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Effect of the end-groups upon delocalisation in polymethines: the first
crystallographically characterised bond-alternated cyanine
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The reorganisation energy associated with the end groups
may be used to influence the localisation behaviour of
cyanines; thus, the 1,3-bis(ruthenocenyl)allylium cation is
markedly unsymmetrical in the crystal structure of its
hexafluorophosphate salt, with the positive charge localised
on one ruthenium, whereas the analogous iron species is
delocalised and has approximate C5 symmetry.

Concepts of resonance lead to the expectation that typical
polymethine cations or anions (cyanines) should have symmet-
rical structures, intermediate between two unsymmetrical
extreme resonance structures [Figure 1(a)]. Numerous reported
crystal structures1 confirm that typical cyanines are indeed
symmetrical delocalised systems with equalised CUC bond
lengths. However, extrapolation of the properties of a typical
cyanine to infinite chain length2 affords a one-dimensional
zero-band-gap material, which should be subject to a Peierls
distortion.3 If the end groups can stabilise the overall positive or
negative charge, this distortion is predicted to result in a bond-
alternated structure resembling one of the extreme structures in
Fig. 1(a); the two structures are now related by an equilibrium
arrow.4–7 To date the only experimental evidence for a Peierls-
distorted cyanine is for the compound shown in Fig. 1(b); the
solution structure was shown to be unsymmetrical by compar-
ison of its IR and UV–VIS–NIR spectra with those of
symmetrical delocalized shorter chain homologues.8

Although previous studies have distinguished between end
groups which stabilise the overall charge and those which do
not,7 the possibility of different charge-stabilising end groups
controlling the length at which localisation occurs does not
seem to have been discussed in detail. It has been noted8,9 that
Peierls-distorted cyanines are analogous to class II mixed-
valence compounds, whilst typical cyanines are analogous to
class III species. The placement of a compound in the Robin and
Day classification10 depends on the interplay of the electronic
coupling between the two extreme localised structures, V, and
the vertical reorganisation energy of Marcus theory, l.11 In a
polymethine, V will be influenced by the length and planarity of
the polymethine chain, whilst l will have contributions from
interconverting the end groups (for example: the Me2N+N and
Me2NU geometries in a cyanine such as that in Fig. 1(a);

analogous to the RuII and RuIII coordination geometries in the
mixed-valence Creutz–Taube ion11), as well as from the
polymethine bridge itself, where the sense of the bond-length
alternation must be inverted. In a typical cyanine, the end group
effect is limited to changing a few bond lengths. We chose to
investigate the Group 8 metallocenes as end groups with
potentially different reorganisation energy characteristics: a
carbocation a to a metallocene is stabilised through resonance
contributions from the [(h6-fulvene)(h5-cyclopentadienyl)-
metal] cation,12 which has significantly different geometry from
the parent metallocene,13 especially when the metal is ruthe-
nium14 or osmium.15

We synthesised a range of 1,3-bis(metallocenyl)allylium
salts, [Mc(CH)3McA]+[X]2 {Mc = McA = ferrocenyl (Fc), 1;
Mc = McA = 2,3,4,5,1,2,3,4-octamethyl-1-ferrocen-1-yl (FcB),
2; Mc = McA = ruthenocenyl (Rc), 3; Mc = Fc, McA = Rc, 4;
X = PF6, a; X = BF4, b}. Single crystal X-ray diffraction
showed the cations in 1a‡ and 2a16 to be essentially symmet-
rical with equalised CUC bonds in the allylium bridges, as might
be expected by analogy with the previously described structure
of closely related cyclopentadienyl(1,3-diferrocenyl-1-ylium-
pentalenyl)iron tetrafluoroborate.17 In contrast, we found the
structure of 3a‡ to be much less symmetrical (Fig. 2), although
the packing diagrams for 1a and 3a are rather similar. The
structural parameters for the Ru1 ruthenocene are similar to
those for previously reported examples of ruthenocene-stabi-
lised carbocations; i.e. it is essentially fully distorted to an [(h6-
fulvene)(h5-cyclopentadienyl)ruthenium] cation structure.
Thus, the Ru1UC11 bond length of 2.381(3) Å may be compared
with 2.270(3) Å for the corresponding distance in [Cp*Ru(h6-
C5Me4CH2)]+[BPh4]2·CH2Cl2 5;14 similarly the Ru1UCring
distances fall in the range 2.089(2)–2.234(2) Å, whilst those for
5 fall in the range 2.066(3)–2.274(3) Å. In the [Rc(CH)3Rc]+

cation of 3a, the a-carbon C11 is bent towards Ru1 such that the
C10–C11 bond makes an angle of 38.2° with the C6–10 plane;
the corresponding angle in 5 is 40.4°. The dimensions of the
Ru2 ruthenocene are typical for a ‘normal’ ruthenocene; thus,
the Ru2–Cring distances for 3a fall in the range
2.167(2)–2.194(3) Å, whilst those for E-1,2-dimethyl-1,2-di-
ruthenocenylethylene18 and ruthenocene itself19 fall in the
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Fig. 1 Representations of (a) the extreme unsymmetrical resonance
structures for a typical cyanine and (b) the Peierls-distorted cyanine
reported by Tolbert and Zhao.8

Fig. 2 View of the [Rc(CH)3Rc]+ cation in the crystal structure of its
hexafluorophosphate salt, 3a, showing the atomic numbering scheme; non-
hydrogen atoms are represented by 50% thermal ellipsoids, whilst hydrogen
atoms are shown as spheres of arbitrary radius.
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ranges 2.171(3)–2.216(3) and 2.181(2)–2.188(2) Å respec-
tively. The a-carbon, C13, is not bent towards Ru2 and the
Ru2–C13 distance is 3.237(3) Å. The structure of 3a also shows
considerable bond length alternation in the allylium bridge; the
C(11)–C(12) bond length is 1.443(4) Å, whilst the C(12)–C(13)
bond length is 1.343(4) Å.20

The structure of 3a is the first crystal structure of a nominally
symmetrical cyanine adopting an unsymmetrical bond-alter-
nated structure. Indeed, the only previously reported Peierls-
distorted cyanine is the much longer species shown in Fig. 1(b).
One question that now arises is whether the unsymmetrical
structure of the cation in 3a is due to solid-state (crystal-
packing) effects. However, all previous cyanine structures are
symmetrical, despite a great variety of counterions and packing
motifs. Moreover, the similarity in the packing of 1a and 3a
suggests the differences in molecular structure are due to
internal electronic, rather than external crystal-packing,
effects.21 We believe that the origin of these electronic effects is
the larger reorganisation energy of the ruthenium system; the
structural differences between ruthenocene and [(h6-fulvene)-
(h5-cyclopentadienyl)ruthenium] cation are much greater than
for the analogous iron species. To further investigate this
question we studied the 3 cation in solution.22 Symmetrical and
unsymmetrical forms of cyanines are expected to have vibra-
tional modes of different energies; calculations support this
expectation for [NH2(CH)nNH2]+ (n = 19, 25).23 The differ-
ences should be most readily detected in the stretches associated
with the multiple bonding of the polymethine bridge. 3a (1609
cm21 in KBr, 1598 cm21 in CH2Cl2) and 3b (1603 cm21 in
KBr, 1603 cm21 in CH2Cl2) both show a strong IR band which
we assign to the multiple bond stretch; neither ruthenocene nor
[(h6-fulvene)(h5-cyclopentadienyl)ruthenium] cations24 show
absorptions in the same region. The same band is also present in
Raman spectra (1609 and 1601 cm21 for 3a in KBr and CH2Cl2,
respectively). The insensitivity of the band to the counter ion, or
the medium, implies that the structure of the 3 cation is the same
in crystals of both its tetrafluoroborate and hexafluorophosphate
salts, and in CH2Cl2 solution. Moreover, the IR evidence
implies that the structure of the 3 cation most closely resembles
that of the 4 cation (1598 cm21 in KBr for 4a), which is
unsymmetrical both formally and electronically (according to
1H–1H coupling constants), and is somewhat different from
those of the 1 (1558 and 1558 cm21 for 1a in KBr and CH2Cl2
respectively) and 2 (1538 and 1542 cm21 for 2a in KBr and
CH2Cl2 respectively) cations (which have been shown to be
symmetrical in the crystal structures of their hexafluoro-
phosphate salts).

In conclusion, we believe that the large reorganisation energy
associated with the ruthenocene / [(h6-fulvene)(h5-cyclopenta-
dienyl)ruthenium] system has enabled us to characterise a bond-
alternated cyanine at an unprecedentedly short chain length. We
have presented the first crystal structure of a Peierls-distorted
bond-alternated cyanine; vibrational spectroscopy suggests the
cyanine is also unsymmetrical in solution. Control of the
reorganisation energy in this way may be a useful design
principle for the synthesis of other charge-localised cyanines,
which have potential optical and electronic applications.
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