oxidation step is normally
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Scheme 8. Synthesis of the cationic mononuclear sesquifulvalene
complexes by hydride abstraction: (i) CH2Cl2, [Ph3C][PF6]

Figure 1. Molecular structures of 4a, 4b and 25a (50% ellipsoids; for 25a the disordered double bonds are additionally shown (right); the
hydrogen atoms, counter ions (BF4

2 and PF6
2, respectively) and solvent molecules are omitted for clarity)

4002700 mV more anodically shifted (Table 2), and in-
cludes an irreversible two-electron transfer. [38] As the π-
bridge between the electrophores is extended, the difference
of the potentials ∆E between the oxidation and reduction
resembles more and more the ∆E value between the oxi-
dation of the free metallocene and the reduction of the un-
substituted tropylium cation.

The electrochemical data make clear that in these sesqui-
fulvalene complexes the nature of the HOMO is still domi-
nated by the neutral donating sandwich units, whereas the
character of the LUMO is determined by the cationic tropy-
lium moiety. This combination favours a dipole change
upon electronic excitation from the HOMO to the LUMO;
∆E is a relative measure of the energy gap between the
HOMO and the LUMO.
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Electronic Absorption Spectra

The UV/Vis spectra of the complexes under study are
comparable in that the spectra consist of two strong absorp-
tion bands in the visible region (Figure 3) with the excep-
tion of the ruthenocenyl derivatives in which the high en-
ergy absorption bands are shifted towards the near-UV. As
can be seen from Table 3 the electronic excitations are gov-
erned by a strong blue-shift on increasing the solvent po-
larity. This strong negative solvatochromism indicates that
in the ground state the positive charge is more or less local-
ised on the tropylium moiety of the complexes, whereas
upon excitation the positive charge is delocalized or even
localised on the opposite part of the complex.

Figure 3 demonstrates the influence of the length of the
π-bridge on the electronic absorption spectra: whereas the
high energy absorption band is still considerably red
shifted, when the π-linker is elongated the longer wave-
length absorption band moves to a certain value which may
be regarded as the merocyanine limit [39] [40] of these mono-
nuclear sesquifulvalene complexes. This behaviour is in ac-
cordance with the assignment of the low energy absorption

band to a donor-acceptor charge transfer (DA2CT) tran-
sition. As can be deduced from the electrochemical data the
oxidation potential of the ferrocenyl donor continuously
approaches the potential of free ferrocene as the π-bridge is
extended; similarly, the reduction potential of the acceptor
tends towards that of the unsubstituted tropylium cation.
Therefore, the energy difference between the donor
(HOMO) and the acceptor (LUMO) orbitals has to reach
a constant value with increasing π-bridge length, and thus
the excitation energy must also reach a limiting value. The
close relationship between the electrochemical data and the
UV/Vis spectroscopic results is demonstrated by a graphical
representation of the ∆E values of the ferrocene-containing
complexes as a function of the λmax value of the DA2CT
transition (Figure 4).
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Table 1. Selected structural data of 4a, 4b, and 25a

Interatomic distances (pm) 4a 4b 25a

C82C12 145.4(7) 140.6(15)
C82C9 144.6(3) 144.4(7) 143.9(13)
C92C10 142.7(4) 141.5(7) 139.5(15)
C102C11 141.2(6)[a] 143.3(7) 139.4(16)
C112C12 142.6(7) 141.6(17)
C72C1 141.5(3) 141.5(7) 137.9(15)
C12C2 137.7(4) 137.0(7) 140.9(17)
C22C3 140.0(4) 141.4(8) 145(2)
C32C4 136.1(7)[b] 136.2(8) 138(2)
C42C5 140.7(8) 132.9(19)
C52C6 138.9(7) 131.2(17)
C62C7 141.0(7) 141.7(14)
M2C8 203.5(3) 215.8(5) 204.2(9)
M2C9 204.8(3) 218.0(5) 202.7(10)
M2C10 206.8(3) 220.5(5) 205.5(11)
M2C11 221.3(5) 205.4(10)
M2C12 216.9(5) 201.3(11)
C72C8 145.0(5) 147.2(7)
C82C13 146.0(19)
C132C14 131(3)
C72C14 145(2)
Angles/°
C8212[c]/[bridge][d] 175.5° 174.0° 169.8°
[bridge][d]/C127[e] 177.0° 177.5° 173.7°
C8212/C127 0° 3.84° 1.69°

[a] Interatomic distance C102C10a. 2 [b] Interatomic distance
C32C3a. 2 [c] C8212: plane of the five-membered ring. 2 [d]

[bridge]: vector of the C72C8 bond for 4a and 4b, and plane defi-
ned by the carbon atoms C7, C8, C13 and C14 for complex 25a.
2 [e] C127: plane of the seven-membered rings.

Figure 2. Representative cyclic voltammograms of mononuclear
sesquifulvalene complexes: 4a (top) and 27 (bottom) (E vs. Ag/AgI)

The assignment of the low-energy absorption to the
DA2CT transition is also in agreement with the results of
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Table 2. Redox potentials[a] of the cationic mononuclear sesquiful-
valene complexes of the general form of 3

MLn Z E1/2
[a,b] Epc

[a,b,c] ∆E[b]

FeCp[d] 2 4a 0.40 20.82 1.22
FeCp[d] E-CH5CH 25a 0.22 20.68 0.90
FeCp[d] (E-CH5CH)2 26 0.08 20.60 0.68
FeCp[d] (E-CH5CH)3 27 0.09 20.58 0.67
FeCp[d] 2,5-C4H2S 28 0.20 20.66 0.82
FeCp[d] 5,59-(2,29-C4H2S)2 29 0.10 20.62 0.72
FeCp[d] 2-(5-E-CH5 30 0.10 20.61 0.71

CH)C4H2S
RuCp[e] 2 4b 1.12[f] 20.85 1.97
RuCp[e] E-CH5CH 25b 0.61[f] 20.68 1.29

0.61[f,g] 2 2
[(C7H7)]PF6

[e] 2 2 2 20.63[h]

[a] vs. [FeCp2]/[FeCp2]1. 2 [b] in Volts. 2 [c] Irreversible one-electron
reduction, scan rate 100 mV. 2 [d] In CH2Cl2. 2 [e] In MeNO2. 2
[f] Irreversible oxidation. 2 [g] This work, other data ref. [38] 2 [h]

This work, other data ref. [37]

Figure 3. Representative UV/Vis spectra of mononuclear sesquiful-
valene complexes [Fc(E-CH5CH)nC7H6]1 demonstrating the effect
of different numbers of olefinic spacers between the five- and seven-
membered rings on the absorption maxima

the organic dye studies in that unusually long-wavelength
absorptions are to be expected when the HOMO and the
LUMO are located in different parts of the molecule. [40]

Additionally, this assignment is corroborated by the re-
lationship of the positions of the absorption bands on the
nature of the donor: the absorption band at higher energy
is considerably less influenced than the low lying absorption
band upon changing the donating capability as demon-
strated for 4a, 4b and 25a, 25b. It is therefore supposed that
the higher-lying absorption band is due to an interligand π-
π* transition (LL2CT), which also agrees with the dra-
matic bathochromic shift of this absorption band when the
number of double bonds between the five- and seven-mem-
bered ring increases. Several theoretical models[2] have been
proposed in an attempt to understand and relate the elec-
tronic structure of metallocenyl chromophores to their
spectroscopic properties. Our assignment of the absorption
bands is in excellent agreement with the latest theoretical
treatment[2c] and is based on experimental results.

Non-Linear Optical Studies

The low lying excited states, the facile polarizability and
the assignment of the HOMO and LUMO to the donor
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Table 3. UV/Vis data of the monometallic sesquifulvalene complexes of the general form of 3

MLn Z LL2CT λmax
[a] (ε)[b] ∆ν̃[c] DA2CT λmax

[a] (ε)[b] ∆ν̃[c]

CH2Cl2 MeNO2 CH2Cl2 MeNO2
FeCp 2 4a 400 395 2316 726 700 2511

(14710) (13360) (3570) (3330)
FeCp E-CH5CH 25a 490 470 2868 816 765 2817

(39440) (24360) (10460) (9510)
FeCp (E-CH5CH)2 26 560 520 21373 865 780 21260

(37380) (24860) (18090) (12770)
FeCp (E-CH5CH)3 27 621 542 22347 903 782 21714

(32040) (43645) (20215) (23900)
FeCp 2,5-C4H2S[d] 28 530 510 2740 845 760 21324

(42870) (33690) (11210) (9470)
FeCp 5,59-[2,29-C4H2S)2][e] 29 618 560 21676 844 700 22437

(31130) (27800) (11210) (9820)
FeCp 2-(5-E-CH5CH)C4H2S[f] 30 595 520 22424 885 775 21604

20550) (34820) (8120) (2440)
RuCp 2 4b 410 398 2740 560 536 2800

(14020) (6660) (7360) (18657)
RuCp E-CH5CH 25b 477 455 21014 642 600

(16270) (12040) (22560) (20345)

[a] In nm. 2 [b] In 21cm21. 2 [c] In cm21. 2 [d] 2,5-thienylene bridge. 2 [e] 5,59-(2,29-dithienylene) bridge. 2 [f] 2-(5-E-vinylene)thieny-
lene bridge.

Figure 4. Correlation between the difference of the redox potentials
and the λmax values of the DA2CT bands of the ferrocenyl contai-
ning sesquifulvalene complexes

and acceptor orbitals, respectively, make sesquifulvalene
type complexes most promising NLO candidates. Therefore
these complexes were subjected to HRS studies. However,
an intrinsic shortcoming of this method may be fluor-
escence due to two-photon absorption.[41243]

Using the two-level approximation (Equation 1)[44] to
calculate the first hyperpolarizability β indicates that β in-
creases when the energy difference ∆E 5 hωeg between the
ground and the excited states decreases. Nevertheless, in an
HRS experiment, the excited state will not be populated
although the uptake of two photons of the irradiating fre-
quency ω, and the instantaneous emission of one photon
of 2ω will be more probable as the energy E2ω approaches
the energy of the excited state (Eeg). [45] When E2ω equals
Eeg, the CT state can be populated by the absorption of
two photons, whereupon relaxation can occur by means of
fluorescence, which may affect considerably the intensity of
the measured frequency of the HRS signal (Figure 5).

Since the realisation of the problem of multiphoton ab-
sorption-induced fluorescence concerning the determi-
nation of first hyperpolarizabilities using the HRS method,
several techniques to overcome this problem have been in-
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vestigated. These include long wavelength measure-
ment,[47a,47b] time resolved HRS[47c] and the measurement
of the two-photon fluorescence spectrum to abstract the
fluorescence contribution to the HRS signal. [47d] Recently,
Persoons et al. [47e] reported a high frequency demodulating
technique to suppress the multiphoton fluorescence contri-
bution to the HRS signal.

Figure 5. Schematic drawing of the origin of the HRS and the
fluorescence signal

In order to check for fluorescence enhancement of the
complexes under study we introduced bandpass filters with
peak transmittances at different wavelengths in front of the
photomultiplier of the HRS set-up.[46] A fluorescence signal
should have a very broad line width and a maximum of the
emission band which occurs at λ/2 only by chance. [47d] In
sharp contrast to this the line width of the HRS signal is
narrow and the maximum has to be fixed. In our investi-
gations we used a Q-switched Nd:YAG laser with λ 5
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1064 nm, and detected the intensity of the scattered light at
λ 5 532 nm to determine the first hyperpolarizability as
well as at λ 5 400, 450, 500, 560, 600, 650 and 700 nm to
obtain indications of fluorescence.

In Figure 6 the corresponding absorption and emission
spectra of the reference p-nitroaniline (pNA) are shown cor-
roborating the emission characteristics of the HRS signal
of the second harmonic. Comparable HRS signals were re-
corded for the ruthenocenyl-containing sesquifulvalene
complexes 4b and 25b as shown in Figure 7, whereas most
of the ferrocene derivatives reveal broader emission spectra
with a maximum not at λ 5 532 nm (Figure 8), indicating
that these ferrocene derivatives exhibit fluorescence. In
some cases the solutions of the compounds under study
were irradiated at the wavelength of the absorption bands.
The failure of any subsequent fluorescence is a strong indi-
cation that the fluorescence for the ferrocene derivatives
originates from a two-photon absorption.

Figure 6. Absorption and emission spectra of the HRS reference
p-nitroaniline (pNA) (irradiation wavelength λ 5 1064 nm) [squa-
res: λ of measured emission intensities; filled square: position of
the HRS signal (λ 5 532 nm)]

Figure 7. Absorption and emission spectra of the ruthenium sesqu-
ifulvalene complex 4b (irradiation wavelength λ 5 1064 nm; squa-
res: λ of measured emission intensities; filled square: position of
the HRS signal (λ 5 532 nm))

In Table 4 the determined β values of the nonfluorescent
complexes 4b and 25b are shown. Comparing the expe-
rimental first hyperpolarizability β and the calculated static
hyperpolarizability β0

[50] of 4b and 25b it is obvious that
the β0 values are less reliable as the DA2CT maximum ap-
proaches the position of the HRS signal. Several features
of the estimated β and β0 values are remarkable:

• As expected from organic NLO chromophores, the first
hyperpolarizability increases with increasing chain length
(compare 4b and 25b). The β and β0 value of 25b deter-
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Figure 8. Absorption and emission spectra of the ferrocenyl-contai-
ning sesquifulvalene complex 25a (irradiation wavelength λ 5
1064 nm; squares: λ of measured emission intensities; filled square:
position of the HRS signal (λ 5 532 nm))

mined from CH2Cl2 and MeNO2 solutions confirm the
long wavelength absorption as the DA2CT absorption
band and its greater contribution to the first hyperpolariz-
ability. Upon changing the solvent from CH2Cl2 to MeNO2

both absorption bands undergo a distinct blue shift, which
brings the low energy donor-acceptor absorption band
closer to the HRS signal, whereas the LL2CT absorption
band is shifted further away; thus, the resonance enhance-
ment is greater for 25b in MeNO2 than in CH2Cl2 solution.

• These results illustrate that the metallocenes are
stronger electron donors than cymantrenyl derivatives.

• Compared to other organometallic mononuclear NLO
chromophores with extended π-linkers the results are very
promising with regard to the short donor-acceptor distance
in the sesquifulvalene-type complexes.

A comparison of the SHG effect between other ferro-
cenyl complexes[1d,2,36,49] and the corresponding mononu-
clear sesquifulvalene congeners (4a, 25a, 26230) is not pos-
sible since the latter ferrocene derivatives all show fluor-
escence. However, our results demonstrate the necessity to
check the ferrocenyl-containing D-π-A complexes for fluor-
escence. Much less work has been performed on NLO chro-
mophores with a ruthenocenyl unit as a donor.[2a, 49] The
published data have been obtained from EFISH-measure-
ments at 1.907 µm. In addition to the problem of compar-
ing EFISH and HRS data[41] [42] a very recent paper show
that first hyperpolarizabilities obtained at different funda-
mental wavelengths can hardly be compared. However, the
β and β0 values of 25b listed in Table 4 correspond to values
obtained for other sesquifulvalene complexes with ferro-
cenyl donor units.[11a,51,52]

Conclusions

Various synthetic routes to different dipolar cationic,
mononuclear sesquifulvalene complexes, whose application
as NLO chromophores appears to be successful, have been
reported. Despite the relatively short dipole lengths, strong
NLO effects can be obtained which are very promising with
respect to longer π-linkers between the neutral donating
sandwich and the cationic acceptor group of the seven-
membered ring moiety.

Modification of the electronic properties of the donors
and acceptors, and of the π-bridge, by chemical means pre-
sents the possibility of modulating the NLO properties in-
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Table 4. Experimental first hyperpolarizability β[a] and static first hyperpolarizability β0 (calcd. from Equation 1) of sesquifulvalene
complexes tested as nonfluorescent, and examples from the literature for comparison

MLn acceptor Z λmax β 3 1030 β03 1030 ref.
[nm] [esu] [esu]

RuCp[b] 4b C7H6
1 2 536 378 4

RuCp 25b C7H6
1 E-CH5CH 600[b] 649 120

640[d] 362 105
Mn(CO)3

[c] C7H6
1 2 506 38 12

Mn(CO)2P(OMe)3
[c] C7H6

1 2 581 53 12
Mn(CO)3

[c] C7H6
1 C;C 491 95 12

Mn(CO)2P(OMe)3
[c] C7H6

1 C;C 583 151 12
Ind(Ph3P)2Ru[b] Ph2NO2 C;C 476 746 119 48a
Cp(Ph3P)2Ru[e] p-C6H4NO2 C;C2C6H4-4-E-CH5CH 476 1455 232 48b
FeCp Ind(Ph3P)2Ru1 5C5CH2CH5CH 301[d] 117 73 49a
FeCp (η5-C4H3S)Mn(CO)3

1 2 514[b] 260 13 49b
FeCp (η5-C4H3S)Mn(CO)3

1 E-CH5CH 536[b] 670 28 49b
FeCp (η5-C4H3S)Mn(CO)3

1 (E-CH5CH)2 548[b] 771 34 49b

[a] Determined by hyper-Rayleigh scattering. 2 [b] Measured in MeNO2, reference: pNA (β 5 34.6 3 10230 esu). [46] 2 [c] Measured in
MeCN, reference: pNA (β 5 29.2 3 10230 esu). 2 [d] Measured in CH2Cl2, reference: pNA (β 5 21.6 3 10230 esu). [46] 2 [e] Measured in
thf, reference: pNA (β 5 21.4 3 10230 esu).

volving the results of the first hyperpolarizability β and of
the influence on the two-photon absorption. The two-pho-
ton fluorescence is observed in particular for mononuclear
ferrocenyl derivatives possessing low-lying DA2CT and
LL2CT transitions, and is not necessarily a disadvantage
because of its potential use in devices for NIR detectors
and optical data storage. [53]

Since the chemical modification of metallocenes, particu-
larly ferrocene, is straightforward,[54] the linkage of the ses-
quifulvalene-type NLO chromophores to polymers or
liquid crystalline phases is quite obvious. On the other hand
the presented cationic complexes are amphiphilic; hence,
they may also have some potential applications for Lang-
muir2Blodgett films.

Experimental Section
Manipulations were carried out under a N2 atmosphere and sol-
vents were saturated with N2. Tetrahydrofuran (THF), diethyl ether
(Et2O), dimethoxyethane (DME), hexane and toluene were freshly
distilled from the appropriate alkali metal or metal alloy. Nitro-
methane (MeNO2), acetonitrile (MeCN) and dichloromethane
(CH2Cl2) were dried over CaH2 and distilled under N2. NMR:
Bruker AM 360 and Varian Gemini 200 BB; UV/Vis: Perkin2

Elmer Model 554; IR nujol mull, KBr cells, FT-IR 1720X (Per-
kin2Elmer); EI-MS: 70 eV, Finnigan MAT 311 A; elemental
analysis: Heraeus CHN-O-Rapid, Institut für Anorganische und
Angewandte Chemie, Universität Hamburg. Formylferrocene, for-
mylruthenocene, [17] chloromethylcycloheptatriene, [16] BaMnO4,

[18]

2-bromo-5-cyclohepta-29,49,69-trien-1-ylthiophene (16), [22] 2-cyclo-
heptatrienyl-29,5-bithiophene (19) [26] and 2-formyl-5-cycloheptatri-
enylthiophene (22) [30] were synthesised according to literature pro-
cedures.
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Ferrocenyltropylium Hexafluorophosphate (4a) and Ruthenocenyltro-
pylium Hexafluorophosphate (4b). 2 Method A

4a: Ferrocene (1.22 g, 6.56 mmol) and tropylium hexafluorophos-
phate (0.62 g, 2.62 mmol) were stirred in MeCN (30 mL) for 65 h
at room temperature. The reaction mixture was filtered and the
deep blue-green filtrate was evaporated to dryness. The residue was
extracted with toluene to remove the unreacted metallocene, and
redissolved in CH2Cl2. The product 4a was precipitated by the ad-
dition of diethyl ether. Yield: 0.77 g (69.8%). Generally, the product
was contaminated by paramagnetic impurities and [C7H7][PF6].
Recrystallisation to obtain pure 4a lowers the yield considerably
(for spectroscopic data: see below)

4b: Ruthenocene (0.32 g, 1.4 mmol) and tropylium hexafluorophos-
phate (0.20 g, 0.85 mmol) were stirred in 1,2-C2H4Cl2 (30 mL) at
85°C for 50 h. The workup procedure as described for 4a yielded
0.25 g (62.8%) of deep blue-violet crystals (for spectroscopic data:
see below).

Method B

(Cyclohepta-2,4,6-trien-1-yl)ferrocene (5a): The synthesis of 5a has
been described elsewhere. [11a]

(Cyclohepta-2,4,6-trien-1-yl)ruthenocene (5b): Tropylium hexa-
fluorophosphate (2.60 g, 11 mmol) was added portionwise to a sus-
pension of ruthenocenyl lithium (2.37 g, 10 mmol) in Et2O (50 mL)
at 220 to 230°C. The reaction mixture was allowed to warm
slowly to room temperature. After stirring for an additional three
hours the solvent was evaporated and the colourless residue ex-
tracted with n-hexane. The product 5b was obtained as slightly yel-
low crystals upon concentration of the hexane extracts. Yield:
2.41 g (75%).

5b: 1H NMR (CDCl3): δ 5 2.28 (t, J 5 5 Hz, 1 H, H-1), 4.56 (t, 2
H, C5H4), 4.57 (s, 5 H, Cp), 4.67 (t, 2 H, C5H4), 5.27 (dd, J 5

3 Hz, J 5 5 Hz, 2 H, H-2,7), 6.16 (m, 2 H, H-3,6), 6.68 (t, J 5

3 Hz, 2 H, H-4,5). 2 13C NMR (CDCl3): δ 5 38.2 (C1), 70.0, 70.6
(C5H4, Cp), 94.7 (C5H4), 123.6 (C4,5), 127.4 (C2,7), 130.9 (C3,6).
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2 UV/Vis (CH2Cl2): λmax[nm] (ε [21 cm21]) 288 (1530), 335 (sh).
2 EI-MS: m/z (%) 322 (80) [M1 1 1], 321 (100) [M1]. 2 C17H16Ru
(321.4): calcd. C 63.53, H 5.02; found C 63.45, H 5.13.

(Cyclohepta-1,3,5-trien-1-ylmethyl)diethylphosphonate (6): 1-Chlo-
romethyl-1,3,5-cycloheptatriene[16](10.0 g, 71 mmol) was stirred in
triethylphosphite (13.4 mL, 78 mmol) at 166°C for 8 h. After cool-
ing, the reaction mixture was distilled at 2 3 1022 mbar. Unreacted
1-chloromethylcyclohepa-1,3,5-triene was recovered at 30°C, and
the product 6 obtained at 80°C as a yellow oil. Yield: 13.07 g
(76%). 2 1H NMR (200 MHz, CDCl3): δ 5 1.36 (t, 6 H, CH2CH3),
2.48 (d, 2 H, C7H7), 2.81 (d, JPH 5 23 Hz, 2 H, CH2P), 4.07 (m, 4
H, CH2CH3), 5.3825.49 (m, 1 H, C7H7), 6.12 (m, 2 H, C7H7),
6.4226.62 (m, 2 H, C7H7). 2 EI-MS: m/z (%) 242 (12) [M1], 213
(19) [M1 2 Et], 185 (10) [M1 2 2Et], 105 (40) [C8H9

1], 104 (100)
[C8H8

1], 91 (23) [C7H7
1].

1-(Ferrocenyl)-2-(cycloheptatrienyl)ethene (8a): Complex 7a was
first synthesized by a Wittig reaction of formylferrocene[17] with
Ph3PCH2C7H7 to yield a Z/E mixture of products. [11] Pure E iso-
mers could be obtained from the WHWE reaction of formylferro-
cene with the phosphonate 6 as described for the ruthenocenyl de-
rivative below.

1-Ruthenocenyl-2-(cycloheptatrienyl)ethene (8b): To a solution of
the phosphonate 6 (0.57 g, 2.3 mmol) in 2 mL THF at 278°C was
added nBuLi (1.6 mL of a 1.66  hexane solution). The reaction
mixture was allowed to warm to room temperature, stirred for 1 h
and cooled down again to 278° C. Subsequently a solution of for-
mylruthenocene (0.53 g, 2 mmol) in 20 mL of THF was added. The
reaction mixture was allowed to warm slowly to room temperature.
When the reaction, the course of which was monitored by TLC,
had finished, the solvent was evaporated in vacuo, and the residue
extracted with hexane. The product 8b was purified by column
chromatography (SiO2/5% H2O; hexane/Et2O 1:1). Yield: 514 mg
(75%) of 8b. As can be deduced from the 1H NMR spectra, the
product is a mixture of two isomers which differ in the position of
the sp3-carbon atom in the seven-membered ring. The minor iso-
mer (30%) is 1-ruthenocenyl-2-(cyclohepta-19,39,69-trien-19-yl)-
ethene (isomer A), and the main product is 1-ruthenocenyl-2-
(cyclohepta-19,39,59-triene-19-yl)ethene (isomer B). Both isomers
are discernible by the splitting pattern of the high field signal of
the sp3 carbon bound protons between 2 and 3 ppm.

1H NMR (200 MHz, CDCl3): δ 5 2.32 (t, J 5 6.6 Hz, 2 H, H-5,
isomer A), 2.60 (d, J 5 7.1 Hz, 2 H, H-79, isomer B), 4.52 (s, 5 H,
C5H5), 4.58 (m, 2 H, C5H4), 4.79 (m. 2 H, C5H4), 5.3625.54 (m,
C7H7), 6.1226.56 (m, C7H7, H-1, H-2). 2 EI-MS: m/z (%): 260
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(67) [M1], 232 (100) [C10H10Ru1], 167 (56) [C5H5Ru1]. 2

C19H18Ru (347.4): calcd. C 65.69, H 5.22; found C 65.52, H 5.55.

1-Ferrocenyl-2-(ethoxycarbonyl)ethene (9): To a solution of (ethoxy-
carbonylmethyl)diethylphosphonate (2.78 g, 12 mmol) in toluene
(100 mL) at 0°C was added nBuLi (7.8 mL of a 1.6  hexane solu-
tion). Stirring was continued for 1 h, and then the reaction mixture
was allowed to warm to room temperature. Subsequently it was
cooled to 0°C, and a solution of formylferrocene (2.88 g, 14 mmol)
in toluene (20 mL) was slowly added. After stirring for 1 h at room
temperature the reaction mixture was hydrolysed and extracted
with diethyl ether. The organic layer was dried over MgSO4 and the
solvent evaporated in vacuo. The residue was purified by column
chromatography (Al2O3, neutral, 5% H2O, hexane/diethyl ether
10:1). Yield: 3.15 g (90%). 2 1H NMR (200 MHz, C6D6): δ 5 1.05
(t, J 5 7.1 Hz, 3 H, CH3), 3.48 (s, 5 H, C5H5), 3.9024.10 (m, 2 H,
C5H4), 4.1024.20 (m, 4 H, CH2, C5H4), 6.24 (d, J 5 15.8 Hz, 1 H,
H-1), 7.81 (d, J 5 15.8 Hz, 1 H, H-2).

3-Ferrocenyl-2-propenol-1 (10): To a suspension of LiAlH4 (0.4 g,
11 mmol) and AlCl3 (0.40 g, 3 mmol) in diethyl ether (10 mL) at
210°C was added a solution of 1-ferrocenyl-2-(ethoxycarbonyl)e-
thene (9) (2.56 g, 9 mmol) in 8 mL diethyl ether. After stirring at
room temperature for 1 h the reaction mixture was hydrolyzed at
0°C and acidified with dilute sulfuric acid. The product 10 was
isolated by extraction with diethyl ether. Yield: 2.01 g (99%). 2 1H
NMR (200 MHz, C6D6): δ 5 3.9 (m, 2 H, CH2OH), 3.98 (s, 5 H,
C5H5), 4.04 (m, 2H. C5H4), 4.19 (m, 2 H, C5H4), 5.82 (dt, 1 H, H-
2), 6.21 (d, 1 H, H-1).

3-Ferrocenylpropenal (11): Barium manganate(VI) (13.9 g,
54 mmol) was added to a solution of 3-ferrocenylpropenol (10)
(2.01 g, 8.3 mmol) in dichloromethane (50 mL). After 30 min stir-
ring the suspension was filtered and the filtrate evaporated to dry-
ness. The residue was purified by column chromatography (Al2O3,
neutral, 5% H2O, hexane/diethyl ether 5:1). Yield: 1.63 g (82%). 2
1H NMR (200 MHz, C6D6): δ 5 4.17 (s, 5 H, C5H5), 4.53 (m, 4H.
C5H4), 6.34 (dd, J1,2 5 7.6 Hz, J2,3 5 15.4 Hz, 1 H, H-2), 7.42 (d,
J2,3 5 15.4 Hz, 1 H, H-3), 9.56 (d, J1,2 5 7.6 Hz, H-1).

1-Ferrocenyl-4-(ethoxycarbonyl)-1,3-butadiene: The synthesis of 1-
ferrocenyl-4-(ethoxycarbonyl)butadiene-1,3 was performed under
the same conditions as the synthesis of 1-ferrocenyl-2-(ethoxycar-
bonyl)ethene (9). Quantities used: 1.02 g (4.22 mmol) of (ethoxy-
carbonylmethyl)diethylphosphonate, 30 mL of toluene, 2.64 mL
(4.22 mmol) of nBuLi (15% solution in hexane), 1.01 g (4.22 mmol)
of 3-ferrocenylpropenal (11) in 10 mL of toluene. Yield: 1.10 g
(84%). 2 1H NMR (200 MHz, C6D6): δ 5 1.06 (t, J 5 7.2 Hz, 3
H, CH3), 3.88 (s, 5 H, C5H5), 4.0024.15 (m, 6 H, CH2, C5H4), 5.99
(d, J 5 15.2 Hz, 1 H, H-1), 6.32 (m, 2 H, H-2, H-3), 7.5527.62
(m, 1 H, H-4).

5-Ferrocenyl-2,4-pentadienal (13): To a suspension of LiAlH4

(0.135 g, 3.56 mmol) and AlCl3 (0.158 g, 1.18 mmol) in 5 mL of
diethyl ether at 10°C was added a solution of 1-ferrocenyl-4-
(ethoxycarbonyl)butadiene (1.0 g, 3.22 mmol) in 4 mL of diethyl
ether over 20 minutes. After stirring at room temperature for 1 h,
the reaction mixture was hydrolysed with dilute sulfuric acid. Sub-
sequently, the reaction mixture was extracted with diethyl ether.
The organic layer was dried over Na2SO4 and the solvent was re-
moved in vacuo. The residue of 1-ferrocenyl-1,3-pentadien-1-ol
(0.78 g, 2.91 mmol) was dissolved in dichloromethane (20 mL) and
oxidised by the addition of BaMnO4 (6.1 g, 24 mmol). After stir-
ring for 30 min the reaction mixture was filtered, the filtrate dried
in vacuo and the product purified by column chromatography
(Al2O3, neutral, 5% H2O hexane/diethyl ether 5:3). Yield: 0.63 g
(81%). 2 1H NMR (200 MHz, C6D6): δ 5 3.89 (s, 5 H, C5H5),
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4.08 (m, 2 H, C5H4), 4.13 (m, 2 H, C5H4), 6.0026.65 (m, 4 H, H-
2 2 H-5), 9.54 (d, J 5 7.8 Hz, 1 H, H-1).

General Procedure for the Synthesis of Mononuclear Monohydro-
sesquifulvalene Complexes Containing Two or Three Conjugated
Double Bonds: A mixture of NaH, phosphonate 6 and the corre-
sponding aldehyde in dimethoxyethane was slowly warmed to
85° C and stirred for 24 h. After cooling to room temperature the
reaction mixture was hydrolyzed and extracted with Et2O. The or-
ganic layer was dried with MgSO4 and the product purified by
column chromatography.

1-Ferrocenyl-4-(cyclohepta-19,39,59-trien-19-yl)-1,3-butadiene
(12): 3-Ferrocenylpropenal (11) (1.0 g, 4.42 mmol), phosphonate 6
(1.07 g, 442 mmol), dimethoxyethane (20 mL) and NaH (0.1 g,
4.42 mmol). Column chromatography: Al2O3/5% H2O, hexane/di-
ethyl ether (5:1). Yield: 0.941 g (65%) of 12.

1H NMR (360 MHz, C6D6): δ 5 2.70 (d, J 5 7.2 Hz, 2 H, H-79),
4.1 (s, 5 H, C5H5), 4.11 (m, 2 H, C5H4), 4.28 (m, 2 H, C5H4), 5.34
(m, 1 H, H-69), 6.16 (m, 2 H, C7H7), 6.28 (m, 1 H, olefinic bridge)
6.4326.65 (m, 5 H, C7H7 and olefinic bridge). 2 EI-MS: m/z (%)
328 (100) [M1], 263 (10) [M1 2 C5H5Fe1]. 2 C21H20Fe (328.2):
calcd. C 76.84, H 6.14; found C 75.45, H 6.27.

1-Ferrocenyl-6-(cyclohepta-19,39,59-trien-19-yl)-1,3,5-hexatriene
(14): 5-Ferrocenyl-2,4-pentadienal (0.80 g, 3.0 mmol), THF
(10 mL), phosphonate 6 (0.73 g, 3 mmol), NaH (0.073 g, 3 mmol).
Column chromatography: Al2O3/5% H2O, toluene. Yield: 0.45 g
(63%) of 14.

1H NMR (360 MHz, C6D6): δ 5 2.65 (d, J 5 7.0 Hz, 2 H, H-79),
4.00 (s, 5 H, C5H4), 4.11 (t, 2 H, C5H4), 4.29 (t, 2 H, C5H4), 5.31
(m, 1 H, H-69), 6.1326.18 (m, 2 H, C7H7), 6.2926.66 (m, 8 H,
olefinic bridge, C7H7). 2 EI-MS: m/z (%): 354 (100) [M1], 289 (19)
[M12 C5H5], 263 (15) [M1 2 C7H7], 250 (10), 225 (25), 199 (27),
186 (67) [C10H10Fe1], 121 (65) [C5H5Fe1]. 2 C23H22Fe (354.3):
calcd. C 77.98, H 6.26; found C 77.04, H 6.34.

2-Ferrocenyl-5-(cycloheptatrienyl)thiophene (17): A solution of
ZnCl2(THF)2 (3.37 g, 12 mmol) in THF (20 mL) was added to a
solution of lithioferrocene[14] at 278°C. After 20 min stirring at
278°C the solution was allowed to warm slowly (40 min) to room
temperature and a solution of 2-bromo-5-(cyclohepta-29,49,69-
trien-19-yl)thiophene[22] (2.53 g, 10 mmol) and Pd(PPh3)4 (0.17 g,
0.1 mmol) in THF (40 mL) was added. After 15 h stirring at room
temperature the reaction mixture was quenched with water (2 mL).
The solvent was evaporated, the residue extracted with Et2O
(200 mL) in the presence of water (100 mL), and the ether layer
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was washed two times with 100 mL H2O. The organic layer was
dried over MgSO4 and the product was isolated by column chroma-
tography (Al2O3/5% H2O/diethyl ether). Yield: 1.86 g (52%). The
product 17 was a mixture of three isomers in the ratio 73% (17A),
14% (17B), 12% (17C). The composition of this mixture can be
changed to 40:60 of isomers 17B and 17C by thermolysis in xylene
(30 mL) under reflux for 33 h. The isomerisation was monitored by
the disappearance of the proton signal H-19 (2.94) of the isomer
17A.

1H NMR (200 MHz, CDCl3): 17A: δ 5 2.94 (t, 1 H, H-19), ), 4.10
(s, 5 H, C5H5) 4.26 (m, 2 H, C5H4), 4.54 (m, 2 H, C5H4), 5.53 (dd,
2 H, H-29, H-79), 6.27 (m, 2 H, H-39, H-69), 6.74 (m, 2 H, H-49,
H-59), 6.80 (d, 1 H, C4H2S), 6.87 (d, 1 H, C4H2S). 17B, 17C: δ 5

2.39 (t, J 5 6.8 Hz, H-59, 17B), 2.81 (d, J 5 6.8 Hz, H-79, 17C),
4.10 (s, C5H5), 4.11 (s, C5H5), 4.30 (m, C5H4), 4.58 (m, C5H4),
5.4725.59 (m, 2 H, C7H7), 6.26 (dd, J 5 9.4 Hz, J 5 6.2 Hz, C7H7),
6.48 (d, J 5 9.5 Hz, C7H7), 6.5626.64 (m, C7H7), 6.8627.06 (m,
C4H2S, C7H7), 7.14 (d, J 5 3.7 Hz, C4H2S), 7.2027.42 (m, C7H7),
7.5827.64 (m, C4H2S). 2 EI-MS: m/z (%) 358 (100) [M1], 293 (3)
[M1 2 C5H5], 202 (25) [M1 2 C12H12], 121 (21) [C5H5Fe1]. 2

C21H18FeS (358.3): calcd. C 70.40, H 5.06; found C 71.10, H 5.61.

5-Ferrocenyl-59-(cycloheptatrienyl)-2,29-bithiophene (20): To a co-
oled solution (278°C) of 5-(cycloheptatrienyl)-2,29-bithiophene
(19) (1.43 g, 5.6 mmol) in 50 mL of THF was added nBuLi (3.5 mL
of a 1.6  hexane solution). The reaction solution was allowed to
warm to room temperature, stirred for 40 min and cooled again to
278°C. A ZnCl2(THF)2 (1.56 g, 5.6 mmol) solution in THF
(10 mL) was then added from a syringe. After warming to room
temperature and additional stirring for 10 min this reaction mixture
was added to a solution of iodoferrocene (1.73 g, 5.6 mmol) and
Pd(PPh3)4 (0.06 g, 0.05 mmol) in THF (20 mL). The red coloured
reaction mixture was stirred for 15 h, hydrolyzed with water (1 mL)
and dried in vacuo. The solid residue was extracted with Et2O, the
organic layer was washed with water and dried over MgSO4. The
pure product was isolated after column chromatography (Al2O3/5%
H2O, hexane/ether 8:2). Yield: 1.36 g (55%) of 20 as the isomer A.

20A: 1H NMR (360 MHz, C6D6): δ 5 3.09 (dt, J 5 5.6 Hz, J 5

1.0 Hz, 1 H, H-19), 3.98 (s, 5 H, C5H5), 4.06 (t, 2 H, C5H4), 4.46
(t, 2 H, C5H4), 5.46 (dd, J 5 8.7 Hz, J 5 5.7 Hz, 2 H, H-29, H-79),
6.06 (m, 2 H, H-39, H-69), 6.52 (m, 2 H, H-49, H-59), 6.65 (dd, J 5

1.0 Hz, J 5 3.6 Hz, 1 H, C4H2S), 6.75 (d, J 5 3.7 Hz, 1 H, C4H2S),
6.94 (d, J 5 3.6 Hz, 1 H, C4H2S), 6.98 (d, J 5 3.6 Hz, 1 H, C4H2S).

Thermal Rearrangement of the Isomer 20A: A solution of 20A
(0.77 g, 1.75 mmol) dissolved in toluene (8 mL) was refluxed for
24 h. The solution was evaporated to dryness yielding isomer 20B
quantitatively.
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20B: 1H NMR (200 MHz, CDCl3): δ 5 2.16 (t, J 5 6.9 Hz, 2 H,
H-59), 3.97 (s, 5 H, C5H5), 4.06 (t, 2 H, C5H4), 4.46 (t, 2 H, C5H4),
5.27 (m, 2 H, H-49, H-69), 6.10 (dd, J 5 9.2 Hz, J 5 6.1 Hz, 1 H,
H-39), 6.44 (d, J 5 9.1 Hz, 1 H, H-79), 6.74 (d, J 5 3.7 Hz, 1 H,
C4H2S), 6.85 (d, J 5 3.7 Hz, 1 H, C4H2S), 6.95 (d, J 5 3.7 Hz, 1
H, C4H2S), 6.98 (d, J 5 3.7 Hz, 1 H, C4H2S), 7.00 (d, J 5 6.1 Hz,
1 H, H-29). 2 EI-MS: m/z (%) 440 (100) [M1], 121 (21) [C5H5Fe1].

1-Ferrocenyl-2-(59-cycloheptatrienylthien-29-yl)ethene (24): To a
solution of (ferrocenylmethyl)triphenylphosphonium iodide (4.3 g,
7.4 mmol) in THF (70 mL) was added nBuLi (4.63 mL of 1.6 

hexane solution). After stirring for 30 min a solution of a 1:2.5
mixture of 2-(cyclohepta-1,3,5-trien-1-yl)-5-formylthiophene and 2-
(cyclohepta-1,3,6-trien-1-yl)-5-formylthiophene (22) (1.5 g,
7.4 mmol) in THF (10 mL) was added to the Wittig reagent and
subsequently stirred for 14 h. The solvent was evaporated in vacuo,
and the residue extracted with hexane. The product was purified
by column chromatography (Al2O3/5% H2O, hexane). Yield: 1.87 g
(66%) of 24. The product is a mixture of four isomers composed
of two pairs of Z-and E-isomers which differ in the position of the
sp3-carbon atom of the seven-membered ring corresponding to the
isomers 22 used as starting material.

1H NMR (200 MHz, CDCl3): δ 5 2.36 and 2.38 (t, J 5 6.8 Hz, 2
H, H-59, E and Z isomer of 24B), 2.77 and 2.81 (d, J 5 7.2 Hz, 2
H, H-5, E and Z isomer of 24A), 4.13 (s, Cp), 4.26 (m, C5H4),
4.44 (m, C5H4), 5.51 (m, 2 H, C7H7), 6.2027.10 (C7H7 and olefinic
bridge). 2 C23H20FeS (384.3): calcd. C 71.88, H 5.25; found C
71.94, H 5.51.

General Procedure for the Formation of the Cationic Mononuclear
Sesquifulvalene Complexes by Hydride Abstraction: To a solution of
the corresponding neutral monohydro-sesquifulvalene complex in
dichloromethane was added an equimolar amount of trityl hexa-
fluorophosphate dissolved in CH2Cl2. The reaction mixture was
stirred for 30 min, and the cationic sesquifulvalene complex was
precipitated by diluting the dark blue (M 5 Fe) or dark blue-violet
(M 5 Ru) solution with Et2O. Recrystallisation was performed by
diffusion of Et2O into a CH2Cl2 solution of the sesquifulvalene
complexes.

4a·PF6: Starting material: 0.352 g (1.16 mmol) of 5a in 20 mL of
dichloromethane, and 0.450 g (1.16 mmol) of trityl hexafluoro-
phosphate in 10 mL of dichloromethane. Yield: 0.324 g (63%). 1H
NMR (200 MHz, CD3NO2): δ 5 4.40 (s, 5 H, C5H5), 5.45 (t, J 5

2 Hz, 2 H, C5H4), 5.51 (t, J 5 2 Hz, 2 H, C5H4), 8.4928.78 (m, 6
H, C7H6). 2 13C NMR (50 MHz, CD3NO2): δ 5 73.4 (C5H4), 75.7
(C5H5), 81.8 (C5H4), 84.5 (Cq-C5H4), 147.9 (C7H6), 148.1(C7H6),
148.8 (C7H6), 175.8 (Cq-C7H6). 2 UV/Vis (CH2Cl2): λmax [nm] (ε
[21cm21]) 5 400 (14710), 725 (3570); (CH3NO2): λmax [nm] (ε
[21cm21]) 5 395 (13360), 700 (3330). 2 EI-MS: m/z (%) 276
(100), [M1 2 PF6], 186 (25) [M1 2 C7H6 2 PF6]. 2 C17H15 F6FeP
(420.1): calcd. C 48.60, H 3.60; found C 48.24, H 3.76.

4b·PF6: Starting material: 0.643 g (2.00 mmol) of 5b in 10 mL of
dichloromethane, and 0.777 g (2.00 mmol) trityl hexafluorophos-
phate in 10 mL of dichloromethane. Yield: 62%. 2 1H NMR
(200 MHz, CD3NO2): δ 5 4.74 ( s, 5 H, C5H5), 5.48 (t, J 5 1 Hz,
2 H, C5H4), 5.74 (t, J 5 1 Hz, 2 H, C5H4), 8.4428.31 (m, 4 H,
C7H6), 8.6728.57 (m, 2 H, C7H6). 2 13C NMR (50 MHz,
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CD3NO2): δ 5 73.9 (C5H4), 76.8 (C5H5), 80.5 (C5H4), 88.4 (Cq-
C5H4), 147.1 (C7H6), 149.2 (C7H6), 149.4 (C7H6), 173.5 (Cq-C7H6).
2 UV/Vis (CH2Cl2): λmax [nm] (ε [21cm21]) 5 410 (14020), 560
(7360); (CH3NO2): λmax [nm] (ε [21cm21]) 5 398 (6655), 536
(3245). 2 EI-MS: m/z (%) 322 (10), [M1 2 PF6], 232 (20) [M1 2

C7H6 2 PF6]. 2 C17H15F6PRu (465.3): calcd. C 43.88, H 3.25;
found C 44.07, H 3.54.

25a·PF6: Starting material: 0.352 g (1.16 mmol) of 8a in 20 mL of
dichloromethane, and 0.450 g (1.16 mmol) of trityl hexafluoro-
phosphate in 10 mL of dichloromethane. Yield: 0.324 g (63%).

1H NMR (200 MHz, CD3NO2): δ 5 4.43 (s, 5 H, C5H5), 5.03 (t, 2
H, C5H4), 5.17 (t, 2 H, C5H4) 7.10 (d, J 5 15.4 Hz, 1 H, H-2), 8.39
(d, J 5 15.3 Hz, 1 H, H-1), 8.3028.59 (m, 4 H, H-39,69, H-49,59)
8.62 (d, J 5 10.4 Hz, 2 H, H-29,79). 2 13C NMR (50 MHz,
CD3NO2): δ 5 72.9 (C5H4), 73.6 (C5H5) 78.6 (C5H4), 83.8 (Cq-
C5H4), 126.7 (C2), 147.9 (C7H6), 148.5 (C7H6), 148.9 (C7H6), 156.0
(C1), 164.7 (Cq-C7H6). 2 UV/Vis (CH2Cl2): λmax [nm] (ε
[21cm21]) 5 490 (39440), 816 (10460); (CH3NO2): λmax [nm] (ε
[21cm21]) 5 470 (24360), 765 (9510). 2 C19H17F6FeP (446.2):
calcd: C 51.15, H 3.84; found C 51.17, H 3.93.

25b·PF6: Starting material: 0.480 g (1.38 mmol) of 8b in 20 mL of
dichloromethane, and 0.538 g (1.38 mmol) of trityl hexafluoro-
phosphate in 10 mL of dichloromethane. Yield: 0.52 g (77%).

1H NMR (200 MHz, CD3NO2): δ 5 4.78 (s, 5 H, C5H5), 5.20 (t, 2
H, C5H4), 5.31 (t, 2 H, C5H4) 7.08 (d, J 5 15.4 Hz, 1 H, H-2), 8.23
(d, J 5 15.4 Hz, 1 H, H-1), 8.3228.40 (m, 4 H, H-39,69, H-49,59)
8.61 (d, J 5 9.7 Hz, 2 H, H-29,79). 2 13C NMR (50 MHz,
CD3NO2): δ 5 73.5 (C5H4), 74.8 (C5H5), 77.7 (C5H4), 125.0 (C2),
147.6 (C7H6), 148.6 (C7H6), 149.3 (C7H6), 152.3 (C1). 2 UV/Vis
(CH2Cl2): λmax [nm] (ε [21cm21]) 5 477 (16270), 642 (22560);
(CH3NO2): λmax [nm] (ε [21cm21]) 5 455 (12040), 600 (20345).
2 C19H17F6PRu (491.4): calcd: C 46.44, H 3.49; found C 45.86,
H 3.74.

26·PF6: Starting material: 0.392 g (1.2 mmol) of 12 in 20 mL of
dichloromethane, and 0.466 g (1.2 mmol) trityl hexafluorophos-
phate in 10 mL of dichlorohexane. Yield: 0.429 g (76%).
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1H NMR (200 MHz, CD3NO2): δ 5 4.43 (s, 5 H, C5H5), 4.85 (s, 2
H, C5H4), 4.89 (s, 2 H, C5H4), 6.97 (dd, J1,2 5 14.7 Hz, J2,3 5

3.5 Hz, 1 H, H-2), 6.95 (d, J3,4 5 14.7 Hz, 1 H, H-4), 8.06 (dd,
J3,4 5 14.7 Hz, J2,3 5 3.4 Hz, 1 H, H-3), 8.2628.44 (m, 4 H, H-
39,69, H-49,59), 8.53 (d, J1,2 5 14.9 Hz, 1 H, H-1), 8.62 (d, J 5

10.1 Hz, 2 H, H-29,79). 2 13C NMR (50 MHz, CD3NO2): δ 5 71.9
(C5H4), 73.2 (C5H5), 76.5 (C5H4), 78.6 (Cq-C5H4), 128.4 (C2), 130.6
(C4), 148.1 (C7H6), 148.9 (C7H6), 149.0 (C7H6), 152.2 (C1), 155.5
(C3), 166.6 (Cq-C7H6). 2 UV/Vis (CH2Cl2): λmax [nm] (ε
[21cm21]) 5 560 (37380), 865 (18090); (CH3NO2): λmax [nm] (ε
[21cm21]) 5 520 (24860), 780 (12770). C21H19F6FeP (472.2):
calcd. C 53.42, H 4.06; found C 52.73, H 4.31.

27·PF6: Starting material: 0.668 g (1.89 mmol) of 14 in 20 mL of
dichloromethane, and 0.732 g (1.89 mmol) of trityl hexafluoro-
phosphate in 10 mL of dichloromethane. yield: 0.51 g (54%).

1H NMR (360 MHz, CD2Cl2): δ 5 4.62 (s, 5 H, C5H5), 5.18 (m, 4
H, C5H4), 6.34 (t, J 5 12.7 Hz, 1 H, H-2), 6.47 (t, J 5 12.9 Hz, 1
H, H-4), 6.68 (d, J 5 14.3 Hz, 1 H, H-6), 7.01 (d, J 5 14.5 Hz, 1
H, H-1), 7.27 (t, 1 H, J 5 12.7 Hz, H-3), 7.98 (dd, J 5 10.0, J 5

3.7 Hz, 2 H, C7H6), 8.08 (dd, J 5 14.6, 11.85 Hz, 1 H, H-5), 8.13
(m, 2 H, C7H6), 8.35 (d, J 5 10.7 Hz, 2 H, C7H6).

28·PF6: Starting material: 0.260 g (0.673 mmol) of 17 in 20 mL of
dichloromethane, and 0.261 g (0.673 mmol) trityl hexafluorophos-
phate in 5 mL of dichloromethane. Yield: 0.20 g (60%).

1H NMR (200 MHz, CD3NO2): δ 5 4.25 (s, 5 H, C5H5), 4.84 (s, 2
H, C5H4), 5.03 (s, 2 H, C5H4), 7.45 (d, J 5 4.5 Hz, 1 H, C4H2S),
8.24 (d, J 5 4.4 Hz, 1 H, C4H2S), 8.2828.47 (m, 4 H, H-39,69, H-
49,59), 8.79 (d, J 5 10.6 Hz, 2 H, H-29,79). 2 13C NMR (50 MHz,
CD3NO2): δ 5 70.8 (C5H4), 73.5 (C5H5), 75.1 (C5H4), 78.4 (Cq-
C5H4), 129.9 (C4H2S), 140.6 (C4H2S), 141.1 (Cq-C4H2S), 146.2
(C7H6), 149.4 (C7H6), 150.4 (C7H6), 160.3 (Cq-C4H2S), 168.4 (Cq-
C7H6). 2 C21H17F6FePS (502.2): calcd: C 50.22, H 3.41; found C
50.27, H 3.80.

29·PF6: Starting material: 0.305 g (0.69 mmol) of 20 in 15 mL of
dichloromethane, and 0.269 g (0.69 mmol) trityl hexafluorophos-
phate in 10 mL of dichloromethane. Yield: 0.222 g (55%).
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1H NMR (200 MHz, CD3NO2) δ 5 4.37 (s, 5 H, C5H5), 5.14 (s, 2
H, C5H4), 5.90 (s, 2 H, C5H4) 8.1328.54 (10 H, C4H2S and C7H6).
2 13C NMR (50 MHz, CD3NO2): δ 5 69.5 (C5H4), 72.9 (C5H5),
73.1 (C5H4), 126.4 (C4H2S), 129.4 (C4H2S), 131.1 (C4H2S), 140.4
(C4H2S), 146.4 (C7H6), 150.0 (C7H6) 150.8 (C7H6), (signals of qua-
ternary 13C not observed). 2 C25H19F6FePS (552.3): calcd. C
51.39, H 3.28; found C 52.34, H 3.91.

30·PF6: Starting material: 0.238 g (0.62 mmol) of 24 in 2 mL of
dichloromethane, and 0.240 g (0.62 mmol) trityl hexafluorophos-
phate in 2 mL of dichloromethane. Yield: 0.258 g (79%).

1H NMR (200 MHz, CD2Cl2) δ 5 4.28 (s, 5 H, C5H5), 4.70 (m, 4
H, C5H4), 6.91 (d, J 5 15.6 Hz, 1 H, H-2), 7.34 (d, J 5 4.4 Hz, 1
H, C4H2S), 7.39 (d, J 5 15.4 Hz, 1 H, H-1), 8.17 (d, J 5 4.6 Hz,
1 H, C4H2S), 8.05 (dd, J 5 7.1 Hz, J 5 4.1 Hz, 2 H, H-49,59), 8.20
(m, 2 H, H-39,69), 8.53 (d, J 5 10.8 Hz, 2 H, H-29,79. 2 13C NMR
(50 MHz, CD2Cl2): δ 5 69.7 (C5H4), 71.2 (C5H5), 73.6 (C5H4), 81.8
(Cq-C5H4), 117.0 (C2), 130.8 (C4H2S), 140.2 (C4H2S), 142.1 (C1),
144.3 (C7H6), 147.1 (C7H6), 148.1 (C7H6), 163.4 (Cq-C7H6). 2

C23H19F6FePS (528.3): calcd. C 52.29, H 3.63; found C 52.28, H
3.95.

X-ray Structure Determination : Crystals suitable for an X-ray
structure analysis were obtained by diffusion of Et2O from the gas
phase into CH2Cl2 solutions of 4a, 4b or 25a. The data were col-
lected on a four-circle diffractometer Hilger & Watts, Mo-Kα, λ 5

0.71073 Å. The structures were solved by direct methods
(SHELXS-86). [55] Refinement on F2 were carried out by full-matrix
least-square techniques (SHELXL-93). [56] All non-hydrogen atoms
were refined with anisotropic thermal parameters. The hydrogen
atoms were refined with a fixed isotropic thermal parameter related
by a factor of 1.2 to the value of the equivalent isotropic thermal
parameter of their carrier atoms. Weights were optimised in the
final refinement cycles (Table 5).

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-133669 (4a), -133670 (4b) and -133671 (25a). Copies of
the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) 1 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

Cyclic Voltammetry: An Amel System 5000 was used. The measure-
ments were performed in CH2Cl2 and MeNO2 with 0.4  [N(n-
Bu)4]ClO4 as supporting electrolyte, ca. 1023  solutions of the
complexes, a Pt wire as working electrode and a Pt plate (0.6 cm2)
as auxiliary electrode. The given potentials were measured against
Ag/Ag1 and are referenced against E1/2([FeCp2]/[FeCp2]1) 5 0 V.

Hyper-Rayleigh Scattering: For experimental set-up see ref. [46]; the
measurements were performed at a fundamental wavelength of λ 5

1064 nm with a Q-switched Nd:YAG laser; CH2Cl2 and MeNO2

solutions were used for the measurements, with concentrations of
1024 to 1026 concerning the complexes under study; p-nitroaniline
was used as reference [β(CH2Cl2) 5 21.6 3 10230 esu, β
(MeNO2) 5 34.6 3 10230 esu]. [46]
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Table 5. Crystallographic data of 4a, 4b and 25a

4a 4b 25a

Formula C17H15BF4Fe C17H15F6PRu C20H19Cl2F6FeP
Mr 361.95 465.33 531.07
Crystal system orthorhombic monoclinic triclinic
Space group Pnma P2(1)/c P1̄
a/Å 21.75(2) 8.104(3) 10.067(6)
b/Å 9.900(2) 18.206(14) 10.496(6)
c/Å 6.881(3) 11.228(4) 11.418(6)
α/° 2 2 94.07(4)
β/° 2 107.59(3) 110.96(4)
γ/° 2 2 102.88(5)
V/Å3 1482.0(15) 1579.1(15) 1083.1(11)
Z 4 4 2
ρcalcd /g cm23 1.622 1.957 1.628
abs. coeff./mm21 1.055 1.156 1.072
T /K 173(2) 173(2) 293(2)
F(000) 736 920 536
Crystal size/mm3 0.6 3 0.4 3 0.1 0.4 3 0.3 3 0.1 0.4 3 0.5 3 0.1
θ range /° 2.78 # θ # 30.10 2.64 # θ # 27.57 2.34 # θ # 24.00
Index range 21 # h # 30 21 # h # 10 22 # h # 11

213 # k # 1 21 # k # 23 212 # k # 11

21 # l # 9 214 # l # 13 213 # l # 12
Total reflns 3134 4590 4715
Unique reflns 2293 3661 3388
Obs. Reflns [I>2σ(I)] 1773 2640 2147
Parameters/restraints 131/0 227/0 327/0
GooF 1.061 1.000 1.039
Rint 0.0175 0.0294 0.0571
R indices [I > 2 σ (I)] R1 5 0.0496 R1 5 0.0455 R1 5 0.0981

wR2 5 0.1172 wR2 5 0.0901 wR2 5 0.2490
R indices (all data) R1 5 0.0690 R1 5 0.0778 R1 5 0.1468

wR2 5 0.1280 wR2 5 0.1012 wR2 5 0.2916
Min. max. resd/eÅ23 20.647, 0.529 20.838, 0.775 20.778, 2.059
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