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Abstract—The synthesis of a range of ferrocene-substituted ethynylanthracenes and 1,10-(bis-(2-ethenylanthraquinoyl)ferrocene has
been achieved. The synthesis relies on the production of ferrocenylanthraquinones as key precursors. The products were obtained in
the reactions of ferrocenylanthraquinones with phenylethynyllithium or trimethylsilylethynyllithium followed by reduction with tin
chloride. The key products such as 1- and 2-ferrocenyl(9,10-bis-phenylethynyl)anthracenes have been characterised by X-ray single
crystal diffraction.
� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

The design and synthesis of compounds for applications
in material science, both molecular and supramolecular,
for use in sensor chemistry and optoelectronics is an
important and topical area of research.1 The construc-
tion of such molecules is dependent on the availability of
key molecules, which have useful physical or chemical
properties, for example, light or heat sensitivity, redox
or pH activity, selective binding etc. Such molecules
include crown ethers,2 cryptands,3 metallocenes,4

bipyridines5 and quinones.6 The combination of two such
active molecules should lead to compounds with both
interesting structural and material properties. We and
others have been especially interested in the combina-
tion of ferrocene with a range of such active molecules
for many years. Ferrocenes and their derivatives are
widely used in material science because of their inherent
reductive and photochemical stability and additionally
because of their clean electrochemistry.7 Our research
has two main objectives in this area, which are the
synthesis of ferrocene-containing luminescent molecules
and of ferrocene donor–acceptor molecules. The former
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may seem something of a contradiction in that ferrocene
is a well known to be a fluorescence quencher, however
it is also well established that on oxidation of the iron
centre this quenching is mitigated and that the intra-
molecular inclusion of ferrocene may not lead to
quenching.8 Thus it should be possible to develop elec-
tro-optical switching devices based on this premise.

One particularly interesting area of investigation is in
the synthesis and characterisation of substituted qui-
nones, anthraquinones and anthracenes. Recently a
description of the direct synthesis of ferrocenylqui-
nones9 has been published using a synthetic procedure
beginning with appropriately substituted cyclobutenes
and lithioferrocenes, while ferrocenylanthracenes10 and
ferrocenylanthraquinones11 have been known for a
considerable time. 1-Ferrocenylanthraquinone is pre-
pared directly from ferrocene from the diazonium FAST
RED AL salt, although this literature isolation proce-
dure is tedious,12 as considerable quantities of anthra-
quinone and 1-hydroxyanthraquinone are also formed,
which tend to precipitate and which are difficult to
remove by chromatography, particularly when the
reaction is carried out on a large scale. Thus a slight
modification to the literature method has been imple-
mented to achieve cleaner reaction chemistry. The
2-ferrocenylanthraquinone can be similarly obtained
with a slight modification to the reaction procedure,
additional details of which are reported here.13

mail to: i.r.butler@bangor.ac.uk;


Figure 1. Molecular structure of 2 showing the hydrogen bonded

chains that extend along the b-direction. Nonhydroxyl hydrogen atoms

have been omitted for clarity and thermal ellipsoids drawn at the 35%

probability level. The data have been deposited at the Cambridge

Crystallographic Centre CCDC 210617.
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In the case of fluorescent molecules one class of mole-
cules is of special interest to us, which are the aryl- and
alkynylanthracenes and their precursor anthraqui-
nones.14 9,10-Bis-arylalkynylanthracenes are used in
commercial lightsticks as the fluorescence agents15 in
combination with the fuel source, normally diarylper-
oxylates and hydrogen peroxide. The best literature
syntheses of these molecules to date are from the reac-
tions of 9,10-dibromoanthracenes (or diiodoanthrac-
enes16) and the appropriate arylalkyne using palladium
catalysed coupling, Scheme 1a17 although an earlier
alternative synthetic method, which involves the reac-
tion of anthraquinones with alkynyllithiums followed by
reduction of the product trans-diols with either stannous
chloride or phosphate is also available, Scheme 1b.18

One other class of compounds, which are currently
under investigation are ethenylanthraquinones, which
undergo photochemical cis–trans isomerisation accord-
ing to Scheme 2.19 In recent work a ferrocene analogue,
1, also shown in Scheme 2, of these compounds has been
reported together with further derivatives of this mole-
cule,20 however the more interesting disubstituted fer-
rocene compound was not investigated. We have also
been active in this area and we now report the synthesis
and characterisation of the disubstituted ferrocene
compound.

In the initial synthetic studies a comparison of the two
synthetic methods towards the alkyne-substituted
anthracenes was made using trimethylsilylethyne as the
alkyne group and the crystallographic structures of an
intermediate diol 2 and an alkyne 3 were determined to
provide structural information for modeling (Figs. 1 and
2). The two synthetic methods were found to be equally
effective in terms of ease of use and overall yield. In
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accord with the literature data, the trans diols are the
main products, although the cis isomers were also
observed in the crude reaction products by NMR
analysis. There is evidence for strong hydrogen bonding
in the solid state structures of the trans products, for
example, as shown in Figure 1. The direct reaction of the
anthraquinones with alkynyllithiums was selected for
the synthesis of the ferrocene-substituted molecules
because of the ready availability of the anthraquinone
precursors and the difficulties encountered in the prep-
aration of the iodo-substituted ferrocenylanthracenes.
2. Monosubstituted ferrocenes

The two monosubstituted 1- and 2-ferrocenylanthra-
quinone starting reagents 4 and 5 were prepared by a
Fe

CH3, OCH3,Cl, Br, F, CN.
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Figure 2. Molecular structure of one of the two independent molecules of 3 in the asymmetric unit that differ slightly in the flex of the molecule.

Hydrogen atoms have been omitted for clarity and thermal ellipsoids drawn at the 35% probability level. The data have been deposited at the

Cambridge Crystallographic Centre CCDC 210618.
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modification of the literature methods.12;13 The optimum
preparative method was the use of palladium-catalysed
couplings of ferrocenylboronic acid21 or ferrocenyl zinc
chloride with bromoanthraquinones, although we used
the diazonium arylation route where large quantities of
compounds >25 g were required. It then proved rela-
tively easy to obtain the 1-ferrocene-substituted diary-
lanthracenes from the direct reaction of an aryllithium
reagent followed by reduction of the product trans-diol,
with or without isolation, using stannous chloride.
These compounds were obtained as bright orange or
orange-red solids, 6 and 7, Scheme 3.22

The reaction of the 1- and 2-ferrocenylanthraquinones
with trimethylsilylethynyllithium afforded the trans-diols
8 and 10, which were subsequently reduced by tin
chloride to their corresponding ferrocenylanthracenes 9
and 11 (Scheme 4). Deprotection of the TMS alkyne 9
Fe
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could be carried out both by the standard hydroxide
method or by using ammonium tetrafluoroborate, the
latter being preferable, although the unprotected alkyne
was found to be extremely air and light sensitive and was
difficult to isolate by chromatography without special
precautions.23

The phenylethynyl-substituted compounds 13 and 15
were subsequently prepared via the trans-diols 12 and 14
by the same method beginning with compounds 4 and
5 using phenylethynyllithium as the reagent.24 Both
phenylethynyl products were crystallographically char-
acterised. One of these isomers is shown in Figure 3 (13:
CCDC 210616, 15: CCDC 208150).

We have found as a practical synthetic method that the
product alkynes may be obtained in all cases without
isolation of the diols in a one pot procedure.
Fe

6 7

or

S

S

2O; (ii) SnCl2/acetic acid; 6 65% overall, 7 57% overall.
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Figure 3. Molecular structure of 13. Hydrogens have been omitted for

clarity and thermal ellipsoids drawn at the 35% probability level. The

data have been deposited at the Cambridge Crystallographic Centre

CCDC 210616.
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The extension of this reaction for the synthesis of the
disubstituted compounds 16 and 17 beginning with bis-
1,10-(2-anthraquinoyl)ferrocene was similarly successful
although neither of these compounds have been crys-
tallographically characterised as yet since they tend to
form deep red/black fine crystalline powders. In this case
the precursor bis-anthraquinolylferrocenes were more
difficult to obtain compared to the monosubstituted
derivatives in that palladium-catalysed coupling of the
disubstituted tri-n-butylstannylferocenes and ferrocenyl
zinc chlorides were ineffective and the only reactions,
which were effective were the diazonium salt route or the
Suzuki coupling reactions both of which were low
yielding (Scheme 5).
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Scheme 5. Reagents and conditions: (i) RACBCALi, ether; (ii) SnCl2/AcOH

Figure 4. Molecular structure of 18. Hydrogens have been omitted for clarit

have been deposited at the Cambridge Crystallographic Centre CCDC 2106
Finally, as mentioned in the Introduction, we have
successfully obtained the bis-1,10-(2-ethenylanthraqui-
nonyl)ferrocene 1825 from the reaction of ferrocene 1,10-
bis-carbaldehyde with [(2-anthraquinonyl)methyl]tri-
phenylphosphonium bromide following a modified
literature procedure, which had been used for the
preparation of the monosubstituted compound, 1.20

Interestingly, on isolation of the product by chroma-
tography it was apparent that several geometric isomers
were present. Recrystallisation of the crude sample
however afforded a crystalline sample of the predomi-
nant trans–trans isomer, which has also been structur-
ally characterised, Figure 4.

In conclusion, we have been able to prepare key com-
pounds in the quest for redox-active light emitters and
photochemically active ferrocenes. Future investigations
will be tailored towards applications of these molecules
in material science. In preliminary experiments it has
been observed that these compounds may be used suc-
cessfully as fluorescers in chemiluminescence.
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)78 �C whereupon one equivalent of n-BuLi (0.6mL,
1.4mmol, 2.5M) was cautiously added dropwise. The
reaction mixture was left to stir under nitrogen at )50 �C
for 30min. 2-Ferrocenylanthraquinone (0.3 g, 0.7mmol)
was added directly to the cooled solution using a powder
funnel. The reaction mixture was stirred for 2 h. The
solution was filtered, dried with anhydrous magnesium
sulfate and the solvent was evaporated under reduced
pressure yielding initially a brown viscous oil (0.33 g),
which could be crystallised from a mixture of diethyl ether
and pet. ether (40/60). IR, mmax (film)/cm�1 3623 (3683),
2362 (2399), 1518 and 1418; 1H NMR (250MHz, CDCl3)
3.61 (2s, 2 ·OH), 4.20 (s, 5H), 4.61 (pt (dd), 2H, JHH ¼
1:9Hz), 5.15 (pt (dd), 2H, JHH ¼ 1:9Hz), 7.47 (m, 6H),
7.64 (m, 4H), 7.80 (m, 4H), 8.67 (m, 3H); DIMS: m=z (%)
596 (15) Mþ, 594 (10), 562 (8), 494 (100). Accurate mass
EI+: 597.1497 D ¼ �3:3 C40H28O2 Fe. The product was
also characterised by crystallography, details of which will
be published separately. Yield 88%.
Typical synthesis: preparation of 9,10-bis(phenylethynyl)-
2-ferrocenylanthracene, 15. The crude diol obtained as
above (0.2 g, 0.33mmol) was added and stirred at room
temperature to a solution of acetic acid/water (50:50,
100mL) and left to stir until all the solid was dissolved. An
excess of SnCl2 (5mol equiv) was added via a powder
funnel to the reaction mixture and the mixture was left to
stir for 2 h. The product was extracted with diethyl ether
(3 · 100mL). TLC analysis (eluent petrol/diethyl ether
90:10) indicated the presence of four compounds, Rf
values 0.77, 0.67, 0.37, 0.19 corresponding to 9,10-
bis(phenylethynyl)anthracene, the title product, the semi-
quinone and the diol starting material, respectively. The
combined extracts were dried and evaporated under
reduced pressure to leave a red-brown solid, which was
purified by column chromatography on silica using
hexane/diethyl ether 9:1 as the eluent. Fractions were
collected from the column into small vials and left open
for solvent evaporation. Red crystals of the product were
obtained (35%). 1H NMR (250MHz, CDCl3): 4.13 (5H,
s), 4.48 (2H, pseudo t (dd), JHH ¼ 1:9Hz), 4.90 (2H,
pseudo t (dd), JHH ¼ 1:9Hz), 7.50 (6H, dd, 3JHH ¼ 7:6Hz,
4JHH ¼ 3:4Hz), 7.65 (2H, dd, 3JHH ¼ 7:0Hz, 4JHH ¼
3:7Hz), 7.81 (4H, d, JHH ¼ 1:2Hz), 7.84 (1H, d,
J ¼ 2:5Hz), 8.63 (1H, s), 8.67 (1H, m), 8.70 (1H, m),
8.71 (1H, m); UVabs (CHCl3) kmax 308 nm, 456 nm.
Accurate mass EI+: 562.1384 D ¼ �1:3 C40H26Fe.
Adaptation of the synthesis for the formation of the
disubstituted ferrocenes 16 and 17 adding 5 equiv of the
lithio alkynes to the bis-1,10-(2-anthraquinolyl)ferrocene
resulted in the formation of the products, representative
data: 16: (yield: 54%) 1H NMR (250MHz, CDCl3): 4.54
(4H, br s), 4.88 (4H, br s), 7.37 (20H, m), 7.60 (8H, m),
7.90 (2H, br s), 8.01 (2H, m), 8.09 (2H, m), 8.21 (2H, m).
13C NMR (250MHz, CDCl3): 67.32, 70.43 (ferrocenyl a
and bC�s), 124.62, 125.77, 126.02, 126.92, 126.97, 128.11,
128.34, 128.44, 131.48, 131.71 (no quaternary C�s ob-
served). Accurate mass EI+: 938.263 D ¼ �1:3 for
C70H42Fe.

25. 1,10-Bis(trans-2-[2-anthraquinonyl]vinyl)ferrocene, 18: [(2-
anthraquinonyl)-methyl]triphenylphosphonium bromide
(0.563 g, 1.0mmol) was suspended in 50mL of dry
toluene. To the suspension was added potassium-tert-
butoxide (0.112 g, 1.0mmol) and then the mixture heated
to reflux for 1 h. Next, a solution of 1,10-ferrocenedicarb-
aldehyde (0.121 g, 0.5mmol) in 22mL of dry toluene was
added and the mixture was heated to reflux overnight. The
solvent was then removed under vacuum and the residue
was washed with 75mL of water and afterwards dissolved
in 75mL of CH2Cl2. The solution was dried over MgSO4,
filtered and the solvent evaporated. The resulting solid was
purified by silica gel chromatography using petrol ether
40/60 and dichloromethane (1:2 v/v) with a gradient of
ethyl acetate 2–25% as eluent. From the deep violet
coloured main fraction the product crystallised out as
small red crystals (35%). 1H NMR (CDCl3, 500MHz):
4.37 (pt, 4H, 3;4JHH ¼ 1:90Hz, cp/cp0: H-2, H-20, H-5, H-
50), 4.89 (pt 4H, 3;4JHH ¼ 1:90Hz, cp/cp0: H-3, H-30, H-4,
H-40), 6.48 (d, 2H, 3Jtrans ¼ 16:10Hz, vinyl-H), 6.72 (d, 2H,
3Jtrans ¼ 16:10Hz, vinyl-H), 7.41 (dd, 2H, 4JH3;H1 ¼
1:85Hz, 3JH3;H4 ¼ 7:90Hz, anthraquinonyl H-3), 7.58
(cm, 4H, anthraquinonyl-H), 7.77 (d, 2H, 4JH1;H3 ¼
1:85Hz, anthraquinonyl H-1), 7.84 (d, 2H, 3JH4;H3 ¼
7:90Hz, anthraquinonyl H-4), 7.87–7.89 (m, 2H, anthra-
quinonyl-H), 7.98–8.00 (m, 2H, anthraquinonyl-H).
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