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Abstract

Second-order nonlinear optical chromophores incorporating the ferrocenyl group as an electron donor and 3-dicyanomethylidene-
1-indanone and 1,3-bis(dicyanomethylidene)indane acceptor groups, connected by a conjugated polyenic bridge of varied length (2[n]
and 3[n], respectively) have been synthesized. The electronic absorption spectra of these compounds display in the visible region bands
attributable to p–p* and metal-to ligand charge transfer (MLCT) transitions. The energies of these transitions are close to those reported
earlier for ferrocenyl D–p–A chromophores with the strongest acceptor groups, e.g., with the 3-dicyanomethylidene-2,3-dihydrobenzo-
thiophene-1,1-dioxide group (1[n]) [V. Alain, M. Blanchard-Desce, C.-T. Chen, S.R. Marder, A. Fort, M. Barzoukas, Synt. Met. 81
(1996) 133]. The solid-state structure of 2[3], determined by X-ray diffraction shows a significant reduction of the bond length alternation
(BLA), 0.05 Å, suggesting high first hyperpolarizability. However, a centrosymmetrical packing of molecules of this compound in the
crystal excludes its second harmonic generation ability. The lb values of 2[n] and 3[n], determined by the EFISH technique at
1907 nm are high and increase with the increasing length of the conjugated p-bridge. The highest value of lb (8720 · 10�48 esu) was
determined for 3[4], which is close to that reported for 1[4] (11200 · 10�48 esu), the highest value found for a ferrocenyl D–p–A chro-
mophore until now.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

‘‘Push–pull’’ compounds containing ferrocenyl (Fc) do-
nor group bound to a conjugated polyenic chain capped by
an acceptor moiety A, (Fc–p–A), have attracted consider-
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able interest as second-order nonlinear optical (NLO)
chromophores [1–15]. They display large first hyperpolariz-
abilities (b), and some of them second harmonic generation
(SHG) ability in the solid state. Although the NLO activity
of Fc–p–A molecules usually does not exceed that of their
organic counterparts having p-aminophenyl or p-methoxy-
phenyl groups in place of the Fc group, they offer an un-
ique possibility of switching of the NLO properties by
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reversible oxidation/reduction of the Fc group [16–18]. An-
other advantage of Fc–p–A compounds is that introduc-
tion of the second substituent (different from the first
one) into the substituted Cp ring makes their molecules
planary chiral and opens an entry to noncentrosymmetric
crystalline materials displaying SHG ability [1,8].

Blanchard-Desce et al. [9,10] have prepared a series of
conjugated ferrocenyl polyenes having at the second cap of
the conjugated system of varied length potent acceptor units
in order to achieve large quadratic nonlinearities. They have
found that 3-dicyanomethylidene-2,3-dihydrobenzothioph-
ene-1,1-dioxidemoiety endowsmolecules 1 (Fig. 1) with par-
ticularly high values of lb (the vectorial projection of the
hyperpolarizability along the molecular dipole moment
direction, a figure of merit for the NLO behaviour of materi-
als rendered noncentrosymmetric by poling chromophores
in a polymer matrix) measured by the electric field induced
second harmonic (EFISH) generation technique.
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We have recently synthesized and studied linear and sec-
ond-order NLO properties of molecules composed of the
ferrocenyl and 3-dicyanomethylidene-1-indanone and 1,3-
bis(dicyanomethylidene)indane acceptor group linked by
one sp2 carbon, 2[1], and 3[1], respectively [19]. These inda-
none-based potent electron-acceptor groups were earlier
introduced to purely organic molecules and endowed them
with particularly large second-order NLO activities [20–
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Fig. 1. Charge-separated resonance form of compounds 2[n] and 3[n].
X = O or C(CN)2.
23]. We have determined lb(2x) values of 2[1] and 3[1]
using the EFISH technique at 1907 nm equal 160 · 10�48

and 280 · 10�48 esu, respectively. These large values, com-
parable or larger than that of 1[1] suggested us that elonga-
tion of the conjugated sp2 chain between the ferrocenyl and
3-dicyanomethylidene-1-indanone and 1,3-bis(dicyanome-
thylidene)indane groups may result in compounds display-
ing giant second-order optical nonlinearities. Herein, we
report on synthesis of compounds 2[2]–2[4] and 3[2]–3[4],
their electronic absorption spectra and EFISH data and
their Fe(II)/Fe(III) oxidation potentials measured by cyclic
voltammetry.

2. Results and discussion

2.1. Synthesis and structure of 2[n] and 3[n]

Compounds 2[2]–2[4] and 3[2]–3[4] were prepared from
the corresponding x-ferrocenyl-polyenals 4[2]–4[4] [24]
via Knoevenagel reaction with 3-dicyanomethylidene-1-
indanone and 1,3-bis(dicyanomethylidene)indane, respec-
tively (Scheme 1).

Reactions of 4[2]–4[4] with 3-(dicyanomethylidene)-1-
indanone were performed by refluxing of both components
in methanol (no basic catalysts is required). Under the
same conditions reactions of 4[2]–4[4] with 1,3-bis(dicya-
nomethylidene)indane led to complex, intractable mix-
tures. However, it has been found that this reaction
proceeds cleanly in acetic anhydride at 55–60 �C to give
4[n]. The isolated yields of 2[n] and 3[n] were 67–94%.
The all-trans configuration of the conjugated polyenic
chain was confirmed by large values of vicinal coupling
constants between protons attached to the same ethylenic
bond in the 1HNMR spectra of these compounds (Table 1).
Formally, the expected values of coupling constant
between trans protons in the CH@CH and CH–CH groups
3[n]

CN
NC

n = 2–4

CN

NC
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Scheme 1.



Table 1
Coupling constants between vicinal protons along the polyenic chain,
numbered from the ferrocenyl end to the acceptor end, in compounds 2[n]
and 3[n]

Compound J12 (Hz) J23 (Hz) J34 (Hz) J45 (Hz) J56 (Hz) J67 (Hz)

2[2] 13.9 12.0
2[3] 14.8 11.5 13.9 12.0
2[4] nd nd 13.9 11.5 13.8 12.0
3[2] 14.3 12.2
3[3] 14.5 12.0 13.5 12.5
3[4] 15.5 12.0 14.5 11.6 13.5 12.8

nd, non-determined.

Table 2
Absorption maxima in the visible region of 2[n] and 3[n] in various
solvents (for comparison data for 1[n])

Compound kmax/nm (emax · 10�4/cm�1 M�1)

Hexane Benzene Chloroform

2[1] 408 (0.8) 410 (0.8) 414 (1.0)
613 (0.4) 622 (0.4) 632 (0.5)

2[2] 445 (1.7) 445 (1.4) 446 (1.7)
637 (1.0) 659 (0.9) 675 (1.0)

2[3] 474 (3.2) 487 (3.1) 493 (3.3)
643 (2.2) 672 (2.2) 690 (2.2)

2[4] 501 (2.5) 512 (2.8) 522 (3.9)
644 (2.0) 600 (2.4) 692 (3.2)

3[1] 408 (1.2) 410 (1.2) 414 (1.2)
637 (0.7) 656 (0.7) 659 (0.5)

3[2] 463 (1.9) 468 (1.8) 472 (1.8)
637 (1.0) 659 (0.9) 675 (1.0)

3[3] 493 (4.2) 508 (4.2) 513 (4.0)
692 (3.2) 716 (3.2) 733 (3.5)

3[4] 518 (2.2) 533 (2.3) 547 (2.4)
696 (2.0) 717 (2.2) 745 (2.2)

1[1] 419 (1.3)a

667 (0.7)a

1[2] 475 (1.7)a

721 (0.7)a

1[3] 517 (4.8)a

746 (3.3)a

1[4] 552 (2.9)a

743 (2.3)a

a Values taken from [10] (solvent: dichloromethane).
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are 16.5 Hz and �10 Hz, respectively, and the values ob-
served in 2[n] and 3[n] indicate a reduced bond-order alter-
nation [25,26] due to a contribution of the charge-separated
limiting resonance form shown in Fig. 1.

Due to such reduced bond-order alternation typical val-
ues of vicinal coupling constants for all-trans push–pull
polyenes are 13.7–16.4 Hz for C–C bonds with dominant
double bond character and 9.7–12.0 Hz for C–C bonds
with dominant single bond character [25,26].

The values of coupling constants presented in Table 1
(obtained in selective decoupling experiments if necessary)
indicate that compounds 2[n] and 3[n] show reduced bond
order alternation along the polyenic chain comparable with
that reported for for those reported for push–pull polyenes
with the strongest D/A strength combination [25,26]. This
means that both 3-dicyanomethylidene-1-indanone and
1,3-bis(dicyanomethylidene)indane groups placed at the
end of a ferrocenyl polyenic chain behave as very strong
electron acceptors.

2.2. Linear and nonlinear optical properties of 2[n] and 3[n]

Similarly as other ferrocenyl push–pull chromophores,
compounds 2[n] and 3[n] display two intense absorption
bands in the visible region of their electronic absorption
spectra (Table 2). The nature of these transitions and their
contributions to NLO properties can be explained by using
a number of models [7,27–29], among which the model
developed by Barlow et al. [7] is the most generally ac-
cepted. According to this model the lower energy band is
assigned to a metal-to-acceptor transition, whereas the
higher energy band to a transition from the ligand p orbital
(HOMO � 3) to the acceptor-based LUMO orbital. Since
both transitions have intramolecular charge transfer
(ICT) nature and are associated with a considerable in-
crease of molecular dipole moments, strong positive solva-
tochromic effect (i.e., red-shift with the increasing solvent
polarity) is observed. As a rule, transitions displayed by
compounds 3[n] are lower in energy than their counterparts
for compounds 2[n] (although some exception from this
trend are observed, e.g., the lower energy transitions of
3[2] and 2[2] appear in chloroform at the same wavelength,
675 nm). This phenomenon is not completely unexpected
since it has been reported that in organic push–pull mole-
cules containing 1,3-indandione acceptor group the
replacement of one carbonyl oxygen by the C(CN)2 moiety
gives rise to a bathochromic shift of ICT transitions [23].
Consequently, a bathochromic shift is expected to be asso-
ciated with the similar replacement of the carbonyl oxygen
in the 3-dicyanomethylidene-1-indanone group. The ob-
served shift suggests a higher electron acceptor ability of
the 1,3-bis(dicyanomethylidene)indane group in compari-
son to the the 3-dicyanomethylidene-1-indanone group giv-
ing rise to a lowering of energy of the acceptor-based
orbitals. It was of interest to compare linear optical prop-
erties of 2[n] and 3[n] with those reported for 1[n] [10].
Unfortunately, the spectra of the latter compounds were
measured in dichloromethane, making strict comparison
with our data impossible. Nevertheless, we should empha-
size a close similarity between the spectra of 3[n] in chloro-
form and those of 1[n] in dichloromethane. This similarity
indicates very high acceptor ability of the 1,3-bis(dicya-
nomethylidene)indane acceptor group.

2.3. Solid-state structure of 2[3]

The solid-state structure of 2[3] has been determined by
the X-ray diffraction method. The crystal data are collected
in Table 3 and selected bond lengths and angles in Table 4.
The ORTEP drawing of this compound is shown in Fig. 2.

The distances between the iron atom and the planes of
the substituted and unsubstituted cyclopentadienyl ligand
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are 1.6392(8) and 1.6544(8) Å, respectively. The planes of
these ligands are not parallel and form an angle of
2.4(3)�. The methine carbon C6 is tilted from the substi-
tuted Cp plane towards iron and the angle between the
C1A–C6 bond and this plane is 1.7(3)�. The distance be-
tween iron and C6 is 3.078(5) Å. The polyenic chain exhib-
its nearly planar zigzag ‘‘all-E’’ conformation and reduced
Table 3
Crystal data and structure refinement details for 2[3]

Empirical formula C27H18FeN2O
Formula weight 422.28
Crystal description Green plate
Crystal size (mm3) 0.5 · 0.17 · 0.05
Space group P21/c
Unit cell dimensions

a (Å) 9.8905(18)
b (Å) 7.4650(19)
c (Å) 28.3448(19)
b (�) 94.047(11)
V (Å3) 2087.6(7)
Dcalc (g cm

�3) 1.407

Data collection

Diffractometer Rigaku AFC5S
Radiation type k (Å) Cu Ka 1.54178
l (mm�1) 5.957
T (K) 293(2)
Data collected (h,k, l) �8 6 h 6 11,

�7 6 k 6 8,
�33 6 l 6 33

Numbers of reflections measured 3866
Numbers of independent reflections 3643
Rint 0.0423
Numbers of reflections with I > 2r(I) 1706

Solution and refinement

Solution Direct methods
Refinement method Full-matrix least-squares on F2

Number of parameters 280
R(F)a 0.1459
wR(F2)b 0.1396c

R(F)a 0.0533 for 1706 reflectionsc

wR(F2)b 0.1250 for 1706 reflectionsc

(D/)max 0.000
Different peak/hole (e Å�3) 0.707/�0.45

a R(F) =
P

(|Fo � Fc|)/|Fo|.
b wR(F2)=[

P
w(|Fo � Fc|)

2/
P

|Fo|
2]1/2.

c w ¼ exp½ð3 sin hÞ2�=½r2ðF 2
oÞ þ ð0:0636P Þ2� where P ¼ 0:33333F 2

o þ
0:66667F 2

c .

Fig. 2. The ORTEP drawing of the molecule of 2[3] with atom numberin
bond length alternation (BLA, defined as the average dif-
ference between C@C and C–C bond lengths) equals
�0.05 Å. As observed earlier in structures of push–pull
polyenes, the BLA is more pronounced near to the donor
(ferrocenyl) end than near to the acceptor length. The plane
of the polyenic chain forms with the plane of the substi-
tuted Cp ligand an angle of 13.1(3)� and with the plane
of the five-membered ring in the indanone moiety an angle
of 8.7(3)�. The angle between the above-mentioned five-
membered ring planes is 22.9(2)�.The atoms of the dicya-
nomethylidene moiety do not significantly deviate from
the indane ring plane, the maximum deviation being
0.365(6) Å for N2 and the carbonyl oxygen O1 lies in this
Table 4
Selected geometric parameters for 2[3] [Å, �]

Fe–C1A 2.036(5)
Fe–C2A 2.036(5)
Fe–C3A 2.038(5)
Fe–C4A 2.046(5)
Fe–C5A 2.018(5)
Fe–C1B 2.045(6)
Fe–C2B 2.027(6)
Fe–C3B 2.034(6)
Fe–C4B 2.023(6)
Fe–C5B 2.049(7)
C1A–C6 1.425(6)
C6–C7 1.359(7)
C10–C11 1.376(7)
C12–C20 1.360(7)
C20–C21 1.440(8)
C20–C22 1.435(7)
C21–N1 1.150(8)
C22–N2 1.121(7)
C15–O1 1.201(6)

C12–C20–C21 123.4(5)
C12–C20–C22 125.4(4)
C12–C11–C10 128.6(4)
C15-C11–C10 123.5(5)
C5A-C1A–C6 125.3(4)
C2A–C1A–C6 128.7(4)

C13–C12–C11–C10 �178.4(5)
C13–C12–C11–C15 �1.7(5)
C13–C12–C20–C21 �178.6(5)
C13–C12–C20–C22 6.2(8)
C2A–C1A–C6–C7 13.7(9)
C6A–C1A–Fe–C1B 0.9(5)

g scheme. Displacement ellipsoids are drawn at 40% probability level.
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plane. Interestingly, the structure of 2[3] shows intramolec-
ular hydrogen bonds between C9–H9 and O1, C10–H10
and cyano group C21„N1, and C16–H16 and C22„N2.
In the case of the last two bonds it proved impossible to
distinguish between hydrogen bonds with the p-systems
of the cyano groups or with the relevant nitrogen atoms
(N1 and N2). Hence, in Table 5, presenting geometries of
these bonds, the relevant distances and angles were calcu-
lated assuming that N1 and N2 are proton acceptors. It
is worthy noting that analogous hydrogen bonds were
not observed in the structures of 2[1] and 3[1].

The molecular packing of is shown in Fig. 3. It exhibits
antiparallel ‘‘head-to tail’’ arrangement of molecules in the
centrosymmetrical space P21/c group. This spatial arrange-
ment excludes bulk second-order NLO properties for this
compound.

The above data clearly indicate significant interactions
of the donor (ferrocenyl) and acceptor (dicyanomethylid-
eneindanone) group across the polyenic chain. Unsurpris-
ingly, this interactions in 2[3] seems to be weaker than
those detected in compounds with a shorter p-bridge (2[1]
or 3[1]). This can be deduced from weaker deformations
of the ferrocenyl unit towards g6-fulvenic structure charac-
teristic for the charge-separated form. For comparison, the
angle between the Cp ring planes in 2[1] is 4.0(2)�, the tilt-
ing angle of the C1A–C6 bond 10.2(3)�, and the distance
C6–Fe, 2.954(4) Å [19].
Table 5
Hydrogen-bonding geometry (Å, �) for 2[3]

D–H� � �A D–H H� � �A D� � �A D–H� � �A
C(9)–H(9)� � �O(1) 0.93 2.36 2.965(7) 123(1)
C(10)–H(10)� � �N(1) 0.93 2.59 3.448(7) 154(1)
C(16)–H(16)� � �N(2) 0.93 2.60 3.385(8) 143(1)

Fig. 3. View of the molecular packing in the unit cell of 2[3].
From the standpoint, the value of BLA calculated for
2[3] should correspond to the maximal absolute value of
b. However, it should be kept in mind that the solid state
provides polar environment favoring charge separation,
and in solution in a nonpolar or weakly polar solvent the
BLA may be higher, resulting in a smaller value of b.

2.4. Second-order nonlinear optical properties of 2[n] and

3[n]

The second-order nonlinear optical properties of 2[n] and
3[n] were determined using the EFISH technique at
k = 1907 nm. The values of lb(2x) are gathered in Table
6. We have not calculated frequency-independent (static)
values lb(0) because the two-level model usually used in
calculations is not applicable for ferrocenyl compounds
(more than one electronic transition contribute to b) [7].
As is seen from Table 6 the values of lb(2x) of 2[n] and
3[n] increase with the increasing length of the conjugated
polyenic linker. As observed for similar D–p–A systems
[10,14,30] this increase follows a power law (lb � nk) with
the exponent k equals 2.5 and 2.3 for 2[n] and 3[n], respec-
tively. These values are lower than that reported for com-
pounds 1[n] (2.9) [10], which leads to lower values of lb
of higher members of series 2[n] and 3[n] in comparison to
those of 1[n]. Nevertheless, it should be noted that values
of lb of compounds 2[4] and 3[4], 3900 · 10�48 and
8720 · 10�48 esu, respectively, are among the highest values
of this parameter reported for ferrocenyl compounds to
date. To our knowledge, comparable values of lb(2x) (up
to 5000 ± 1500 · 10�48 esu) were found only for ferrocenyl
compounds having polynitrofluorene acceptor groups [11].
Compounds having weaker acceptor groups (e.g., formyl,
dicyanomethylidene) exhibit significantly weaker lb(2x)
values even when they bear long polyenic chain [6,31].
Table 6
EFISH data for compounds 1[n]–3[n] determined at 1907 nm in
chloroform

Compound lb(2x) (10�48 esu)a

2[1] 140b

2[2] 650
2[3] 2600
2[4] 3900

3[1] 280b

3[2] 1080
3[3] 2090
3[4] 5200 (8720)d

1[1] 160c

1[2] 1400c

1[3] 3000c

1[4] 11200c

a The error in the measurements is estimated to be ±20%.
b Values taken from [19].
c Values taken from [10].
d Value extrapolated to the infinite dilution.



Table 7
Cyclic voltammetric data for compounds 2[n] and 3[n]

Compound E1/2/mV vs.
(Fc+/Fc)

DEp/mVa Dox/cm
2 s�1b Dred/cm

2 s�1b ks · 10�2/cm s�1c

2[1]a 292 77 1.67 · 10�8 1.18 · 10�8 1.99
2[2] 177 94 1.45 · 10�6 3.61 · 10�6 0.24
2[3] 108 92 8.21 · 10�6 7.28 · 10�6 0.41
2[4] 99 209 6.37 · 10�7 7.15 · 10�7 0.11
3[1]a 318 88 2.62 · 10�4 2.43 · 10�4 0.60
3[2] 178 91 1.08 · 10�5 1.19 · 10�5 0.52
3[3] 121 97 1.40 · 10�5 1.42 · 10�5 0.55
3[4] 66 96 1.02 · 10�5 1.02 · 10�5 0.50

a Values taken from [19].
b Diffusion coefficient.
c Standard rate constant.
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2.5. Redox properties

The redox properties of the synthesized compounds
were studied by cyclic voltammetry in acetonitrile solutions
and the relevant data are gathered in Table 7. A quasi-
reversible, monoelectronic (DEp < 100 mV) redox process
was observed for 2[1]–2[3] and 3[n], corresponding to the
transformation of the ferrocene unit to the ferrocenium
species. Compound 2[4] showed larger value of DEp

(209 mV), suggesting stronger irreversibility and/or slower
electron transfer. It may result from reorientation of the
molecule on the electrolyte/working electrode interface.

In comparison to ferrocene, the oxidation potentials of
all investigated compounds are shifted anodically, due to
the electron-withdrawing nature of 3-dicyanomethylidene-
1-indanone and 1,3-bis(dicyanomethylidene)indane end
groups. The similar, high values of the FeII/FeIII redox
potential were reported for compounds 1[1]–1[3] (325,
200 and 100 mV in CH2Cl2, respectively) [7]. These values
reveal efficient electron withdrawal from the ferrocenyl
group even across relatively long linker. In contrast, link-
ers containing aromatic rings usually give rise to lower
FeII/FeIII redox potentials (<60 mV), due to unfavorable
loss of aromacity in the zwitterionic, charge-separated res-
onance structures [13]. As expected, FeII/FeIII redox
potentials decrease with the increasing length of the poly-
enic bridge. Unexpectedly, there is no simple relationship
between oxidation potentials of 2[n] and 3[n]. For n = 1,3
the oxidation potentials of compounds 3[n] are higher
than those of 2[n], whereas a reverse effect is observed
for n = 2,4.
3. Conclusion

We have shown that compounds 2[n] and 3[n], bearing
3-dicyanomethylidene-1-indanone and 1,3-bis(dicyano-
methylidene)indane groups at the end of the ferrocenyl
polyenic chain have a push–pull character and display very
large values lb(2x) measured by the EFISH technique.
They are therefore promising chromophores for electrically
poled polymer NLO systems.
4. Experimental

All syntheses were performed under an atmosphere of
dry pure argon. Solvents were freshly distilled over the
appropriate drying agents immediately prior to use. Poly-
enals 4[2]–4[4] were prepared according to the literature
method [24]. All other reagents were commercially avail-
able (Fluka, Aldrich) and were used as received. Chro-
matographic separations were carried out on Kieselgel 60
(230–400 mesh ASTM) purchased from Merck, using chlo-
roform–hexane (1:1) as eluent. 1H NMR spectra were re-
corded in CDCl3 solutions on a Varian Gemini 200 BB
spectrometer at 200 MHz or a Bruker DRX 500 spectro-
meter at 500 MHz. Electronic absorption spectra were
recorded on a Helios a spectrometer.

4.1. Syntheses of compounds 2[2]–2[4]

To a boiling solution of 4[n] (0.2 mmol) inmethanol (5 ml),
3-dicyanomethyleneindan-1-one (110 mg, 0.57 mmol) was
added, and the solution was stirred without heating for
15 min. After evaporation of the solvent the product was iso-
lated by chromatography and crystallisation from chloro-
form–hexane.

Compound 2[2]: Yield: 88%. Brown crystals. d (1H): 8.68
(m, 1H), 8.38 (m, 2H), 7.89(m, 1H), 7.76 (m, 2H), 7.47 (d,
J = 13.9 Hz, 1H), 4.78 (m, 4H), 4.26 (m, 5H). IR (KBr,):
2216 cm�1 (mC„N), 1696 cm�1 (mC@O). Anal. Found: C,
71.90; H, 3.94; N, 6.72%. Calc. for C25H16FeN2O: C,
72.12; H, 3.85; N, 6.73.

Compound 2[3]: Yield: 88%. Green crystals. d (1H): 8.67
(m, 1H), 8.42 (d, J = 12.0 Hz, 1H), 8.19 (dd, J = 13.9 Hz,
12.0 Hz, 1H), 7.90 (m, 1H), 7.69 (m, 1H), 7.17 (dd,
J = 13.9 Hz, 11.5 Hz), 7.02 (d, J = 14.8 Hz, 1H), 6.78 (d,
J = 11.5 Hz, 1H), 4.58 (s, 4H), 4.20 (m, 5H). IR (KBr):
2220 (mC„N), 1697 cm�1 (mC@O). Anal. Found: C, 73.04;
H, 4.36; N, 6.14%. Calc. for C27H18FeN2O: C, 73.32; H,
4.10; N, 6.33.

Compound 2[4]: Yield: 90%. Deep green crystals. d (1H):
8.64 (m, 1H), 8.39 (d, J = 12.0 Hz, 1H), 8.25 (dd,
J = 13.9 Hz, 11.9 Hz, 1H), 7.89(m, 1H), 7.78(m, 2H), 7.16
(dd, J = 13.8 Hz, 11.5 Hz, 1H), 6.68 (m, 4H), 4.50 (m,
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2H), 4.47 (m, 2H), 4.17 (m, 5H). IR (KBr,): 2226
(mC„N),1699 cm�1 (mC@O). Anal. Found: C, 71.55; H,
4.21; N, 6.36%. Calc. for C29H20FeN2O · 0.2CHCl3: C,
71.25; H, 4.14; N, 5.69.

4.2. Syntheses of compounds 3[2]–3[4]

A solution of 4[n] (0.5 mmol) and 1,3-bis(dicyanomethy-
lidene)indane (80 mg, 0.33 mmol) in acetic anhydride
(12 ml) was heated to 55–60 �C for 1.5 h. After evaporation
of the solvent the product was isolated by chromatography
and crystallisation from chloroform–hexane.

Compound 3[2]: Yield: 63%. Brown crystals. d (1H): 8.49
(dd, J = 3.3 Hz, J = 5.8 Hz, 1H), 8.42 (m, 2H), 8.14 (d,
J = 12.2 Hz, 1H), 7.66 (dd, J = 3.2 Hz, J = 5.8 Hz, 1H),
7.46 (d, J = 14.3 Hz, 1H), 6.79 (dd, J = 12.2 Hz,
J = 14.3 Hz, 1H), 4.81 (t, J = 1.9 Hz, 2H), 4.71 (t,
J = 1.9 Hz, 2H), 4.26 (s, 5H). IR (KBr): 2216 cm�1 (mC„N).
Anal. Found: C, 72.31; H, 2.95; N, 11.76%. Calc. for
C28H16FeN4: C,72.40; H, 3.37; N, 12.07.

Compound 3[3]: Yield: 85%. Violet-brown crystals. d
(1H): 8.55 (m, 2H), 8.19 (d, J = 12.5 Hz, 1H), 7.73 (m,
2H), 7.21 (dd, J = 13.5 Hz, J = 12.0 Hz, 1H), 7.10 (d,
J = 14.5 Hz, 1H), 6.77 (dd, J = 14.5 Hz, J = 12.0 Hz, 1H),
6.73 (dd, J = 12.5 Hz, 1H), 4.65 (t, J = 1.8 Hz, 2H), 4.60
(t, J = 1.8 Hz, 2H), 4.21 (s, 5H). IR (KBr): 2220 cm�1

(mC„N). Anal. Found: C, 73.80; H, 4.07; N, 11.27%. Calc.
for C30H18FeN4: C,73.47; H, 3.67; N, 11.43.

Compound 3[4]: Yield: 94%. Violet crystals. d (1H): 8.55
(dd, J = 3.1 Hz, J = 6.0 Hz, 1H), 8.18 (d, J = 12.8 Hz, 1H),
7.73 (dd, J = 3.1 Hz, J = 6.0 Hz, 2H), 7.21 (dd,
J = 13.5 Hz, J = 11.6 Hz, 1H), 6.87 (dd, J = 12.0 Hz, J =
14.5 Hz, 1H), 6.83 (d, J = 15.5 Hz, 1H), 6.75 (dd,
J = 13.5 Hz, J = 12.8 Hz, 1H), 6.63 (dd, J = 14.5 Hz,
J = 11.6 Hz, 1H), 6.59 (dd, J = 12.0 Hz, J = 15.5 Hz,
1H), 4.53 (s, 4H), 4.19 (s, 5H). IR (KBr): 2221 cm�1

(mC„N). Anal. Found: C, 74.63; H, 3,75; N, 10.80%. Calc.
for C32H20FeN4: C,74.40; H, 3.91; N, 10.85.

4.3. X-ray crystallographic study

Data were collected on a Rigaku AFC5S diffractometer
using Cu Ka (k = 1.54178 Å) X-ray source and a graphite
monochromator. Analytical absorption corrections was
applied. Experimental details are given in Table 3. The
crystal structures were solved by direct methods using
SHELXS-86 [32] and refined by full-matrix least-square
method using SHELXL-97 [33]. All hydrogen atoms except
for H2 atom were refined using ridig body model. The
molecular geometry was calculated by PARST [34] and
PLATON [35].

4.4. EFISH measurements

The principle of the EFISH generation technique is de-
scribed elsewhere [36,37]. In order to avoid reabsorption of
the generated second harmonics the data were recorded
using the 1.907 lm, 10 ns incident laser pulses. The com-
pounds were dissolved in chloroform at various concentra-
tions (0–5 mM). The centrosymmetry of the solution was
broken by dipolar orientation of the chromophores with
a high voltage pulse (around 5 kV applied on 2 mm during
5 ls) synchronised with the laser pulse. The compounds
were dissolved in chloroform at various concentrations
(0–5 mM) and put into the cell. Calibration of the cell
was made by monitoring the second harmonic signal gener-
ated by a series of solutions of 2-methyl-4-nitroaniline in
chloroform (lb = 71 · 10�48 esu).

4.5. Cyclic voltammetry

The experiments were carried out using standard three-
electrode system with a platinum mesh as an auxiliary
electrode and the working polycrystalline gold electrode
prepared by means of electrochemical cleaning in 1.0 M
HClO4. A classical SCE (in water KClsat solutions, con-
nected by Luggin capillary and electrolytic bridge with ace-
tonitrile supporting electrolyte) one was used as a reference
electrode. All measurements were conducted by means of
the PAR 273 potentiostat-galvanostat. The CorWare and
CorView 2.4 programs were used for data base (with
±0.001 V of measured potentials and ±1 · 10�5 accuracy).
The measurements were carried out in acetonitrile (Fluka
AG, p.a.) without purification. Tetraethylammonium per-
chlorate (Et4NClO4, 0.1 mol dm�3 electrolyte, FLUKA
A.G. p.a.) was used as a supporting electrolyte. The sweep
potential rate was 0.020–0.200 V s�1.
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