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Abstract

Reaction of ferrocenecarboxaldehyde 13 and its vinylogue, (E,E)-1-ferrocenyl-4-formyl-1,3-butadiene (16), with nitrofluorenes
as CH-acids, results in push–pull compounds of the type Fc–�–fluorene (8a–g, 12a–e). Similar reaction with bifunctional ferrocene
and ruthenocene dicarboxaldehydes results, depending on the fluorene structure, in the products of mono- or di-condensation,
OHC�Fc�CH�fluorene (11d,e) or fluorene�CH�Fc�CH�fluorene and fluorene�CH�Rc�CH�fluorene (9a–c, 10a–c). Intramolecular
charge transfer (ICT) in compounds 8 results in lowering the rotation barrier around the CH�fluorene double bond and easy E–Z
isomerisation in solution. Cyclic voltammetry (CV) experiments show a reversible single-electron oxidation of Fc�CH�fluorenes
(8) yielding the cation and two reversible single-electron reduction waves yielding the radical anion and dianion (for 8a–e) which
merge into one two-electron reduction wave for 8f–h. ICT was also manifested in the electron absorption spectra of 8–12, and
energies of ICT (as well as reduction potentials in CV) were found to display excellent correlation (r�0.99) with Hammett-type
substituents constants (�p

−) in the fluorene moiety. Compounds 8–12 show solvatochromism [8a: �ICT=604.5 nm (acetonitrile),
622.5 nm (1,2-dichloroethane)], with, however, no quantitative regularities for 10 solvents of different polarity. Bathochromic shifts
of 40–83 nm and an increase in the intensity of ICT bands were observed with lengthening of the �-bridge between ferrocene and
fluorene moieties (8�12) whereas substitution of the ferrocene unit in 9 by the ruthenocene unit (10) resulted to a hypsochromic
shift of ca. 100 nm due to decreasing donor ability of the latter metallocene fragment. Acceptor 8a was found to sensitise the
photoconductivity of poly-N-(2,3-epoxypropyl)carbazole showing moderate holographic response of the materials. Molecular and
crystal structures for ferrocene derivatives 8a, 8g, and 11d were determined by single-crystal X-ray diffraction. Tetranitro derivative
8a shows substantial distortion, caused by steric repulsion between the nitro groups in positions 4 and 5, which precludes the
formation of stacks, and pairs of fluorene moieties contact face-to-face (interplanar distance 3.8 A� ). In di- and trinitro derivatives
8g and 11d the fluorene moieties are more planar and their crystal packing motifs are similar: fluorene moieties form good stacks,
parallel to the x-axis in 8g and the y-axis in 11d, with interplanar separations between fluorene moieties of 3.35–3.36 A� for 8g
and alternate separations of 3.52 and 3.55 A� for 11d. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Donor–�–acceptor molecules are of great interest
for fundamental studies on electronic states and in-
tramolecular charge and electron transfer (ICT, IET)
processes in organics, and for materials applications in
electronics, optoelectronics, optics, and photonics. Elec-
tron acceptors of the fluorene series are known for their
ability to increase the photoconductivity of semicon-
ductive polymers and are widely used as sensitisers for
hole transport materials [2] and as electron transport
materials [3]. Recently, we and other workers studied a
number of fluorene acceptors of D–�–A type with ICT
from various donor groups (e.g. structures 1a [4], 1b
and c [5], 2 [5a], 3 [1b], 4 [1a,6,7,8], 5 [8], and 6 [9],
Chart 1). Particularly, compounds 4 and 5 [7,8,10] are
of great interest as photothermoplastic storage media
(PSTM) for hologram recording, showing excellent rhe-
ological properties and high response of the materials in
the ICT region of the acceptors. The 1,3-dithiole unit,
which is used as the donor moiety in this family of
D–�–A compounds is a known building block for

electron donors of the tetrathiafulvalene (TTF) family
[11].

Ferrocene itself and its derivatives have been used for
the preparation of conductive and magnetic charge
transfer complexes [12]. Ferrocene is an electron donor
with half-wave potential E1ox

1/2 =0.45 V (vs. Ag � AgCl;
acetonitrile, 0.1 M Bu4NPF6) comparable to that of
TTF (0.34 V under the same conditions) [13,14], and a
number of ferrocene–dithiole and ferrocene–TTF hy-
brid electron donors have been synthesised [13,15,16].
Although in these D1–�–D2 diads both donor moieties
essentially retain their redox characteristics, recently
pronounced intramolecular electronic interactions were
observed between two donor moieties for both neutral
and charged states [15a].

Ferrocene derivatives have also been exploited inten-
sively in various D–A systems with the aim of studying
ICT and IET processes and to design new materials for
electronics, NLO optics, photovoltaics, sensors and re-
lated applications [17–19]. Thus, Imahori et al. [17]
reported push–pull Fc–porphyrin–C60 triads for
molecule-based artificial photosynthesis, which produce
long-lived, charge-separated states with high quantum
yields. Since the first report by Green et al. [20] a
number of push–pull ferrocene derivatives with high
second order NLO response [21] were reported [22,23].

Recently, we synthesised a series of Fc–�–fluorene
compounds and demonstrated high first order hyperpo-
larisabilities for extended �-linkers [24]. To study in
more detail the ICT, redox behaviour and solid state
structures in this class of donor–acceptor systems we
report here the synthesis and properties of ni-
trofluorene–metallocene (NF, Mc) compounds NF–�–
Fc (8 and 11) and NF–�–Mc–�–NF (9 and 10) (Mc is
Fc or Rc) having a short methine fragment (�CH�) as
a �-linker. We also report on vinylogues NF–�–Fc (12)
with the extended �-linker �CH�(CH�CH)2�.

2. Results and discussion

2.1. Synthesis

The donor–acceptor compounds 8–12 have been
synthesised by the condensation of the fluorenes 7a–g
with the corresponding aldehydes 13–16 in N,N-
dimethylformamide (DMF) solution (Scheme 1), apply-
ing our established method [7,8,9,24b]. The reaction
rate and the yields decrease significantly with a decreas-
ing number of electron withdrawing substituents on the
fluorene nucleus (from 0.5 h/20 °C/85% yield for 8a to
15 h/70 °C/25% yield for 8g). 4-Cyanofluorene was
converted to 9-(ferrocenylmethylideno)-4-cyanofluorene
(8h) via the lithium salt, followed by coupling with
ferrocenecarboxaldehyde. The reaction of ferrocenedi-Chart 1.
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Scheme 1. Reagents and conditions: (i) Ferrocenecarboxaldehyde 13, DMF, 20–75 °C, 0.5–22 h; (ii) metallocene–1,1�-dicarboxaldehyde 14 or 15,
DMF, 20–60 °C, 1–20 h; (iii) ferrocene–1,1�-dicarboxaldehyde 14, DMF, 45–60 °C, 20 h; (iv) (E,E)-1-ferrocenyl-4-formyl-1,3-butadiene 16,
20–70 °C, 6–25 h.

Scheme 2. Lowering the barrier of rotation in compounds 8 through ICT.

carboxaldehyde 14 even with an excess of the relatively
poor CH-acidic fluorenes 7d,e gave the mono-adducts
11d,e as the only isolable products. In the case of an
unsymmetrical structure of the fluorene moiety (R1�
R2) compounds 8–12 were isolated as mixtures of E

and Z isomers (according to their 1H-NMR spectra,
Table 1). The isomers could not be separated by chro-
matography, but pure E isomer was isolated for com-
pound 8b by crystallisation from DMF–acetone
solution of the E–Z mixture.
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Table 1
1H-NMR spectral data for fluorenes 8–12

5-H �H2C5H2 �H2C5H2Compound C5H514-H Others1-H (J1,3, Hz) 8-H (J6,8, Hz) 3-H 6-H (J6,5, Hz)

5.20m 5.09m 4.46s –8.86d (2)9.50d (2)9.74d (2)8.99s8a a

E : 8.840d E : 8.835d – 5.17m 5.05m 4.45s –E : 9.70d (2)8b a E : 9.42d (2)8.90s
Z : 8.80dZ : 8.82dZ : 9.69d (2)Z : 9.45d (2)
E : 8.631d8.76s – 5.12m 4.99m E : 4.429s 3.97s (3H, Me)E : 9.65d (2) E : 9.26d (2) E : 8.783d8c a

Z : 8.780d Z : 8.628d Z : 4.427sZ : 9.37d (2) Z : 9.56d (2)
E : 8.23d 5.10m 4.93m E : 4.431s –E : 8.43dd (9)E : 9.08d (2) E : 8.67d8d a 8.67s E : 9.62d (2)

Z : 8.41dd (9) Z : 8.31d Z : 4.426sZ : 9.34d (2) Z : 9.45d (2) Z : 8.84d
E : 8.78d 5.08m 4.91m E : 4.422s –8e a 8.62s E : 9.58d (2) E : 9.09d (2) E : 8.65d E : 8.56dd
Z : 8.75d Z : 4.417sZ : 8.53ddZ : 8.79dZ : 9.44d (2)Z : 9.29d (2)

E : 8.33dd (9)8.47s E : 8.63d 5.02m 4.85m E : 4.402s 4.16s (3H, Me)E : 9.47d (2) E : 8.98d (2) E : 8.68d8f a

Z : 8.34dd (9) Z : 8.71d Z : 4.339sZ : 9.14d (2) Z : 9.35d (2) Z : 8.70d
4-H: 7.99d 4.84t (2 Hz) 4.73t (2 Hz) 4.30s –8.33dd (8)8.34dd8g b 7.84s 9.30d (2) 9.73d (2)
5-H: 7.98d

–4.62s 4.28sE : 4.79s8h c (E, Z): 8.41d (8, 1H), [8.32–8.22m, 8.19–8.13m, (2H)], 7.91d (6, 1H), 7.81t (7, 1H), 7.57–7.48m (2H),
7.47–7.39m (1H) Z : 4.77s

5.67s 5.20s – –9.52br (2) 8.80d (2) 8.65d 8.33d9a c 8.41s
8.33s, 8.27s, 9.45–9.41m (2H), [8.76m, 8.74d (2), 8.69m, 8.64d (2), (4H)], [8.48d –9b c – –5.17m5.49m

(2), 8.46d (2), 8.43d (2), 8.41d (2), (2H)]8.26s, 8.22s
–[9.45d (2), 9.44d (2), 9.36m, (2H)], [8.64d (2), 8.62d (2), 8.54d (2), 8.53–8.49m, 8.29–8.26m, 8.26–8.22m, 3.77s, 3.75s (6H,5.45m 5.06s9c c

8.04m, (8H)] Me)
– 5.53s 5.51s –8.70s –8.38s9.20s7.76s10a c 8.28s

5.53–5.41m10b c [9.12d, 9.10d, 9.06d, 9.05d, (2H)], [8.76d, 8.75d, 8.73d, 8.70d, (2H)], – –7.70s, 7.65s, –
[8.513d, 8.507d, 8.48d, 8.45d, (2H)], [8.31d, 8.28d, 8.21d, 8.19d, (2H)]7.63s, 7.62s

5.42br5.49br –9.19br, 9.11br, 8.59br, 8.41br, 8.32br, 8.31br, 8.22br, 8.19br, 8.11br, 8.10br, 8.05br, 7.72–7.66br.m,10c c 3.76s (6H, Me)
E : 8.75d E : 8.35dd (9) E : 8.22d 4.99–4.89 (4H,E : 9.33d (2) – E : 9.954s, Z : 9.945s11d c E : 8.88d (2)E : 7.86s;
Z : 8.82d Z : 8.33dd (9) Z : 8.28d (1H, CHO)Z : 9.18d (2) br.m), 4.83Z : 9.10d (2)Z : 9.79s

(2H, br.m),
4.72–4.67 (2H)
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Table 1 (Continued)

5-H �H2C5H2 �H2C5H2 C5H5Compound Others14-H 1-H (J1,3, Hz) 8-H (J6,8, Hz) 3-H 6-H (J6,5, Hz)

E : 8.71d 4.99–4.89 (4H,E : 8.88d (2) –E : 8.59d E : 9.945s, Z : 9.933sE : 8.43dd (8)E : 9.29d (2)E : 7.83s;11e c

Z : 8.63d Z : 8.41dd (8) Z : 8.73d (1H, CHO)br.m), 4.83Z : 7.56s Z : 9.05d (2) Z : 9.17d (2)
(2H, br.m),

4.72–4.67 (2H)
– 4.78s 4.63s 4.24s9.28br.s 6.13br.m (2H),8.77br.s12a c 8.70br.s8.63d (12) 9.46br.s

7.40–7.50br.m (1H),
7.60–7.76m (1H)

– 4.72s 4.68s 4.31s12b d 6.84–6.98m (1H),7.90d (12) E : 9.22br E : 8.95br E : 8.79br E : 8.67br
Z : 9.22br Z : 8.74br Z : 8.72brZ : 8.95br 7.13d (1H, 2 Hz),

7.24–7.37m (1H),
7.37–7.50m (1H)

E : 8.83d E : 8.67d 4.62t (2 Hz) 4.55t (2 Hz) 4.21s 6.83–7.00m (2H),E : 7.78d (13)12c b E : 9.20d (2) E : 8.85d (2)
Z : 8.92d (2) Z : 9.13d (2) Z : 8.77d Z : 8.73dZ : 7.76d (13) 7.10–7.20m (1H),

7.36–7.52m (1H),
[E : 3.884s, Z : 3.877s
(3H, Me)]

E : 8.74br E : 8.34d (9) E : 8.32d 4.60s 4.53s 4.21s 6.80–7.00m (2H),12d b E : 9.17brE : 7.73d (13) E : 9.02br
Z : 8.73br Z : 8.27d (9) Z : 8.20d 7.06–7.16m (1H),Z : 7.56d (13) Z : 8.90br Z : 8.77br

7.35–7.53m (1H)
E : 8.76d (8) 4.60s 4.52s 4.21sE : 9.01br 6.80–7.00m (1H),E : 9.14br E : 8.61br E : 8.42d12e b 7.65–7.75m

Z : 8.56br Z : 8.37d 7.05–7.12m (2H),Z : 8.71d (8)Z : 8.86br Z : 8.73br
7.35–7.50m (1H)

a In acetone-d6.
b In CDCl3.
c In Me2SO-d6.
d In C2D2Cl4 at 80 °C.
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Fig. 1. 1H-NMR monitoring of E–Z isomerisation of compound 8b in CDCl3: (top) immediately after dissolution; (bottom) after 4 days storage
at 20 °C.

Table 2
CV data for ferroceno–fluorenes 8 (0.2 M Bu4N+PF6

−�CH2Cl2)

Compound �E=E1red
1/2 −E2red

1/2 (V)E1/2 (V vs. Fc/Fc+) EA (eV) a

E1red
1/2 (A�A�−) E2red

1/2 (A�−�A2−)E1ox
1/2 (D�D+) E3red

1/2 (A2−�A�3−) b

−0.93 −1.12 −1.90 0.198a 2.10+0.29
−1.03 −1.17 –+0.27 0.148b 2.00

+0.308c −1.07 −1.20 – 0.13 1.96
−1.21 −1.348d –+0.24 0.13 1.82
−1.26 −1.32 –+0.23 0.068e 1.77

8f +0.21 −1.37 – – 1.66
+0.198g −1.47 – – 1.56

−2.20 – –+0.128h

Correlation parameters for 8a–g using Eq. (1)
E0

1/2 (V) 0.081�0.019 −2.01�0.03 −1.81�0.04 –
�CV×102 (V) 4.2�0.5 21�1 13�1 –

1.9 2.21.8s0×102

0.990 0.969 –r 0.961

a 2,4,5,7-Tetranitro-9-dicyanomethylenefluorene (DTeF) was used as reference acceptor: EA=2.77 eV, E1
1/2=+0.23 V vs. Ag � AgCl (i.e. −0.26

V vs. Fc/Fc+) [27].
b Quasi-reversible reduction.

2.2. 1H-NMR spectra

Due to the strong ICT in these compounds, which
can be represented by zwitterionic resonance structures
(Scheme 2), the rotation barrier around the formally
double exocyclic C(9)�C(14) bond is expected to be
relatively low [5] and E–Z isomerisation occurs in
solution: after 4 days storage of pure (E)-8b at 20 °C in
CDCl3 solution, both isomers were found in a ratio of
ca. 2:1 (Fig. 1). The increase in the media polarity
significantly facilitates this rotation: a freshly prepared
solution of (E)-8b in acetone showed the presence of
both isomers in a 1:1 ratio. Isomerism around two
double bonds for 9 and 10 brought about the same

complication in their 1H-NMR spectra. For these com-
pounds three isomers can exist in solution: EE, EZ�ZE
and ZZ. Taking into account that isomers EE and ZZ
are symmetrical, four sets of signals should be expected
[E(EE), Z(ZZ), E(EZ) and Z(EZ) ], as were observed for
derivatives b and c (where R1�R2, Table 1).

2.3. Electrochemistry

Due to the presence of both electron acceptor and
electron donor moieties in derivatives 8, in cyclic
voltammetry (CV) experiments they display amphoteric
redox behaviour involving one fully reversible single-
electron oxidation wave, and multistep reduction (re-
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versible or partly reversible) processes (Table 2). Al-
though the half-wave oxidation potentials, Eox

1/2, origi-
nating from oxidation of the ferrocene donor show only
a minor anodic shift with increasing the number of
electron withdrawing substituents on the fluorene ring,
the tendency is clear and the value of the shift is
statistically reliable (Table 2). For a smaller set of
2,7-disubstituted fluorene– ferrocenes of type 8, no ef-
fect of substituents on the oxidation potentials was
reported [25].

In the case of the strongest acceptor, 8a, three single-
electron reduction waves (first two reversible and third
quasi-reversible), yielding sequentially the radical an-
ion, dianion and radical trianion species have been
observed (Fig. 2, Table 2). However, the kinetic stabil-
ity of the reduced species thereby obtained is limited,1

and the redox-response from the decomposition (or
rearrangement) products has been observed in the CV.2

The reduction potentials (E red
1/2) of the radical anion and

dianion formation were found to depend linearly on the
nucleophilic �p

− constants of the substituents in the
fluorene nucleus:

E1/2=E0
1/2+�cv��p

−, (1)

where ��p
− is the sum of the nucleophilic �p

− constants
of the substituents [26] in the fluorene nucleus and �CV

a parameter of the sensitivity of the redox potential to
the substituents in the acceptor moiety.

The sensitivity parameters (�CV) of the first reduction
wave are higher than those of the second one, so the
separation between those two waves decreases with a
lowering of the electron withdrawing ability of sub-
stituents on the fluorene moiety from �E1–2

1/2 =0.19 V
for 8a to 0.06 V for 8e (Table 2). This leads to
overlapping (Fig. 2, compound 8e) and then to a com-
plete merger of the first and the second reduction
waves, so the reduction of the fluorenes 8f–h occurs in
one two-electron process.

Estimation of electron affinities (EA) of compounds
8a–g by Eq. (2) [1b,27] characterise them as moderate
to weak electron acceptors with EA ranging from 2.10
to 1.56 eV (Table 2):

EA(ref)−EA=E1red
1/2 (ref)−E1red

1/2 (2)

where EA(ref) and E1red
1/2 (ref) are electron affinity and

reduction potential for reference acceptor.
The voltammograms for bis-fluorene–metallocenes 9

and 10 were complicated by the presence of two reduc-
tion centres (two fluorene moieties), which, together
with limited solubility and instability of the reduced
species (also for compounds 11 and 12) precluded an
accurate determination of the half-wave reduction po-
tentials for these compounds.

2.4. Electron absorption spectra

The presence of both electron donor and electron
acceptor fragments in the compounds under investiga-
tion leads to strong ICT which is manifested in the
appearance of a long-wavelength absorption bands
(ICT band) in the visible region of their electronic
spectra (Fig. 3). Its intramolecular nature was estab-
lished by linear concentration dependence of the ab-
sorbances. The maximum of this band, which depends
on the metal (Fe, Ru), the substituents on the acceptor
moiety, and the solvent used, lie in the range of 500–
700 nm (Tables 3 and 4).

The higher donor ability of ferrocene compared to
ruthenocene is manifested in a substantially lower ICT
energy for compounds 9 (bathochromic shift of �ICT�
100 nm from 10 to 9, Fig. 3). The elongation of the
conjugation path between the donor and the acceptor
moieties from one to three ethylene linkages also facili-

Fig. 2. Cyclic voltammograms of compounds 8a and 8e in CH2Cl2,
electrolyte, Bu4NPF6 (0.2 M); scan rate, 200 mV s−1.

Fig. 3. UV–vis spectra of compounds 8a, 9a, 10a and 12a in acetone
(20 °C).

1 The instability of the radical anion seems to be a common feature
of 9-arylidenofluorenes, which possess a hydrogen atom at the exo-
cyclic double bond. This is in contrast to most other fluorene
derivatives without hydrogen at that position.

2 An increase in the scan rate improved the reversibility of the
reduction processes. For 8a a clear CV has been obtained with the
scan rate 1000 mV s–1.
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Table 3
UV–vis spectral data for ferroceno–fluorenes 8

PhCl (5.62) AcOEt (6.02) THF (7.39) CH2Cl2 (9.08) CH2ClCH2ClDioxane Acetone��p
−Solvent (�20) a MeCN (37.5)Benzene (2.28) CHC13 (4.81)

(20.74)(10.36)(2.21)
�ICT (�ICT)Compound

609.5 612.58a 6145.08 622.5 (4800) 608.5 (4600) 604.5608 615.5 620.5 620.5
604.58b 6084.81 621 627.5 608 609598.5 609.5 625.5 621.5
591 595.5 603 609 596.5 595602.56038c 4.446 589 595.5
575.5 579.5 588 593.5 578 577.58d 3.81 573.5 582.5 590 588.5
569 573.5 580.5 586 572 569.55808e 583.55745673.54
558.5 562.5 567 571 560.58f 559.53.176 558.5 563.5 568 567.5
542 547.5 550.5 556 544.5 542552.52.548g 552.5551.5546

–1.00 494.5 – 499.5 501 – –– – –8h

Correlation parameters for the series 8 using Eq. (3).
2.60�0.02 2.51�0.01 2.55�0.01 b 2.56�0.032.51�0.01 2.52�0.022.49�0.01 2.53�0.03h� ICT

0 (eV) 2.50�0.03 2.50�0.02
−11.4�0.5 −9.6�0.2 −11.2�0.5 −12.0�0.8 −9.8�0.4 −9.9�0.6�ICT×102 (eV) −9.1�0.2 −9.4�0.3 −10.2�0.8 −10.1�0.5
17 4.5 30 27 9.8 14116.1 17s0×103 4.1

0.994 0.995 0.999 0.989 0.988 0.995 0.9900.999 0.998 0.987r
7 7 8 7 15 8 7 7N 7 7

a Relative permitivities are given in parentheses.
b This correlation also includes data for compounds 17a (��p

−=0.25, �ICT=494 nm), 17b (��p
−=0.27, �ICT=494 nm), 17c (��p

−=1.27, �ICT=512 nm), 17d (��p
−=0.50, �ICT=504 nm),

17e (��p
−=0.54, �ICT=502 nm), 17f (��p

−=1.03, �ICT=498 nm) and 17g (��p
−=2.06, �ICT=522 nm) from Ref. [28].
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Table 4
UV–vis spectral data for metalloceno–fluorenes 9–12

�ICT (nm) (�ICT (M−1 cm−1))Compound

Acetone1,2-Dichloroethane

9a 624 (5100)622.5
9b 610.5
9c 604

508 (6900)521.510a
10b 513.5

499.510c
55711d

11e 548
690 (17 000)70612a

69212b
12c 663

63812d
625.512e

Correlation parameters for the series 12 using Eq. (3)
h� ICT

0 /eV 2.51�0.02
�ICT×102/eV −14.7�0.9

0.012s0

r 0.994

tates the ICT process, resulting in a bathochromic shift
of ca. 40–80 nm and a significant increase (ca. 3–3.5
times) in the intensity of the ICT band (Fig. 3). Such
behaviour is expected for ethylene-bridged conjugated
D–�–A systems, and we observed the same tendency in
1,3-dithiole–�–fluorene push–pull chromophores [7a].

Increasing the acceptor character of the fluorene
fragment by the introduction of electron withdrawing
substituents also results in a bathochromic shift of the
ICT band. To estimate quantitatively the effect of the
substituents upon the ICT energy (h�ICT corresponding
to �ICT) Eq. (3) [5] was used:

h�ICT=h� ICT
0 +�ICT��p

− (3)

where �ICT is a parameter of the sensitivity of ICT
energies to the structure of the acceptor moiety.

As seen from Tables 3 and 4, excellent correlations
(r�0.99) are observed for compounds 8 and 12. The
values of �ICT (Tables 3 and 4), are close to those found
for the other push–pull fluorene systems reported by us
recently [5,7a,b,8b] and only minor variation with the
solvent was found for series 8 (between −0.09 and
−0.11 eV). The sensitivity parameter for �-extended
ferrocenes 12 (−0.15 eV) was somewhat higher than
that of the short-bridged compounds 8.

For compounds of type 8, data on �ICT in CH2Cl2 are
available in the literature for 2,7-substituted 9-ferro-
cenylidenefluorenes (17a–g) (Chart 2) [28], and inclu-
sion of literature data into the set shows good linear
dependence over the wide range of substituents (��p

−

varied from 0.25 for 2-bromofluorene to 5.08 for tetran-
itrofluorene, Fig. 4).

All the compounds investigated display solva-
tochromic behaviour (Tables 3 and 4). The maximum
observed shift in �ICT with the change of the solvent
(from dioxane to 1,2-dichloroethane) was 26 nm. How-
ever, in our case a single parameter, e.g. the medium
polarity (�20) or Reichardt’s ET(30) or ET

N values [29] is
insufficient to describe the solvent effect upon ICT
energies, and no satisfactory correlations using the
four-parameter Koppel–Palm equation [30] were
found.

2.5. Sensitisation of PEPK photoconducti�ity

Fluorene acceptors are known [1b,2a,b,7a,8c,9,10,31]
for their ability to sensitise the photoconductivity of
poly-N-vinylcarbazole (PVK), poly-N-(2,3-epoxy-
propyl)carbazole (PEPK) and related polymers [32]
(Chart 3). Recent studies on photoconductive PEPK
films sensitised by fluorene acceptors with ICT show
increased photoresponse of the materials in the ICT
region of the acceptors [2a,5a,6,7a,9]. The electron
affinity of 8a is close to that for the well-known sensi-
tiser, 2,4,7-trinitrofluorenone (TNF) (Table 2), and its

Chart 2.

Fig. 4. Correlation between the energy of ICT band (h�ICT) and the
sum of nucleophilic constants ��p

− of substituents in the fluorene
nucleus for series 8 and 17 (CH2Cl2, 20 °C). Data for compounds 17
are from Ref. [28] (see Table 3).
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Table 5
Results of photophysical measurements of PEPK films sensitised by fluorene–ferrocene derivative 8a

Content of acceptor

S� (m2 J−1) e) PM (%) gWeight % �max (%) fMol % d (�m) a V0 (V) b 100�V/V0 (%) c S�V (m2 J−1) d

2.0–2.3 8–91.5 0.64 1.4�0.1 200–210 2.56.0 0.15–0.20
2.56–74.5 1.9 1.5�0.1 2.7–3.0210–220 8.0 0.25

10–12 205 h 3.1 1.2�0.1 170 10–12 1.4
3 i 1.6 12–131.2�0.1 5–6140 17–20 3.1

a Thickness of the photoconductive film.
b Charge potential of the surface of the film in the dark.
c Relative dark decay of the surface potential for 30 s.
d Electrophotographic response by latent image at the 20% decay level ( at �=632.9 nm).
e Real holographic response by visualised image at the level of 1% of diffraction efficiency (He–Ne laser, �=632.9 nm).
f Maximal diffraction efficiency for plane wave holograms.
g ‘Parasitic memory’, i.e. remained relative diffraction efficiency after erasure.
h Data for acceptor TNF from Ref. [31].
i Data for acceptor DTeF from Ref. [31].

maximum of �ICT lies at 604–622 nm (Table 3), which
is in the range of radiation of a He–Ne laser (�=632.9
nm), so it seems logical to test acceptor 8a as a sensi-
tiser for hologram recording. We have studied the
electrophotophysical properties of PTSM based on thin
films (1.4–1.5 �m) of PEPK sensitised by 1.5 and 4.5
wt.% of acceptor 8a (concentration was limited by the
solubility of the acceptor in the film) using a He–Ne
laser as radiation source (Table 5). ‘PEPK–8a’ compo-
sitions are good insulators in the dark (the surface can
be charged by corona until 140–150 V �m−1), com-
parable with compositions of PEPK with other fluorene
acceptors, and show even lower dark decay of the
surface potential (�V/V0) than the known sensitisers
TNF and 2,4,5,7-tetranitro-9-dicyanomethylenefluorene
(DTeF) (Table 5). However, the photoconductivity is
also lower: the electrophotographic response of the
materials (S�V) is smaller by approximately one order
of magnitude. The materials show observable thermore-
laxation of the surface potential during thermal devel-
opment of the latent electrostatic image, so the
maximal diffraction efficiency of the holograms (�max)
and real holographic response (S�) have moderate val-
ues which allow the recording of holograms with a
good quality after amplification of the image. However,
these materials are not well suited for hologram record-
ing on a real-time scale, e.g. in holographic
interferometry.

2.6. X-ray single-crystal structures

The structures of compounds 8a, 8g and 11d (Figs.
5–7) were determined by single-crystal X-ray
diffraction.

The fluorene system in 8a (Fig. 5) shows the usual
[1b,27b,33] distortion, caused by steric repulsion be-
tween the nitro groups in positions 4 and 5, which are

tilted in opposite directions out of the aromatic plane
and ‘drag’ the C(4) and C(5) atoms with them. Thus,
the average displacement of the fluorene carbon atoms
from their mean plane is 0.11 A� in 8a, versus 0.03 A� in
8g and 11d (Figs. 6 and 7) where this steric overcrowd-
ing is absent. Molecule 11d (Fig. 7) is disordered. One
nitro group is distributed between C(4) and C(5) with
the probabilities 64(1) and 36(1)% (this kind of disorder
was observed previously in 2,4,7-trinitrofluorene deriva-
tives [34]). Besides this, the nitro group at C(7) is
disordered between two positions (A and B), tilted out
of the aromatic plane in opposite directions, with occu-
pancies 90(1) and 10(1)%, respectively. The nitro group
at C(2) shows a similar disorder (occupancies 64.4(4)
and 35.6(4)% for positions A and B), except that here
both positions of O(2) coincide, while N(2) and O(1)
are disordered. It is likely that the out-of-plane ‘tilting’
of the last two nitro groups is spurious. In fact, the
whole fluorene system may be disordered by rocking in
the direction perpendicular to the aromatic plane, but
the displacements are too small to be resolved. All the

Chart 3.
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Fig. 5. Molecular structure of 8a. Henceforth thermal ellipsoids are
drawn at 50% probability level.

their rotation from the plane of the corresponding
benzene rings by 29.2 and 40.8° (cf. other 4,5-dini-
trofluorene derivatives [1b,27b,33,36]: 26.4–41.7°). Un-
expectedly, an even more pronounced rotation of the
nitro group in position 4 was observed for compound
11d, which rotated by 33.0 or 51.2° (for positions A and
B, respectively). This is in contrast to expected and
generally observed results, where the rotation of 4(5)-
nitro groups in 2,4,5,7-tetranitro derivatives is more
than in 2,4,7-trinitro derivatives (because of larger
steric repulsion), and can be explained by the disorder
in the molecule 11d mentioned above.

Compounds 8a, 8g and 11d display a similar twist
between the C(9)�C(14) bond and the adjacent cy-
clopentadienyl ring, by 26.5(7), 27.6(3) and 29.6(3)°,
respectively (Figs. 5–7).

In 2-formyl- and 2,7-diformyl-9-ferrocenylideneflu-
orenes (17f,g) [28], 2,7-diethynyl-9-ferrocenylideneflu-
orene (17h) and its organometallic derivatives 17i,j [37],
this twist is larger (37–40°) and relatively constant,
notwithstanding rather different modes of crystal pack-
ing. It has been suggested that in NLO vinyl– ferrocene
derivatives the planarity of the �-system is stabilised
because it facilitates the ICT from the ferrocenyl
through the C�C bond of the vinyl group to the elec-
tron acceptor substituents at the latter [38]. The less
twisted conformation of 8a, 8g and 11d may thus be
caused by more electronegative (nitro) substituents.
Also, as the number of nitrogroups increases, this
should cause stronger delocalisation of �-electron den-
sity from the C(9)�C(14) bond and facilitate the twist
around this bond.

The precision of the crystal structures is not sufficient
to draw an unequivocal conclusion, but the differences
in bond lengths (although each of them is on the limit
of statistical significance) are all consistent with this
description. Thus, the C(9)�C(14) bond in 8a is longer

Fig. 6. Molecular structure of 8g.

Fig. 7. Molecular structure of 11d, showing the disorder of nitro
groups.

carbon atoms of the fluorene moiety have thermal
ellipsoids elongated along the perpendicular to its
plane, in agreement with this description. Rotation of
the nitro groups is generally typical for other fluorene
derivatives: for the nitro groups in positions 2 and 7
torsion angles around the C�NO2 bonds are relatively
small with no effects from substitution at positions 4
and 5 (2.3–9.1° for compounds 8a and 8g) which is in
the range of the literature data (7.4–20° [35]). In 11d
these angles range apparently from 6.8 to 21.8°, al-
though the actual values may be smaller because of the
disorder (see above). Positions 4 and 5 have certain
steric hindrance and this steric repulsion between the
two nitro groups in positions 4 and 5 in 8a results in
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Fig. 8. Molecular overlap (top) and crystal stacks (bottom) showing
close-packing pattern of fluorene moieties (ferrocene units omitted for
clarity) in compound 8g.

is noteworthy that the average d in 8a, 8g and 11d
increases with the number of nitro groups: 1.648(1) in
8g, 1.652(2) in 11d, 1.658(3) in 8a, although the differ-
ence is not statistically significant.

Crystal packing of 8g and 11d is similar. Fluorene
moieties form stacks, parallel to the x-axis in 8g and
the y-axis in 11d. Adjacent molecules in a stack are
related by inversion centres (Fig. 8, top). The interpla-
nar separations between the average fluorene planes in
8g are practically uniform along the stack (3.35–3.36
A� ) and represent a close-packing pattern (Fig. 8, bot-
tom). In 11d, these separations alternate between 3.52
and 3.55 A� ; closer approach is precluded by the out-of-
plane conformation of the nitro groups. The stacks, in
their turn, pack in layers, intermingled with layers of
ferrocene moieties.

The warped fluorene conformation in 8a precludes
the formation of stacks. Pairs of fluorene moieties
contact face-to-face (interplanar distance 3.8 A� ) and are
surrounded by nitro groups of three other molecules on
either outer side. However, this structure is also charac-
terised by alternating layers of fluorene and ferrocene
moieties, as are 8g and 11d.

3. Conclusions

By reaction of ferrocene caboxaldehyde, its viny-
logue, and ferrocene or ruthenocene dicarboxaldehydes
with nitrofluorenes, four classes of metallocene–
fluorene push–pull compounds of the types Fc–�–
fluorene (8 and 12), OHC–Fc–�–fluorene (11),
fluorene–�–Fc–�–fluorene (9), and fluorene–�–Rc–
�–fluorene (10) were synthesised. CV studies showed
reversible formation of ferrocenium cation and re-
versible stepwise single-electron reductions to radical
anion and dianion species which merged into one two-
electron reduction process with decreasing electron ac-
ceptor ability of the fluorene moiety.

The push–pull nature of these compounds resulted in
ICT from donor metallocene onto acceptor fluorene
fragment, which was monitored by electron absorption
spectroscopy. Elongation of the �-bridge (from one
�-orbital in 8 to 5 �-orbitals in 12) results in a
bathochromic shift of the ICT band (40–83 nm) and an
increase in its intensities. Substitution of Fc in com-
pounds 9a–c by Rc (10a–c) results in a hypsochromic
shift (97–104 nm) of ICT due to lowering the donor
ability of the metallocene fragment. Quantitative Ham-
mett-type correlations were obtained for both CV data
and ICT energies from spectroscopic data. However,
although an observable effect of the solvent was found
upon the ICT energies (i.e. for 8a: �ICT=604.5 and
622.5 nm in acetonitrile and 1,2-dichloroethane, respec-
tively) no quantitative relationships were found for a
set of 10 solvents.

[1.370(7) A� ] than in 8g and 11d (1.350(3) and 1.355(5)
A� , respectively), while the C(14)�C(15) bond is corre-
spondingly shorter, 1.434(7) A� in 8a versus 1.453(3) A�
in 8g and 1.455(5) A� in 11d. Similarly, the C(9)�C(10)
and C(9)�C(13) bonds average 1.466(7) in 8a versus
1.453(3) in 8g and 1.455(5) in 11d. More importantly,
8a displays a significant twist around the C(9)�C(14)
bond, 12.6(4) versus 3.3(2)° in 8g and 5.5(2)° in 11d.
The twist, not warranted by intramolecular steric repul-
sion, is in accordance with the decreased order of this
bond, although in the above mentioned compounds
17f– j, with poor electron accepting properties of
fluorene moiety {cf. �p

− (NO2)=1.27, �p
− (CHO)=

1.03, �p
− (C�CH)=0.53; �p (NO2)=0.78, �p (CHO)=

0.42, �p (C�CH)=0.23 [26b]}, a twist of 6–9° was also
observed [28,37].

The distance between the iron atom and the cy-
clopentadienyl plane (d) is sensitive to the charge on the
ferrocene unit, increasing from 1.649 A� in neutral fer-
rocene (18-electron configuration of Fc) [39] to 1.702 A�
in the 17-electron ferrocenium cation [40]. Therefore, it
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Moderate ability to sensitise photoconductivity of
polymeric semiconductors was demonstrated for accep-
tor 8a in the photothermoplastic regime of hologram
recording. Determination of molecular and crystal
structures for compounds 8a, 8g, and 11d showed �–�
stacking of fluorene moieties in compounds 8g and 11d.
Steric interactions between the nitro groups in positions
4 and 5 of molecule 8a leads to substantial distortions
of the fluorene ring which prevent �–� stack formation.
Further studies on ICT process in functionalised
fluorene systems, and their applications in molecular
electronic devices, are in progress [24b,41].

4. Experimental

4.1. General

1H-NMR spectra were recorded on Varian VXR-400
and UNITY-300 instruments. Chemical shifts, given in
ppm, are in relation to Me4Si as the internal standard.
Electron absorption spectra were recorded on a
Specord M-40 spectrophotometer. Mass spectra were
recorded on a VG7070E spectrometer operating at 70
eV. CV experiments were performed with a PC-con-
trolled BAS CV 50 electrochemical analyser with iR
compensation. Platinum wire, platinum disk [� 1.6 mm
(BAS)] and Ag � AgNO3 (in MeCN) were used as coun-
ter, working, and quasi-reference electrodes, respec-
tively. In all cases, CV experiments were performed in
dry CH2Cl2 with Bu4N+PF6

− as the supporting elec-
trolyte (0.2 M) under N2 flow; concentrations of com-
pounds were ca. 10−4 M. The scan rate was 100–1000
mV s−1. All the potentials are given versus ferrocene/
ferrocenium (Fc/Fc+) couple which was used as an
internal reference; in our conditions E1/2 of Fc/Fc+ was
0.20 V versus Ag � AgNO3 and 0.49 V versus Ag � AgCl
electrodes.

4.2. Ferrocene-1,1 �-dicarboxaldehyde (14)

Prepared by formylation of 1,1�-dilithioferrocene with
DMF according to [42]. 1H-NMR (CDCl3): � 9.93 (s,
2H, 2CHO), 4.87 (t, 4H, J=2 Hz, 2C5H2H2), 4.66 (t,
4H, J=2 Hz, 2C5H2H2).

4.3. Ruthenocene-1,1 �-dicarboxaldehyde (15)

This was obtained similarly to 14 [43]. 1H-NMR
(CDCl3): � 9.69 (s, 2H, 2CHO), 5.17 (t, 4H, J=2 Hz,
2C5H2H2), 4.93 (t, 4H, J=2 Hz, 2C5H2H2).

4.4. 9-(Ferrocenylmethylideno)-2,7-dinitro-4-R1-5-R2-
fluorenes (8a–g). General procedure

Ferrocene carboxaldehyde (93 mg, 0.44 mmol) was

added to a solution of fluorene 7a–g (0.40 mmol) in
DMF (1–2 ml) and the mixture was stirred at 20–
75 °C until the complete conversion of the starting
fluorene (0.5–22 h, TLC monitoring the reaction). The
mixture was diluted with 2-propanol (5 ml), left for a
few hours at 0–5 °C and the resulting precipitate was
filtered off and washed with 2-propanol. The resulting
powder (from black to violet colour) was chro-
matographed on a silica gel column using CHCl3 as the
eluent. Deep-coloured fractions containing the product
were collected, evaporated under reduced pressure, and
the residue was washed with hexane and dried in vacuo,
yielding compounds 8a–g. The reaction time, tempera-
ture, yields of the products and the mass spectroscopic
and elemental analytical data are summarised in Table
6. 1H-NMR spectra are presented in Table 1.

4.5. 9-[(E)-Ferrocenylmethylideno)-2,4,7-trinitro-
5-cyanofluorene ((E)-8b)

Compound 8b (15 mg, mixture of E/Z isomers) was
dissolved in warm DMF (0.5 ml), Me2CO (1 ml) was
added and the solution was kept at 0–5 °C for 6 h. The
resulting crystalline precipitate was filtered off, washed
with Me2CO and dried in vacuo affording pure (E)-8b
(8 mg, 53%). 1H-NMR (CDCl3); � 9.61 (d, 1H, J=2
Hz, fluorene 1-H), 8.99 (d, 1H, J=2 Hz, fluorene 8-H),
8.78 (d, 1H, J=2 Hz, fluorene 3-H), 8.67 (d, 1H, J=2
Hz, fluorene 6-H), 8.17 (s, 1H, fluorene�C�H), 4.98 (t,
2H, J=2 Hz, Cp), 4.92 (t, 2H, J=2 Hz, Cp), 4.36 (s,
5H, Cp).

4.6. 9-(Ferrocenylmethylideno)-4-cyanofluorene (8h)

Butyllithium (1.6 M solution in hexane; 1.5 ml, 2.4
mmol) was added to a solution of di-iso-butylamine
(262 mg, 2.03 mmol) in dry THF (20 ml) at −78 °C.
The solution was allowed to warm to 0 °C for 0.5 h,
then it was cooled to −78 °C and 4-cyanofluorene (7h)
(355 mg, 1.86 mmol) was added, resulting in a deep
violet colour. After 10 min, ferrocene carboxaldehyde
(450 mg, 2.10 mmol) was added, the reaction mixture
was stirred for 3–4 h and the cooling bath was re-
moved. During warming up the mixture turned to dark
red. After stirring at 20 °C for 2 h, Et2O (70 ml) was
added, the organic layer was washed with water and
brine and dried with K2CO3. The solvent was evapo-
rated and the residue was chromatographed on a silica
gel column (eluting with CHCl3). Dark red fraction was
collected, the solvent was removed under reduced pres-
sure and the resulting product 8h (365 mg, 55%) was
recrystallised from toluene (4 ml), affording pure 8h
(265 mg, 40%) as red crystals, m.p. 185–187 °C. An
additional portion of 8h (70 mg, 10%), m.p. 181–
182 °C was obtained by dilution of the mother liquor
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with hexane. The mass spectroscopic and elemental
analytical data are summarised in Table 6 and the
1H-NMR spectrum is presented in Table 1.

4.7. 1,1 �-Bis-(2,7-dinitro-4-R1-5-R2-fluoren-9-
ylidenmethyl)ferrocenes (9a–c). General procedure

Ferrocene-1,1�-dicarboxaldehyde (14) (0.2 mmol) was
added to a solution of the corresponding fluorene 7 (0.1
mmol) in DMF (2 ml), stirred until full dissolution and
the reaction mixture was kept at 20–60 °C for 1–20 h
(TLC monitoring the reaction). After storage at 0–
5 °C for a few hours the resulting precipitate was

filtered off, thoroughly washed with Me2CO and dried
in vacuo at 100–110 °C, yielding products 9a–c as
black powders. The reaction time, temperature, yields
of the target products and the mass spectroscopic and
elemental analytical data are summarised in Table 6.
1H-NMR spectra are presented in Table 1.

4.8. 1,1 �-Bis-(2,7-dinitro-4-R1-5-R2-fluoren-9-
ylidenmethyl)ruthenocenes (10a–c). General procedure

Ruthenocene-1,1�-dicarboxaldehyde (15) (0.2 mmol)
was added to a solution of the corresponding fluorene 7
( 0.1 mmol) in DMF (2 ml), stirred at room tempera-

Table 6
Reaction conditions, yields, m.p.s, MS and elemental analyses for fluorenes 8–12

Found (calc.) (%) or HRMS dataEIMS: m/z FormulaM.p. (°C)Yield (%)T (°C)Time (h)Compound
(M+)

C H N

320 (flash) 542 (100%) C24H14N4O8-0.5 53.3 (53.2)8a 2.7 (2.6)20 Fe: 10.585
Fe (10.3)

10.8 (10.75)8b 2.6 (2.7)57.15 (57.5)2 C25H14N4O6-522 (100%)330 (flash)8020
Fe
C26H17N3O8-555 (100%)320 (flash)70 55.9 (56.25)20 7.55 (7.55)208c 3.1 (3.1)
Fe

�360 497 (77%),50 C24H15N3O6-158d 57.55 (57.95)45 3.05 (3.05) 8.30 (8.45)
121 (100%) Fe

15 60 25 �360 477 (60%), 8.85 (8.8)C25H15N3O4-8e 62.7 (62.9) 3.15 (3.15)
121 (100%) Fe

8f 5.5 (5.5)3.6 (3.6)61.2 (60.9)6522 C26H18N2O6-510 (100%)�36016
Fe

6.2 (6.5)3.6 (3.8)63.7 (63.3)C24H16N2O8-8g 15 452 (34%),330 (dec.)2575
Fe392 (100%)
C25H17NFe 77.5 (77.9) 4.4 (4.2) 3.6 (3.8)8h Individual method 52 185–187 387 (100%)

91 365 (flash)9a 898 (FAB)1 C38H18N8-20 50.8 (51.1) 2.0 (1.9) 12.5 (12.7)
O16Fe

86 �360 858 (FAB)9b C40H18N8-10 20 55.9 (55.7) 2.1 (2.1) 13.1 (13.4)
O12Fe

924 (FAB)355 (flash)7020 2.6 (2.2)16 54.6 (54.9)9c C42H24N6- 9.1 (9.3)
O16Fe

�3607420 11.9 (11.7)1.9 (1.9)10a 48.4 (48.7)1 C38H18N8-944 (FAB)
O16Ru

2.0 (2.4) 12.4 (12.1)53.2 (53.7)10 C40H18N8-10b 904 (FAB)�3607820
O12Ru

75 350 (flash) 970 (FAB) C42H24N6-90 52.0 (51.6) 2.5 (2.3) 8.7 (9.0)10c 20
O16Ru

525 (100%) C25H15N3O7-45 HRMS (EI): 525.02670 (required 525.02594)17.511d �36020
Fe

505 (100%) C26H15N3O5-60 HRMS (EI): 505.03618 (required 505.03611)8.511e �36020
Fe

HRMS (EI): 594.04761 (required 594.04740)C28H18N4O0-594 (100%)�30012a 97202
Fe

6 HRMS (EI): 574.05617 (required 574.05758)12b 20 90 �300 574 (100%) C29H18N4O6-
Fe

12 20 67 �30012c 607 (6%), 533 6.9 (6.9)C30H21N3O8- 59.1 (59.35) 3.50 (3.5)
Fe(100%)
C28H19N3O6-549 (100%)�30084 7.75 (7.65)60 3.5 (3.5)1512d 61.05 (61.2)
Fe

HRMS (EI): 529.07350 (required 529.07250)C29H19N3O4-529 (100%)�30010702512e
Fe
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ture (r.t.) for 1–90 h (TLC monitoring the reaction)
and diluted with MeOH (1 ml). After storage at 0–
5 °C for a few hours the precipitate was filtered off,
washed with Me2CO–MeOH mixture (1:1, v/v) and
dried in vacuo at 100–110 °C, affording products 10a–
c as black powders. The reaction time and temperature,
yields of the products and the results of mass spectro-
scopic and elemental analytical data are summarised in
the Table 6. 1H-NMR spectra are presented in Table 1.

4.9. 9-(1 �-Formylferrocenyl-1-methylideno)-4-R1–
fluorenes (11d,c). General procedure

Ferrocene-1,1�-dicarboxaldehyde (14) (0.2 mmol) was
added to a solution of the corresponding fluorene 7 (0.1
mmol) in DMF (2 ml), stirred until full dissolution and
the mixture was kept at 45–60 °C for 20 h. After
storage at 0–5 °C for a few hours the precipitate was
filtered off, washed with Me2CO and dried in vacuo.
The crude product contained insoluble impurity; it was
purified by extraction with 1,2-dichloroethane in a
Soxhlet extractor. The extract was concentrated in
vacuo to 0.5–1 ml, the precipitate filtered off and
washed with iso-octane, affording compounds 11. The
reaction time, temperature, yields of the products and
the results of mass spectroscopic and elemental analyti-
cal data are summarised in Table 6. 1H-NMR spectra
are presented in Table 1.

4.10. (E,E)-1-Ferrocenyl-4-formyl-1,3-butadiene (16)

Ferrocene carboxaldehyde (13) (500 mg, 2.34 mmol)
and dry CsF (260 mg, 1.71 mmol) were dissolved in
Me2SO (0.25 ml) and �-trimethylsilyl-N-tert-butylcro-
tonaldimine (from Ref. [44]; now available commer-
cially from Acros) (600 mg, 3.05 mmol) was added at
20 °C. The mixture was stirred for 0.5 h at 20 °C and
then for 0.5 h at 100 °C. After cooling to r.t., a
degassed solution of ZnCl2 in water (10 ml; 10%) and
ether (10 ml) were added (Caution! A strong exothermic
reaction took place during this operation; external cool-
ing is necessary). The mixture was stirred for 2 h, the
organic layer was separated and the water layer was
extracted with Et2O (2×10 ml). The combined Et2O
solutions were washed with brine, dried over CaCl2 and
the solvent was removed in vacuo. The residue was
chromatographed on silica gel using CHCl3 as the
eluent. The first orange fraction of unconverted 25, was
immediately followed by a violet fraction of impure
product which was reduced in vacuo to 1–2 ml, diluted
with hot hexane (6 ml), filtered while hot and left to
crystallise affording violet needles of aldehyde 16 (92
mg, 15%), m.p. 129–131 °C. [The residue after evapo-
ration of the mother liquor contained an additional
portion of product 16 (ca. 20 mg, 3%) together with
some amount of unconverted ferrocene carboxaldehyde

13.] EIMS; m/z : 266 [M+, 100%]. 1H-NMR (CDCl3): �

9.57 (d, 1H, J=8 Hz, CHO), 7.16 (ddd, 1H, J=15, 11
and 0.6 Hz, �CH�CH�CH�CH�CHO), 6.89 (d, 1H,
J=15 Hz, �CH�CH�CH�CH�CHO), 6.60 (ddd, 1H,
J=15, 11 and 1 Hz, �CH�CH�CH�CH�CHO), 6.15
(ddd, 1H, J=15, 8 and 1 Hz, �CH�CH�CH�CH�
CHO), 4.50 (t, 2H, J=2 Hz, Cp), 4.43 (t, 2H, J=2 Hz,
Cp), 4.16 (s, 1H, Cp). 13C-NMR (CDCl3): � 193.80
(C�O), 152.89, 143.65, 128.88, 123.77, 80.41 (Cp), 70.83
(Cp), 69.70 (Cp), 68.15 (Cp).

4.11. 1-Ferrocenyl-5-(2,7-dinitro-4-R1-5-R2-
fluorene-9-ylidene)-1,3-pentadiene (12a–e)

(E,E)-1-Ferrocenyl-4-formyl-1,3-butadiene (16) (0.08
mmol) was added to a solution of the corresponding
fluorene 7 (0.10 mmol) in DMF (1 ml) and the mixture
was stirred at 20–70 °C until full conversion of the
starting aldehyde (TLC monitoring the reaction). After
cooling, the resulting precipitate was filtered off (except
in a case of 12e when the reaction mixture was first
diluted with Me2CO, 2 ml), washed with DMF (for
12a–d), then with Me2CO and dried in vacuo, yielding
pure 12 as a black powder. The reaction time, tempera-
ture, yield of the product and mass spectroscopic and
elemental analytical data are summarised in Table 6.
1H-NMR spectra are presented in Table 1.

4.12. Photophysical measurements of sensitised PEPK
films

PTSM were prepared as follows: anionic PEPK (0.5
g) [45] and a corresponding amount of the acceptor
were dissolved separately in methyl ethyl ketone (both
in 5 ml), and the solutions were combined and filtered.
The resulting solution was supported on an ITO coated
glass base. The final thickness of the photoconductive
films was 1.4–1.5 �m. The surface of the film was
charged by positive corona discharge grid until the
maximal possible potential which was then measured
by the dynamic sonde method. Relative dark decay of
the surface potential (�V×100/V0) was estimated for
the time of 30 s (�V=V0−V�, where V� is the charge
potential of the surface in the dark after �=30 s). The
electrophotographic response (S�V, m2 J−1) was esti-
mated by latent electrostatic image on the level of 20%
decay of the initial potential V0 under the illumination
with wavelength of 400–900 nm and the intensity of 0.1
�W cm−1. The real holographic response (S�, m2 J−1)
was estimated at the level of 1% diffraction efficiency
(�=1%) of the visualised image by recording the holo-
grams of the planar light wave at the spatial frequency
of �=450 mm−1 with irradiation of a He–Ne laser
(�=632.9 nm). Maximal diffraction efficiency, achieved
without amplification of the hologram recording (�max,
%), was found as the ratio of the beam intensity
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Table 7
Crystal data and experimental details

Compound 8a 8g 11d

C24H16FeN2O4Formula C25H15FeN3O7C24H14FeN4O8

Formula weight 452.24542.24 525.25
120120 100Temperature (K)

MonoclinicCrystal system Monoclinic Monoclinic
Space group P21/c (c 14)P21/c (c 14) P21/c (c14)
Unit cell dimensions

a (A� ) 7.262(1)12.850(6) 13.418(2)
11.308(5)b (A� ) 10.307(1) 7.258(1)

25.114(3)15.640(7) 21.624(3)c (A� )
103.76(1)	 (°) 97.64(1) 91.84(1)
2207(2)V (A� 3) 1863.1(4) 2104.8(5)

44 4Z
16836 18834Reflections 24605

collected
4292Unique reflections 55773889
0.052Rint 0.1030.104

2682Reflections 3596 4436
F2�2�(F2)

0.0360.062 0.068R [F2�2�(F2)]
wR(F2) (all data) 0.144 0.085 0.158
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