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the 2-Azaazulenium Cation and in Monomethine Cyanine Dyes Bearing
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A series of novel monomethine cyanine dyes derived from 2-
azaazulene have been synthesized. Combined spectral and
quantum-chemical investigations of their molecular geome-
tries and of their electronic structures and the natures of their
lowest electron transitions have been performed. The analy-
sis results obtained by ab initio and semiempirical methods,
together with experimental data obtained from absorption
and 13C NMR spectra, have shown that there is practically
no difference between the charge distributions over the π-
electron systems in the ground state in a reference 2-aza-
azulenium salt and in monomethine cyanines bearing 2-aza-

Introduction
The well-known cyanine dyes have been studied for more

than a century, but intensive investigations continue be-
cause their applications are permanently extending (see, for
example, the latest review[1] and references cited therein).
Thanks to their strong and selective absorptions across
broad spectral regions, this class of linear conjugated mole-
cules has proved to be attractive for applications as fluores-
cent probes in chemistry and biology, as active and passive
laser media, as photosensitizers, for optical data storage
and as electroluminescence materials.[1–5] Structural modifi-
cation of these dyes, allowing shifts of their absorption
bands to the near infrared (IR) region, can expand the exi-
sting areas of applications and can find new ones such as
highly efficient nonlinear optical materials for all-optical
signal processing.[6] In spite of the rapidly developing avail-
able information on near-IR absorbing dyes, their thermal
and photochemical stabilities and their solubilities are the
main issues limiting their practical applications. There are
two general synthetic methods by which to decrease the en-
ergy gap between the ground and excited states: 1) lengthen-
ing of the polymethine chain (PC), although this usually
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azulene as a terminal group, because these are not depend-
ent on the relative locations of molecular orbitals. However,
the spectral properties of – and correspondingly the natures
of electron transitions in – the chromophores of the salt and
of the monomethine cyanine are drastically different, due to
the different mechanisms of frontier molecular orbital gener-
ation. Similar differences in properties in ground and excited
states are observed for unsymmetrical monomethine cyan-
ines.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

results in a decrease in the photochemical stability,[7,8] and
2) introduction of terminal groups with their own extended
π-electron systems, hence shifting the absorption to the
near-IR region through an increase in the contribution
from the terminal groups to the total length of conjuga-
tion.[9] It was shown earlier that 2-azaazulene (cyclohepta-
[c]pyrrole) or pseudoazulenes as terminal groups were pro-
spective heterocycles for this purpose;[10–12] they provide in-
tense long-wavelength absorption in the corresponding cy-
anine dyes despite comparatively short PCs. In this paper
we present the results of a complex spectral and quantum-
chemical investigation of a reference nitrogen-substituted
azulenium (cyclohepta[c]pyrrolium or azaazulenium) salt
and series of symmetrical and unsymmetrical cyanines con-
taining this heterocycle as a terminal group. The main goal
was to understand the origin of the decreasing energy gap
and the drastic increases in the intensities of the first elec-
tron transitions upon going from the deeply coloured aza-
azulenium salt 1 to the cyanine with the shortest PC (mono-
methine 3), as well as to establish the dependence of the
electron structures on asymmetry of the chemical consti-
tutions of the dyes.
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Results and Discussion

Synthesis of Azaazulene Derivatives

The general synthetic approach to the cyclohepta[c]pyr-
rolium system is presented in Scheme 1. The key compound
2-butyl-1,3-dimethylcyclohepta[c]pyrrol-6(2H)-one (4) and
the corresponding salt 1 were synthesized accordingly,[10]

from the starting 1-butyl-2,5-dimethyl-1H-pyrrole-3,4-di-
carbaldehyde. The preparation of 2-butyl-1,3-dimethylcy-
clohepta[c]pyrrole-6(2H)-thione (5) and the corresponding
methylthio-substituted derivative 2 has been described in
the literature.[13]

Scheme 1. Synthesis of 2-azaazulenium derivatives.

Table 1. Spectral properties of monomethine cyanine dyes 3.
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The series of symmetrical and asymmetrical mono-
methine cyanine dyes 3 were synthesized by conventional
cyanine chemistry synthetic approaches. The spectral prop-
erties of the new dyes are presented in Table 1.

Optimized Molecular Geometry in the Ground State

The azaazulenium (AA) cation could be regarded as a
nitrogenous analogue of the non-alternant π-electron cyclic
hydrocarbon azulene, which is responsible for some features
of the equilibrium molecular geometry and the distribution
of the electron density over atoms within the two rings. The
calculated (by the DFT method) lengths of carbon–carbon
and carbon–nitrogen bonds, as well as valence angles for
the AA cation 1 and symmetrical monomethincyanine 3a,
are presented in Figure 1.

Figure 1. DFT-optimized structures and selected geometrical pa-
rameters [Å, °] for: a) AA salt 1, and b) monomethine dye 3a.

As can be seen in Figure 1, the π electron system in the
AA cation is planar. C–C bond lengths are practically
aligned and are equal to the bond length in a cyanine chro-
mophore,[13] about 1.40 Å, with the exception of the bond
common to both the seven- and the five-membered rings,
which is lengthened to 1.479 Å. The values of the valence
angles in the salt 1 are somewhat increased in comparison
with an ideal linear conjugated system with sp3-hybridized
carbon atoms, at about 130°. In contrast with the AA cat-
ion 1, the monomethine cyanine cations 3 are nonplanar,
due to considerable steric hindrance between the heterocy-
clic terminal groups. In accordance with quantum-chemical
calculations (B3LYP/3–21G**), the terminal groups in sym-
metrical dye 3a in the ground state are twisted by about 36°
(Figure 1, b). Such a disruption of planarity is the result of
the close spatial arrangement of the protons in positions 7
and 7�, along with the rotation of the AA cycles about the
C6–C11 bond.
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Such nonplanar conformations are not observed for all
structures investigated by us, however, and we managed to
investigate these peculiarities of the conformational behav-
iour by NMR spectroscopy. On the other hand, this strong
distortion of the planar constitution in dye molecules 3 re-
sulted in disruption of the equalization of bond lengths in
the AA cyclic fragments. Calculations thus predict the
emergence of alternation of the CC bonds along the cyanine
chromophore, including both the open chain and the ter-
minal groups from one nitrogen atom to the other (the so-
called Kuhn’s chain).[19]

Charge Distribution and 13C NMR Signals

The non-alternant nature of the chemical constitution
causes the alternation of the charges at neighbouring atoms
in the AA π system, similarly to the charge distribution
along chromophores of the cationic polymethine dyes. As

Figure 2. a) Calculated charge distribution (B3LYP/3–21G**
NBO). b) 13C NMR shifts (CDCl3) for compounds 1 (dashed line)
and 3a (solid line).

Table 2. The experimentally measured chemical shifts of the 13C NMR signals and the corresponding calculated charges for the salt 1
and the monomethines 3a–f.

δ, ppm; q, a.u. (B3LYP/3–21G**; NBO)
C atom 1[a] 3a[a] 3b[a] 3c[b] 3d[a] 3e[b] 3f[a]

1 135.64/0.233 131.40/0.213 131.89/0.218 –/0.223 132.29/0.217 129.76/0.215 130.83/0.219
3 135.64/0.233 131.40/0.213 131.89/0.217 –/0.217 132.29/0.219 129.76/0.215 130.07/0.217
9 127.39/–0.097 122.62/–0.113 122.96/–0.114 –/–0.115 123.45/–0.113 118.83/–0.116 121.41/–0.113
10 127.39/–0.097 122.62/–0.111 122.96/–0.111 –/–0.111 123.45/–0.112 118.83/–0.113 121.38/–0.111
4 146.14/–0.090 136.38/–0.144 139.10/–0.139 133.70/–0.138 138.16/–0.135 129.20/–0.143 135.27/–0.133
8 146.14/–0.090 136.38/–0.140 139.10/–0.133 136.80/–0.123 138.16/–0.135 131.20/–0.138 136.71/–0.126
5 130.00/–0.250 125.71/–0.235 126.25/–0.238 127.20/–0.241 125.89/–0.242 127.00/–0.239 127.45/–0.245
7 130.00/–0.250 125.71/–0.258 126.25/–0.264 117.50/–0.273 125.89/–0.265 117.80/–0.265 111.41/–0.260
6 169.17/0.089 159.61/0.003 159.40/0.014 157.30/0.022 156.17/0.015 151.87/0.009 160.55/0.030
11 29.85/–0.709 131.18/–0.243 122.38/–0.261 105.77/–0.350 111.78/–0.302 116.18/–0.271 92.80/–0.388
CHet – 159.61/0.003 149.61/–0.001 161.82/–0.395 161.80/0.262 152.24/0.024 159.94/0.571

[a] Recorded in CDCl3. [b] Recorded in [D6]DMSO.
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can be seen in Figure 2 (a) and Table 2, in which we present
the calculated charges (q) at carbon atoms, the alternation
of electron density in the seven-membered cycle is much
more pronounced than in the azole ring.

In the last case the charges at the neighbouring carbon
atoms are rather equalized, apparently because of the influ-
ence of the more electron-withdrawing nitrogen atom. On
going to the monomethine cyanine 3a, the nature of the
charge distribution does not change in principle: substantial
alternation of the electron density at the neighbouring car-
bon atoms over all the cyanine chromophore (Kuhn’s chain)
is observed, as it is typical for polymethine dyes.[14–19]

For the experimental confirmation of the character of
charge distribution in the chromophore one can use NMR
chemical shifts, such as δµ(13C), which are correlated with
quantum-chemically accessible electron density values (qµ)
in atoms.[15] The obtained experimentally measured 13C
NMR chemical shifts and the calculated charges on the car-
bon atoms are collected in Table 2.

In Figure 2 (b) we present chemical shifts [δµ(13C)] of the
AA cation 1 and the symmetrical monomethine cyanine 3a.
There is an essential alternation of the magnitudes of chem-
ical shifts for neighbouring carbon atoms both in the het-
erocycle 1 and in the dye 3a, which is in good agreement
with the charge density distributions for both these cations
(Figure 2, a). As mentioned above, some of the investigated
dyes were predicted to exist as nonplanar molecules, due to
the hindered rotation about the CC bond connecting the
methine (chain) carbon atom and the C6 atom in the het-
erocycle. According to DFT calculations for the ground
state, only compound 3f should have a planar constitution.

Experimentally, the fact of such a rotation was confirmed
by 1H and 13C NMR spectroscopy, in which we observed
non-equivalent signals for proton and carbon atoms at po-
sitions 5/7 and 4/8 (see Table 2), so we can assume that the
hindered rotation takes place just around the C6–C11 bond.
Visible broadening of proton signals H5/H7 and H4/H8,
associated with slow intramolecular rotation relative to the
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NMR timescale at the experiment temperature (293 K), was
also observed. The same broadening of the corresponding
signals was also observed in the 13C NMR spectra: in the
case of compound 3c, for example, it was possible to
achieve the full assignment of 13C chemical shifts for atoms
C4, C5, C7 and C8 by use of heteronuclear correlation C–
H spectra from the positions of correlation peaks, but it
was not possible to identify the chemical shifts for the qua-
ternary atoms C1, C3, C9 and C10, due to their strong
broadening.

The differences in chemical shifts were particularly ap-
parent in the case of the monomethine 3f, containing a
benzoxazole moiety as the second terminal group, which
exists in the most planar conformation predicted by calcula-
tions. For this dye we observed non-equivalence of the sig-
nals of the methyl group carbon atoms (CH3–C1 and CH3–
C3), the magnetically non-equivalent moieties most remote
from the methine atom of the molecule.

It is thus possible to have confidence that the planar con-
formation is the most energetically favourable for molecules
of such a type, and that it will always be achieved if this is
allowed by the spatial structure. It is permissible to assume
that the energy barriers of rotation are higher for monome-
thine cyanines with planar conformations, as a consequence
of the maximal conjugation of the electronic system.

It has been proposed[14] that the alternation amplitude
(∆qµ) calculated by Equation (1) as the difference in elec-
tron densities at neighbouring atoms (qµ and qµ+1, corre-
spondingly) is a more suitable parameter with which to ana-
lyse the influence of the molecular topology and asymmetry
on the shape and location of the charge wave.

∆qµ = (–1)µ (qµ – qµ+1) (1)

For convenience, the solitonic waves can sometimes be
described by the modulus of the parameter |∆qµ| (scalars).
It has been proposed[14] that the value |∆qµ| may be consid-
ered a parameter of the “ionicity” of the bond between two
neighbouring atoms µ and µ+1. Taking the relationship be-
tween the calculated electron densities and NMR signals
into consideration,[15] we can also write a similar function
for the alternation of the experimentally observed charac-
teristics δµ(13C) [Equation (2)].

∆δµ = (–1)µ (δµ – δµ+1) (2)

Figure 3 shows graphic charts depicting amplitudes of
charge alternation (Figure 3, a) and NMR signals δµ(13C)
(Figure 3, b) for compounds 1 and 3a–f. Apparently, the
degree of alternation reaches its maximum at position C-11.
The AA heterocycle as a terminal group in the symmetrical
monomethine cyanine 3a and the unsymmetrical dyes 3b–f
could thus be considered a direct (branched) extension of
the polymethine chromophore of the opened chain that is
equal to four bonds for each end group.
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Figure 3. (a) Alternation of calculated charge distribution (B3LYP/
3–21G** NBO). (b) Experimentally observed 13C NMR shifts
(CDCl3) for compounds 1 and 3a–f.

Generation of the Frontier and Nearest Molecular Orbitals

In spite of the fact that the electronic structures of the
monomethine cyanine chromophores 3 and that of the
starting salt 1 in the ground state are similar (typical cyan-
ine-like structures), their absorption spectra are fundamen-
tally different. Before starting the analysis of the natures of
the electron transitions related to the spectral bands in or-
der to understand the reasons for such a difference, let us
examine the generation of molecular orbitals in the conju-
gated systems of cations 1 and 3a.

It was shown previously[20] that terminal groups with
their own highly localised orbitals can make determining
contributions to the highly occupied MOs of cyanine dyes
with comparatively short PCs. On the other hand, going
from neutral molecules to ions of conjugated systems leads
to fundamental shifts of the bands of both vacant and occu-
pied levels.[21] In the case of anions, the values of the ener-
gies of the bands of both vacant and occupied levels in-
creases, whereas in the case of cations these values decrease.
In cases of cationic polymethine dyes containing heterocy-
clic terminal groups with donating nitrogen, donating prop-
erties are provided by the lone electron pair of the nitrogen
atom conjugated with polymethine chromophore. If it is
taken into account that the positive charge should be local-
ized in a chromophore consisting of the external chain and
the carbon atoms of AA terminal groups it is possible to
present, for example, the symmetrical dye 3a as the system
D–π(+)–D or D–A–D, where the acceptor A is a polyme-
thine chain.

Because of the additional electrons (in relation to the
corresponding unsubstituted molecule) the conjugated sys-
tem is turned into a charge-excessive one, just keeping the
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same total charge. As a result, the energy gaps in conju-
gated systems with donor terminal groups are shifted to
higher-energy regions than in the case of unsubstituted po-
lymethine cations.[21] Consequently, as has been shown for
known cationic cyanines containing indolenine, benzo-
thiazole, pyridine etc. residues as terminal groups, two high-
est occupied MOs (HOMOs) are formed first of all, due to
donor terminal groups. It has therefore been suggested that
these orbitals can be considered as donor orbitals, espe-
cially in cases of dyes with short chains. To the first approxi-
mation they could be represented by symmetrical and un-
symmetrical linear combinations of the HOMOs of each
two terminal groups φ(D1) and φ(D2), as in Equations (3)
and (4).

φ1 = (2)–1/2{φ(D1) + φ(D2)} (3)

φ2 = (2)–1/2{φ(D1) – φ(D2)} (4)

That is, the two corresponding levels could be interpreted
as two split donor levels, in which the PC is considered to
be a common external conjugated substituent for each do-
nor D.

Figure 4 shows the schemes of formation of frontier and
closed MOs participating in lowest electron transitions for
reference salt 1 and monomethine cyanine cations 3. The
analysis has shown that the mechanism of HOMO forma-
tion in the case of AA-based dyes is differed from the
scheme described above for indocyanines and their hetero
analogues. The π-system of salt 1 is symmetric with a C2v

symmetry group; antisymmetric MOs therefore have nodes
at the nitrogen atom and the carbon atom at position 5
(Figure 4, a). Upon formation of the general conjugated π-
electron system of dye 3a, the heterocyclic terminal groups
also remain (to the first approximation) symmetric (accu-
rate within Coulomb’s interaction) with preservation of MO
nodal properties.

Figure 4. Molecular orbitals and electron transitions in: a) AA salt
1, and b) monomethine cyanine 3a.

The HOMO of the salt 1, and consequently of the corre-
sponding orbital of the terminal group (Figure 4, a), thus
each have the node at the carbon atom C-6 connected in

Eur. J. Org. Chem. 2009, 3439–3449 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3443

dye 3 with the chain, so this orbital does not conjugate with
the polymethine chromophore, and remains a local MO.
Other antisymmetric orbitals – (LUMO+1), for example –
remain local too. From Figure 4 it is obvious that the non-
zero coefficient at the place of connection of the terminal
heterocycle with a PC has HOMO–1; just its interaction
with the same orbital of the terminal group (and also with
a PC) leads to a splitting of the corresponding levels and
to formation, as a first approximation, of two new MOs,
according to Equations (3) and (4) symmetric and antisym-
metric. As can be seen from Figure 4 (b), the interaction
energy is considerable, so that one of the split orbitals (the
symmetric one) appears to be the HOMO whereas the en-
ergy of the antisymmetric orbital is much less than that of
the HOMO of the initial salt. Because the π system of the
cationic dye 3a is electron-excessive, its occupied levels are
shifted upwards relative to the levels of the electron-bal-
anced π-system of the salt 1.

At the same time, from the antisymmetric HOMOs of
both AA end-groups, two degenerate orbitals of opposite
symmetry are formed: HOMO–1 and HOMO–2, with ener-
gies practically the same as the HOMO energy of the initial
salt 1 (see parts a and b of Figure 4). The next orbital of
lower energy, HOMO–3, proves to be the antisymmetrically
split MO. Two lower vacant orbitals, LUMO and
LUMO+1, are split; the corresponding levels are shifted up-
wards. The interaction of the rest of the MOs of both ter-
minal groups and the single orbital formed by the carbon
atom at C11 of the PC of dye 3a could be analysed analo-
gously.

However, the essential change in the nature of the occu-
pied MO upon going from the salt 1 to the monomethine
cyanine does not influence the character of charge distribu-
tion in the ground state, because of the fact that the molecu-
lar orbitals in the closed electron shell are invariant with
respect to any orthogonal transformation,[22] because by
definition of electronic density in each atom, contributions
of every MO in all shells are summarized. Therefore, the
specific cyanine-like type of charge distribution, with the
considerable alternation of the electron density in the neigh-
bouring carbon atoms within the chromophore, is similar
both for the initial AA salt 1 and for the dyes 3, despite
drastic differences in the natures of their HOMOs.

The distinction in the formation of the frontier and the
next-nearest MOs in the cyanine dyes that are derivatives
of, for example, indolenine or its heteroanalogues, and in
the cyanines that are derivatives of azaazulene should af-
fect, first of all, the natures of the electron transitions and
the redistribution of electron density upon excitation.

Absorption Spectra and Electron Transitions

Figure 5 demonstrates UV/Vis absorption spectra of the
AA salt 1 and of the symmetrical monomethine cyanine 3a
in acetonitrile. One can see that these spectra differ crucially
first of all in their intensities and shapes, in spite of the
similar characters of the charge distributions in the π sys-
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tems of the two cations. In the absorption spectra of salt 1
a weak-intensity broad band with a maximum at 634 nm is
observed, typical of electron transitions with intramolecular
charge transfer (CT) transition.[18,23]

Figure 5. Absorption spectra of AA salt 1 (solid line) and monome-
thine 3a (dashed line) in acetonitrile.

At the same time, there is a narrow and comparatively
intense band with a maximum at 298 nm in a short-wave-
length region, similar to long-wavelength absorption bands
of polymethine cyanines (cyanine-like spectral band). Vice
versa, a long-wavelength band of monomethine cyanine 3a
is the typical cyanine-like band. Its absorption band half-
width (∆ν1/2 = 1374 cm–1) is close to ∆ν1/2 values for sym-
metrical and unsymmetrical cyanine dyes (∆ν1/2 = 900–
1100 cm–1)[24,25] but at the same time, it is drastically dif-
ferent from this parameter for polyene-like cyanine bases
(∆ν1/2 = 3000–4000 cm–1).[25] In the short-wavelength re-
gion, absorption bands of comparable intensity with max-
ima at 316 nm and 244 nm are observed; these are close to
the intensive band of the salt 1 with λmax = 298 nm.

Quantum-chemical calculations of characteristics of the
excited states for the salt 1 and the symmetrical cyanine
dye 3a were performed for interpretation of the observed
absorption bands and identification of the corresponding
electron transitions; the results are collected in Table 3. It
should be noted preliminarily that the energies of transition
(both singlet and triplet) could be estimated not only by the
distance between the corresponding levels, but also by the
electron interaction between them according to Equa-
tions (5) and (6).[22]

∆E(S0 � Sp) = εj – εi + 2Kij – Jij (5)

∆E(S0 � Tp) = εj – εi – Jij (6)

where εj and εi are the energies of the vacant and the occu-
pied MO involved in the transition, respectively, and Jij and
Kij are Coulomb and resonance integrals.

It was found that there was a serious problem in the cor-
relation between the calculated and experimentally ob-
served energies both for the first and for higher electron
transitions. In practice, it is the magnitudes of the param-
eter OWF (overlap weight factor) in the other semiempirical
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Table 3. Calculated spectral characteristics of AA salt 1 and mono-
methine cyanine 3a (ZINDO/S).

Compd. Transition λ [nm] f Main configuration,
Tp,i�j

1 S0 � S1 632 0.104 |S1� = 0.99|H � L�
S0 � S2 353 0.124 |S2� = 0.88|H � L+1�
S0 � S3 264 1.940 |S3� = 0.88|H-1 � L�

3a S0 � S1 708 1.186 |S1� = 0.98|H � L�
S0 � S2 669 0.076 |S2� = 0.73|H-1 � L�

–0.57|H-2 � L�
S0 � S3 655 0.084 |S3� = 0.56|H-1 � L�

+0.74|H-2 � L�
S0 � S4 422 0.007 |S4� = 0.95|H � L+2�
S0 � S5 417 0.004 |S5� = 0.48|H � L+1�

+0.62|H � L+3�
S0 � S6 402 0.007 |S6� = 0.73|H � L+3�
S0 � S7 381 0.927 |S7� = 0.54|H-1 � L+1�

–0.48|H-1 � L+2�
–0.48|H-2 � L+1�
–0.45|H-2 � L+2�

method ZINDO/S, which are connected indirectly with the
overestimation of the electron–electron repulsion (γµν) used
in the integrals Jij and Kij. This is calculated by the Mataga–
Nishimoto formulas: γµν = a/(1+Rµν), where a is a constant
and Rµν is the distance between the µth and the νth atoms,
for atoms a great distance apart from each other. The same
problem of the integrals γµν has been found to exist even
in the simplest PPP approximation taking electron–electron
interaction correctly into consideration. Tyutyulkov pro-
posed the modifying formula γµν = a/(1 + t Rµν), where t =
10/3;[26] the agreement between the calculated and experi-
mentally measured wavelengths of the first electron transi-
tion for the vinylogous series of the polymethine dyes was
thus fundamentally improved.[27] In this paper we have used
the same parameter OWF for the first and higher electron
transitions, optimistically postulating that the divergence
between the theoretical and experimentally determined
transition energies should not be so considerable as to pre-
vent correct establishment of the order of the transitions of
the different types (cyanine-like transition or transition with
the charge transfer – CT). The central and most important
part of our work was to establish the natures of the first
and higher transitions in the AA cation 1 and cationic cyan-
ines 3 and hence to explain correctly the main reason for
the fundamental difference between their spectra.

Firstly, let us discuss the natures of electron transitions
in the AA cation. As is evident from Table 3, the first transi-
tion – S0 � S1 – has the configuration with single-occupied
frontier MO: |S1� = 0.99 |H�L�. Because of the opposite
symmetries of participating orbitals, the first transition is
antisymmetrical: 1A1 � 1B1 (symmetry group C2v; the
ground state with closed electron shell is totally symmetri-
cal, 1A1) and is polarized along the PC.

Diagrams of charge redistribution atoms upon excitation
have proved to be a very useful tool for analysis of the natu-
res of charge transitions.[28,29] The changes in electron
densities upon transition to the excited state in cation 1
could be estimated by Equations (7) and (8).
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δqµ = (qµ* – qµ°) (7)

δpν = (pν* – pν°) (8)

where the parameters qµ* and pν* correspond to the excited
state, and qµ

o and pν
o correspond to the ground state.

Figure 6 presents diagrams of redistribution of electronic
densities in cation 1. Apparently, the first transition is ac-
companied, mainly, by electron density transfer from the
five-membered azole ring (electron-excessive in the ground
state) to the electron-deficient seven-membered ring; that is,
it is a typical CT transition. This enables us to explain the
specific broad and low intensive absorption band as well as
the comparatively deep colour of the AA cation, like the
deep colour of azulene itself: λmax = 575 nm.[30]

Figure 6. Electron density redistribution upon electron transition
for the AA salt 1: empty circle – electron density decreases, full
circle – electron density increases.

Calculations indicate that the next two transitions, as it
is evident from Table 3, should be also practically “pure”
(i.e., each of them is described mainly by one configura-
tion). From Figure 4 it is clear that orbitals participating in
these transitions are of the same symmetry, so transitions
S0 � S2 and S0 � S3 are symmetric, correspondingly: 1A1

� 2A1, 1A1 � 3A1, and hence they are polarized perpen-
dicularly to a long axis of a molecule. The energies of these
transitions are considerably higher than the energy of the
first transition. The transition S0 � S2 is accompanied by
transfer of electron density from the azole ring to the seven-
membered one (see Figure 6), similarly to the first transi-
tion, but the value of this charge transfer is much less. The
calculated oscillator strength (f2) is very close to the value
f1, so the transition S0 � S2 could correspond to the experi-
mentally observed low-intensity band λmax = 295 nm, al-
though according to the calculations (with the same OWF
parameter) the wavelength value of this transition should
be longer: λ2

calc = 353 nm.
The calculations predict a large oscillator strength value

for the S0 � S3 transition; in the absorption spectra the
narrow and comparatively intense band with λmax = 298 nm
could be attributable to it (taking into account the tendency
of calculations to overestimate the results). The charge-re-
distribution diagram (Figure 6) demonstrates the third tran-
sition to be accompanied by the transfer of electron density
to the neighbouring atoms, typical of the first, cyanine-like,
transitions in polymethine dyes.[28,29] The picture would
look more demonstrative if the bond common to both five-
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and seven-membered rings were removed virtually. The
transition S0 � S3 could be interpreted as cyanine-like. If
the all-cis conformation of the corresponding chromophore
is taken into account, the polarization of the transition S0

� S3 is similar to the polarization in the typical cyanines:
along the chromophore.

Thus, both transitions – S0 � S1 and S0 � S2 from
HOMO to LUMO and to LUMO–1 – are correspondingly
CT transitions, whereas the transition involving HOMO–1
(S0 � S3) is similar to the cyanine-like transition in the
cationic and anionic polymethine dyes. The HOMO–1
could then be regarded as a cyanine-generating orbital.

As described above, just this orbital takes part in the gen-
eration of the HOMO in cyanine dye 3a (Figure 4; i.e., in a
monomethine cyanine the high occupied level is cyanine-
like). Consequently, the first transition – S0 � S1 – involv-
ing the frontier levels is the cyanine-like electron transition,
and corresponds to the observed high-intensity and narrow
long-wavelength spectral band, in contrast to the CT transi-
tion nature of the first transition in the salt 1b.

Substantial splitting of donor levels (HOMO and
HOMO–3), as well as equalization of bond lengths usual
for cationic dyes and low disposition of the LUMO, is re-
sponsible not only for the considerable decrease in gap en-
ergy but also for the increases in integrals Kij and Jij in
Equation (5). As a result, a bathochromic shift of the ab-
sorption band, relative to the absorption maximum of the
initial salt 1, is observed (Figure 5).

The cyanine-like nature of the first electron transition is
confirmed by the corresponding charge-redistribution dia-
gram (Figure 7). One can see that the excitation is ac-
companied by transfer of electron density to the neighbour-
ing atoms, typical of the first transitions – S0 � S1 – in
polymethine dyes.

Figure 7. Redistribution of the electron density upon excitation in
the case of dye 3a.

Due to the opposite symmetries of the HOMO (b2) and
LUMO (a2) participating in the transition, the first excited
state is antisymmetric – 1B1 – so the transition 1A1 � 1B1

is polarized along the chromophore. It is hence charac-
terized by considerable transition dipole moment and con-
sequently by essential oscillator strength. This is in agree-
ment with the comparatively high intensity of the long-
wavelength absorption band, in contrast to the low-inten-
sity CT transition band in salt 1.
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Quantum chemical calculations show that the next two

transitions – S0 � S2 and S0 � S3 – correspond to mixtures
of configurations with consequent participation of one of
the degenerate MOs formed from the HOMO of the initial
salt with the node in an atom connected with the chain (see
Table 3). As can be seen from Figure 4, the antisymmetric
LUMO of cyanine 3a has its node in the C11-position. As
a result, both transitions are localized at the terminal
groups. The electron density redistribution diagrams dem-
onstrate that the natures of transitions S0 � S2 and S0 �
S3 are both practically the same as the nature of the first
electron transition for the salt 1 (compare the correspond-
ing diagrams from Figure 6 and Figure 7). One can see
from Table 3 that the calculated wavelengths – λ2 = 669 nm
and λ3 = 655 nm – are close to the magnitude λ1 = 708 nm
for the first transition; at the same time, the oscillator
strengths of f2 and f3 are both more than one order of mag-
nitude weaker then f1. We can therefore argue that in the
absorption spectrum of monomethine cyanine 3a the low-
intensity bands corresponding to the transitions S0 � S2

and S0 � S3 should be covered by the intensive long-wave-
length band generated by the first transition. As follows
from the calculations (Table 2), the transitions S0 � S4, S0

� S5 and S0 � S6 should also be low-intensity and could
be invisible in the absorption spectrum. Only transition S0

� S7, including local orbitals HOMO–1 and HOMO–2 as
well as two LUMOs with the rather large oscillator strength
f7 = 0.927, could manifest itself as a comparatively intense
spectral peak. We assume that the band with λmax = 316 nm
corresponds to this transition. Figure 7 shows that the tran-
sition S0 � S7 is accompanied mainly by the transfer of
electron density from the five-membered azole cycles of the
terminal groups to the acceptor seven-membered rings, as
well as to the carbon atom at C11 (i.e., it is similar to the
CT transition).

In the absorption spectra of unsymmetrical monome-
thine cyanine dyes we observe changes in the positions of
the absorption bands, as well as in their shapes and, espe-
cially, in the widths of the spectral bands (Figure 8).

Figure 8. Absorption spectra of monomethine dyes 3 in acetoni-
trile.

Of course, the band positions are dependent on the effec-
tive lengths of the second terminal groups, which can be
estimated experimentally by the expression[31] Leff = (λmax –
n·V)/V, where V is the vinylene shift in vinylogous series of
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symmetric dyes with the terminal group of interest, and n
is the number of vinylene groups in the PC.

For symmetrical trimethine cyanine (n = 1) derivatives
of 2-azaazulenium, 4-pyrylium, benzothiazolium, benz[c,d]
indolium, 4-quinolinium and benzoxazolium the corre-
sponding values of parameters Leff are 6.40, 6.07, 4.00, 6.50,
4.35, 3.48, respectively. To a first approximation, one can
assume the following expression for the unsymmetrical
monomethine cyanines: λmax ≈ (Leff

1 + Leff
2)/2. Indeed (see

Figure 6, Table 1), hypsochromic shifts of the absorption
bands are observed for the monomethine cyanines 3b, 3c,
3e, 3f containing the second terminal groups characterized
by the essentially smaller parameters of the effective length.
At the same time, the absorption band almost does not shift
in the spectrum of dye 3d, so far as the magnitude Leff for
the benz[c,d]indolium residue is close to this parameter for
the AA terminal group. It is known[32] that differences in
the basicities of the terminal groups are the second factor
that influences the positions of absorption bands in unsym-
metrical dyes. In the case of monomethine cyanines it is
difficult to take this factor into account, however, because
of considerable steric hindrance in the molecules that could
distort the spectral influence of non-equivalence of donor
properties of the terminal groups. In the same way, the dif-
ference in basicities, as well as possible steric effects, could
considerably influence the bandwidths of unsymmetrical
dyes.

Conclusions

Analysis of quantum chemical calculations and experi-
mental spectroscopic data has thus shown that there is prac-
tically no difference in charge distribution over the π elec-
tron systems in the ground state in the AA salt 1 and in the
monomethine cyanines 3 containing azaazulene systems as
terminal groups, because the charge distributions are not
dependent on the relative locations of the MOs. At the same
time, the spectral properties, and correspondingly the na-
ture of electron transitions in the chromophores, of com-
pounds 1 and 3 are drastically different because of the dif-
ferent mechanisms of generation of the HOMOs. Similar
differences in properties in the ground and in excited states
are observed for unsymmetrical monomethine cyanines.

Experimental Section
General: UV/Vis absorption spectra were recorded on a Shimadzu
UV-3100 spectrophotometer. All NMR measurements were carried
out on a Varian Gemini 2000 spectrometer with 1H and 13C fre-
quencies of 400.07 and 100.61 MHz, respectively, at 293 K. Tet-
ramethylsilane was used as a standard for δ scale calibration. 1H
NMR spectra were recorded with spectral widths of 8000 Hz and
32000 points. 13C NMR spectra were recorded with spectral widths
of 30000 Hz and 128000 points. 1H–1H COSY[33] spectra were ac-
quired in a 2048 (F2) and 512 (F1) time-domain data matrix and
a 2048 (F2)�2048 (F1) frequency-domain matrix after zero-filling.
NOESY[34] spectra were acquired, if necessary, with parameters
similar to COSY spectra. Mixing times were determined prelimi-
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narily from a T1 measurement experiment for each sample by a
conventional inversion-recovery method. Heteronuclear chemical
shift correlation (HETCOR)[35] was used to determine 1H–13C at-
tachment with the 2048 (F2)�256 (F1) time-domain matrix and the
2048 (F2)�1024 (F1) frequency-domain matrix after zero-filling.
The average value of one bond constant (JC,H) was set to 140 Hz.
HETCOR for determination of long-range correlation had very
similar parameters and the average value of the multibond C–H
coupling constant was set to 8 Hz.

The quantum chemical calculations were performed to study the
dependence of the electronic structures and electron transitions on
the molecular constitutions. The equilibrium geometries of dye
molecules in the ground state were optimized by use of the
GAUSSIAN98[36] program set within the DFT approximation. A
functional B3LYP[37] was chosen, in combination with the standard
3–21G** basis sets. In cases in which structures were needed con-
formational analysis was carried out by scanning of the potential
energy surface to search for the optimal conformation with the
energy minimum. For the optimized geometry the calculation of
force constants and the resulting vibrational frequencies was per-
formed; the procedure was stopped at an energy gradient of
0.01 kcal mol–1.

Charge distributions in atoms were calculated by the theory of Nat-
ural Bond Orbital analysis (NBO).[38] The electron transition char-
acteristics were calculated with the program package Hyper-
Chem. 6.0[39] by the ZINDO/S method using, as a rule, all the π
electron single excited configurations; the empirical parameter
OWF (Overlap Weight Factor) was varied to achieve the best agree-
ment between the calculated and spectral energy of the first elec-
tron transition. We could then analyse the shape of the molecular
orbital as well as the nature of the lowest and higher electron tran-
sitions.

The starting materials and solvents for the synthesis and spectro-
scopic measurements were purchased from Aldrich.

2-Butyl-1,3,6-trimethylcyclohepta[c]pyrrolium Tetrafluoroborate (1):
A solution of ketone 4 (5.0 g, 21.8 mmol) in anhydrous THF
(25 mL) was added dropwise at room temperature under argon to
the Grignard reagent prepared in the usual way from magnesium
(2.09 g, 87 mmol) and methyl iodide (12.37 g, 87 mmol) in anhy-
drous reagent grade diethyl ether (95 mL). The solution was partly
discoloured with the precipitation of a yellow solid. The resulting
mixture was stirred at 40 °C for 2 h. The solvent was then evapo-
rated in vacuo, which was followed by addition of a mixture of
acetic acid (40 mL) and HBF4 (50%, 30 mL). The resulting blue
solution was poured into water (500 mL). After 12 h the product
was extracted with dichloromethane (5�50 mL) and dried with
Na2SO4. After evaporation of solvent the solid was triturated with
diethyl ether, yielding the salt 1 (4.7 g, 68.3%). An analytical sam-
ple was purified by recrystallization from isopropanol; m.p. 105–
107 °C. 1H NMR: δ = 8.74 [d, 3J(H,H) = 10.4 Hz, 2 H, 4-H, 8-H],
7.50 [d, 3J(H,H) = 10.4 Hz, 2 H, 5-H, 7-H], 4.54 [t, 3J(H,H) =
7.6 Hz, 2 H, NCH2], 2.92 (s, 6 H, C1-CH3, C3-CH3), 2.79 (s, 3 H,
C6-CH3), 1.80 (m, 2 H, NCH2CH2), 1.49 (m, 2 H, CH2CH3), 1.00
[t, 3J(H,H) = 7.2 Hz, 3 H, CH2CH3] ppm. C16H22BF4N (315.16):
calcd. C 60.98, H 7.04, N 4.44; found C 70.05, H 6.88, N 4.54.

Monomethine Cyanine Dyes 3 (General Procedure): Triethylamine
(0.1 mL) was added to the solution of 2-butyl-1,3-dimethyl-6-
(methylthio)cyclohepta[c]pyrrolium iodide (2[13], 0.175 g, 0.5 mmol)
and a corresponding quaternary salt of a nitrogen-containing
heterocycle or 4-methyl-2,6-diphenylpyrylium tetrafluoroborate
(0.5 mmol) in acetonitrile (3 mL). The mixture was heated at 75 °C
for 15 min, and was then allowed to cool to room temperature and
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to stand for 4 h. The reaction was monitored by absorption spec-
troscopy: the disappearance of an absorption band of the methyl-
mercapto salt (2) at 407 nm and increasing intensity of the desired
monomethine cyanine dye band (see Table 1) were observed. The
reaction mixture was concentrated under vacuum. The resulting
solid was suspended in diethyl ether (10 mL). The precipitate was
filtered off, washed with ethanol (1 mL) and diethyl ether
(2�10 mL), dried and purified by recrystallization from an appro-
priate solvent, with addition of N-benzyl-N,N,N-triethylammonium
tetrafluoroborate (CAS 77794–93–5, 0.5 mol) in the case of dyes
3a, 3b and 3d to avoid possible precipitation of the corresponding
products as mixtures of salts with different counterions. Dyes 3c
and 3e were obtained as perchlorates after simple recrystallization,
as was confirmed by elemental analysis.

Monomethine Cyanine 3a: 2-Butyl-6-[(2-butyl-1,3-dimethylcyclo-
hepta[c]pyrrol-6(2H)-ylidene)methyl]-1,3-dimethylcyclohepta[c]-
pyrrolium tetrafluoroborate was obtained from 2-butyl-1,3-di-
methyl-6-(methylthio)cyclohepta[c]pyrrolium iodide (2[13]) and 2-
butyl-1,3,6-trimethylcyclohepta[c]pyrrolium tetrafluoroborate (1).
Purification was by recrystallization from ethanol with addition of
N-benzyl-N,N,N-triethylammonium tetrafluoroborate (0.5 mmol).
Yield 0.110 g (20 %); m.p. 221–223 °C. 1H NMR: δ = 7.61 [d,
3J(H,H) = 11.2 Hz, 4 H, 2�4-H, 8-H], 7.04 [d, 3J(H,H) = 11.2 Hz,
4 H, 2�5-H, 7-H], 6.46 (s, 1 H, C11-H), 4.09 [t, 3J(H,H) = 8.0 Hz,
4 H, 2�NCH2], 2.57 (s, 12 H, 2�C1-CH3, C3-CH3), 1.69 (m, 4
H, 2�NCH2CH2), 1.43 (m, 4 H, 2� CH2CH3), 0.99 [t, 3J(H,H) =
8.8 Hz, 6 H, 2�CH2CH3] ppm. C31H39BF4N2 (526.46): calcd. C
70.72, H 7.47, N 5.32; found C 70.48, H 7.53, N 5.45.

Monomethine Cyanine 3b: 2-Butyl-6-[(2,6-diphenyl-4H-pyran-4-
ylidene)methyl]-1,3-dimethylcyclohepta[c]pyrrolium tetrafluorobo-
rate was obtained from 2-butyl-1,3-dimethyl-6-(methylthio)cy-
clohepta[c]pyrrolium iodide (2) and 4-methyl-2,6-diphenylpyrylium
tetrafluoroborate.[40] Purification was by recrystallization from ace-
tonitrile with addition of N-benzyl-N,N,N-triethylammonium tetra-
fluoroborate (0.5 mmol). Yield 0.180 g (33%); m.p. 252–253 °C. 1H
NMR: δ = 8.00 (m, 6 H, 4-H, 8-H, C6H5), 7.58 (m, 8 H, 5-H, 7-
H, C6H5), 7.26 [s, 2 H, O(CCH)2C], 6.79 (s, 1 H, C11-H), 3.84 [t,
3J(H,H) = 8.0 Hz, 2 H, NCH2], 2.22 (s, 6 H, C1-CH3, C3-CH3),
1.51 (m, 2 H, NCH2CH2), 1.36 (m, 2 H, CH2CH3), 0.98 [t, 3J(H,H)
= 8.8 Hz, 3 H, CH2CH3] ppm. C33H32BF4NO (545.42): calcd. C
72.67, H 5.91, N 2.57; found C 72.50, H 5.85, N 2.72.

Monomethine Cyanine 3c: 2-{[2-Butyl-1,3-dimethylcyclohepta[c]-
pyrrol-6(2H)-ylidene]methyl}-3-ethyl-1,3-benzothiazol-3-ium per-
chlorate was obtained from 2-butyl-1,3-dimethyl-6-(methylthio)cy-
clohepta[c]pyrrolium iodide (2) and 3-ethyl-2-methyl-1,3-benzothi-
azol-3-ium perchlorate.[41] Purification was by recrystallization
from ethanol. Yield 0.20 g (42%); m.p. 252–254 °C (decomposi-
tion). 1H NMR: δ = 8.19 [d, 3J(H,H) = 8.5 Hz, 1 H, BT], 8.01 [d,
3J(H,H) = 8.4 Hz, 1 H, BT], 7.72 [m, 2 H, 8-H, BT], 7.58 [m, 1 H,
BT], 7.49 [br. d, 3J(H,H) = 10.5 Hz, 1 H, 4-H], 6.98 [br. d, 3J(H,H)
= 10.5 Hz, 1 H, 7-H], 6.82 [m, 2 H, 5-H C11-H], 4.65 [q, 3J(H,H)
= 7.2 Hz, 2 H, NCH2CH3], 4.08 [m, 2 H, NCH2CH2], 2.48 (s, 6
H, C1-CH3 C3-CH3), 1.63 [m, 2 H, NCH2CH3], 1.39 (m, 5 H,
CH2CH2CH3 NCH2CH3), 0.94 [t, 3J(H,H) = 7.2 Hz, 3 H,
CH2CH2CH3] ppm. C24H27ClN2O4S (475): calcd. C 60.69, H 5.73,
N 5.90, Cl 7.46; found C 60.52, H 5.85, N 6.02, Cl 7.28.

Monomethine Cyanine 3d: 2-[(2-Butyl-1,3-dimethylcyclohepta[c]-
pyrrol-6(2H)-ylidene)methyl]-1-ethylbenzo[cd]indolium tetrafluo-
roborate was obtained from 2-butyl-1,3-dimethyl-6-(methylthio)cy-
clohepta[c]pyrrolium iodide (2) and 1-ethyl-2-methylbenzo[cd]indo-
lium tetrafluoroborate.[42] Purification was by recrystallization
from ethanol with addition of N-benzyl-N,N,N-triethylammonium
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tetrafluoroborate (0.5 mmol). Yield 0.180 g (36%); m.p. 118–
120 °C. 1H NMR: δ = 8.94 [d, 3J(H,H) = 7.6 Hz, 1 H, 3-H Bin],
8.09 [d, 3J(H,H) = 8.4 Hz, 1 H, 5-H BIn], 7.85 (dd, 1 H, 4-H BIn),
7.75 [d, 3J(H,H) = 11.0 Hz, 2 H, 4-H, 8-H], 7.67 [d, 3J(H,H) =
8.4 Hz, 1 H, 6-H Bin], 7.59 (m, 3 H, 5-H 7-H 7-H BIn), 7.33 [d,
3J(H,H) = 7.2 Hz, 1 H, 8-H BIn], 6.67 (s, 1 H, C11-H), 4.42 [q,
3J(H,H) = 7.6 Hz, 2 H, NCH2CH3], 4.10 [t, 3J(H,H) = 7.6 Hz, 2
H, NCH2CH2], 2.60 (s, 12 H, C1-CH3 C3-CH3), 1.73 (m, 2 H,
NCH2CH2), 1.53 [t, 3J(H,H) = 6.97 Hz, 3 H, NCH2CH3], 1.45 (m,
2 H, CH2CH3), 1.01 [t, 3J(H,H) = 7.16 Hz, 3 H, CH2CH3] ppm.
C29H31BF4N2 (494.37): calcd. C 70.45, H 6.32, N 5.67; found C
70.51, H 6.23, N 5.78.

Monomethine Cyanine 3e: 4-[(2-Butyl-1,3-dimethylcyclohepta[c]-
pyrrol-6(2H)-ylidene)methyl]-1-methylquinolinium perchlorate was
obtained from 2-butyl-1,3-dimethyl-6-(methylthio)cyclohepta[c]-
pyrrolium iodide (2) and 1,4-dimethylquinolinium perchlorate.[41]

Purification was by recrystallization from ethanol. Yield 0.120 g
(26%); m.p. 251–253 °C (decomposition). 1H NMR: δ = 8.78 [d,
3J(H,H) = 6.4 Hz, 1 H, 2-H Q-4], 8.34 [d, 3J(H,H) = 8.8 Hz, 1 H,
4-H Q-4], 7.97 (m, 3 H, 3-H, 6-H, 7-H Q-4), 7.74 (m, 1 H, 5-H Q-
4), 7.03 [d, 3J(H,H) = 11.3 Hz, 1 H, 8-H], 6.88 (m, 2 H, 3-H, 7-H),
6.65 (s, 1 H, C11-H), 6.35 [d, 3J(H,H) = 11.2 Hz, 1 H, 5-H], 4.39
(s, 3 H, NCH3), 3.88 (m, 2 H, NCH2CH2), 2.37 (s, 6 H, C1-CH3

C3-CH3), 1.62 (m, 2 H, NCH2CH2), 1.41 (m, 2 H, CH2CH3), 0.99
[t, 3J(H,H) = 7.33 Hz, 3 H, CH2CH3] ppm. C26H29ClN2O4

(468.97): calcd. C 66.59, H 6.23, N 5.97, Cl 7.56; found C 66.36,
H 6.38, N 6.05, Cl 7.42.

Monomethine Cyanine 3f: 2-[(2-Butyl-1,3-dimethylcyclohepta[c]pyr-
rol-6(2H)-ylidene)methyl]-3-ethyl-1,3-benzoxazol-3-ium iodide was
obtained from 2-butyl-1,3-dimethyl-6-(methylthio)cyclohepta[c]-
pyrrolium iodide (2) and 3-ethyl-2-methyl-1,3-benzoxazol-3-ium io-
dide.[41] Purification was by recrystallization from acetonitrile.
Yield 0.22 g (44%); m.p. 259–260 °C. 1H NMR: δ = 7.69 [d,
3J(H,H) = 8.0 Hz, 1 H, 7-H BO], 7.68 [d, 3J(H,H) = 11.6 Hz, 1 H,
7-H], 7.61 [d, 3J(H,H) = 11.6 Hz, 1 H, 8-H], 7.45 (m, 3 H, 4-H, 5-
H, 6-H BO), 7.39 [d, 3J(H,H) = 11.6 Hz, 1 H, 4-H], 7.13 [d,
3J(H,H) = 11.6 Hz, 1 H, 5-H], 6.42 (s, 1 H, C11-H) 4.63 [q, 3J(H,H)
= 7.2 Hz, 2 H, NCH2CH3], 4.02 (m, 2 H, NCH2CH2), 2.53 (s, 3
H, C1-CH3), 2.46 (s, 3 H, C3-CH3), 1.71 (m, 2 H, NCH2CH2), 1.54
[t, 3J(H,H) = 7.2 Hz, 3 H, NCH2CH3], 1.44 (m, 2 H, CH2CH3),
0.99 [t, 3J(H,H) = 7.3 Hz, 3 H, CH2CH3] ppm. C25H29IN2O
(500.42): calcd. C 60.00, H 5.84, N 5.60; found C 60.12, H 5.67, N
5.82.
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