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Soluble and Columnar Liquid Crystalline Peropyrenequinones by Coupling
of Phenalenones in Caesium ACHTUNGTRENNUNGHydroxide

No�mie Buffet,[a, b] �ric Grelet,[a] and Harald Bock*[a]

Perylene tetracarboxylic diimides (PTCDIs) 1 are very
versatile, stable and synthetically very accessible red dyes
with high extinction coefficients,[1] that have, amongst a vari-
ety of other applications,[2] found widespread use in molecu-
lar optoelectronics, including electrophotography,[3] solar
cells[4] and light-emitting diodes.[5] When substituted with ap-
propriate alkyl or trialkylaryl substituents, they exhibit la-
mellar or columnar liquid crystalline self-assembly, which
gives rise to high intermolecular charge carrier mobilities.[6]

The columnar liquid-crystalline state is also prominent in
the corresponding orange perylene tetracarboxylic tetraalkyl
esters (PTCTEs) 2 in which it can be stabilised at room tem-
perature with racemically branched alkyl groups.[7] A key
feature of tetracarboxylic perylene derivatives is their in-
tense absorption at relatively long wavelengths (about
525 nm for dialkyl imides and about 475 nm for tetraalkyl
esters in solution) with respect to their small chromophore
size (which favours solubility), when compared with other
relatively stable polycyclic aromatic hydrocarbon (PAH)ACHTUNGTRENNUNGderivatives.

Considerable efforts have been undertaken to obtain per-
ylene derivatives that absorb at yet longer wavelengths,
whilst maintaining solubility. These approaches include the
introduction of arylimidazole moieties,[8] donor substitution
in the bay regions,[9] extension of the core in the rylene
series[10] and lateral oligomerisation.[11]

To shift the absorption maximum to longer wavelengths
by a particularly simple approach that maintains the small

chromophore size of 1, and to ensure at the same time col-
umnar liquid-crystalline self-assembly at room temperature,
we have investigated the known base-induced dehydro-di-
merisation of 3-hydroxy-1-phenalenone (3 a).[12] The result-
ing violet dihydroxyperopyrenequinone 4 can be regarded
as a homologue of 1 in which both nitrogen atoms have
been exchanged for methine moieties (Scheme 1). Since 4 is
enolised (no 1H NMR coupling in alkyl-substituted 4 be-
tween the a protons of R with any ring proton), which
yields to two fully sp2-configured terminal rings, its colour is
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Scheme 1. Approach to substituted peropyrenequinones, with relatedACHTUNGTRENNUNGperylene derivatives.
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considerably bathochromically shifted with respect to 1. Ac-
cordingly, and in contrast to 1, compound 4 is soluble in
aqueous base. Apart from the unsubstituted chromophore,
the doubly quinolinyl-substituted derivative 5 is known as
well, which can be obtained from perylene tetracarboxylic
dianhydride (PTCDA) 6 by double condensation with 2-
methylquinoline (quinaldine); bay-substituted derivatives of
this condensation product with quinaldine have recently
been reported as soluble long-wavelength absorbing emit-
ters.[13] No other substituted derivatives 4 (R¼6 H or quino-
linyl) have been described.

We found that two-fold terminal substitution of 4 can con-
veniently be achieved by the use of accordingly 2-substitut-
ed 3-hydroxy-1-phenalenones, which are obtained by con-
densation of 2-substituted malonic esters 7 with naphthalic
anhydride 8 in the presence of zinc chloride.[14]

Further solubility-enhancing substitution is subsequently
accomplished by esterification at the two enolic hydroxy
groups. Together with the two “malonic” substituents in po-
sitions 2 and 9, this leads to a sufficient number of flexible
alkyl groups to hope for the formation of columnar liquid-
crystalline self-assembly at moderate temperatures, as ob-
served in PTCTEs 2. Two regioisomers 9 and 10 are ob-
tained, of which the former (transoid) is centrosymmetric,
whereas the latter (cisoid) exhibits a lateral permanent
dipole moment.

Symmetrical long-chain secondary alkyl substituents, such
as 1-hexylheptyl, on both nitrogen atoms have been shown
to impart excellent solubilities to PTCDIs 1.[15] We therefore
aimed to introduce such swallow-tail substituents in 4 start-
ing from diethyl isopropylmalonate and its longer homo-
logues, but whilst we found that the reaction of straight-
chain malonates, such as diethyl n-butylmalonate, with
naphthalic anhydride and zinc chloride smoothly yields the
corresponding 2-substituted phenalene-1,3-diones 3, the re-
action fails with diethyl isopropylmalonate (R=CHMe2)
and diethyl pent-3-ylmalonate (R=CHEt2), yielding only
small amounts of unsubstituted 3 a. It appears that Lewis
acid assisted dealkylation dominates with secondary alkyl
groups, and varying the reaction conditions (duration, tem-
perature) was of no avail.

We then turned to 2-substituted alkyl substituents, such as
2-ethylhexyl, and obtained the desired 2-(2-alkylalkyl)-3-hy-
droxy-1-phenalenones 3 b–d without difficulty from the re-
spective diethyl 2-(2-alkylalkyl)-malonates 7 b–d in moder-
ate yield (39 % with isobutyl, 31 % with 2-ethylhexyl, 23 %
with 2-hexyldecyl). A marked alkyl-substituent dependence
of the solution behaviour towards aqueous base is observed:
When shaking the crude products during workup with dilute
aqueous potassium hydroxide solution and ethyl acetate, the
isobutyl homologue 3 b goes into the aqueous phase, whilst
the 2-ethylhexyl and 2-hexyldecyl homologues 3 c and 3 d
dissolve in the organic phase.

As the solubilising effect of b-branched primary alkyl sub-
stituents on PTCDI-type chromophores is weaker than sec-
ondary alkyl groups, we focussed on the relatively long 2-
hexyldecyl substituent, as well as the shorter 2-ethylhexyl.

We obtained the corresponding hydroxyphenalenones 3 c
and 3 d on a 10 g scale, and then noted that the yield of 4
obtained by oxidising dimerisation in molten potassium hy-
droxide in the presence of oxygen, which is near quantita-
tive with short or absent alkyl substituents (4 a and 4 b), de-
creases to 33 % with 2-ethylhexyl (4 c). No dimerisation
could be obtained with 2-hexyldecyl (4 d). Such voluminous
alkyl groups seem to hinder efficiently the interaction of the
relatively small potassium cation with the keto/enol oxygen
atoms. We therefore investigated the effect of the hydrox-
ides of the larger and softer alkali metals rubidium and cae-
sium. Whilst rubidium hydroxide only increased the yield
with 4 c to 65 %, but did not yield any product with 4 d, cae-
sium hydroxide led not only to similarly improved yields of
4 c of 60 % with 2-ethylhexyl, but also allowed the dimerisa-
tion to occur in moderate yield (21%) with 2-hexyldecyl to
give 4 d.

Dihydroxyperopyrenequinones 4 c and 4 d form intensely
violet solutions, the absorption spectra of which show two
main peaks of nearly equal intensity at 556 and 591 nm
(Figure 1).

We failed to obtain any 4 by an alternative approach, that
is, the two-fold reaction of PTCDA 6 with diethyl malonate
7 a or its 2-alkyl homologues 7 b–d in the presence of zinc
chloride (Scheme 2). We were therefore surprised to find
that malonates 7 do react twice with naphthalene-1,4,5,8-tet-
racarboxylic dianhydride 11 to give the dihydroxypyrenequi-
nones 12. The yield of this double condensation (9% of
12 c) with diethyl 2-ethylhexylmalonate 7 c corresponds to

Figure 1. Absorption spectra of 3b (grey), 12c (dashed) and 4d (black) in
chloroform.

Scheme 2. Approach to peropyrenequinones and pyrenequinones by con-
densation of malonic esters with dianhydrides.
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the square of the yield (31 %;
0.312 = 0.0961) of the single con-
densation with naphthalic anhy-
dride 8, under similar reaction
conditions. The condensation
therefore proceeds with similar
ease on 8 and on 11, even if no
conversion of highly insoluble 6
is observed under these condi-
tions.

When 4 c or 4 d is esterified
with either 2-ethylhexanoyl
chloride or 2-hexyldecanoyl
chloride in the presence of pyri-
dine at room temperature, a
mixture of the two possible
products 9 and 10 is obtained in
22–63 % combined isolated
yield. These isomers are sepa-
rated without difficulty by
column chromatography due to
the permanent dipole moment
of the cisoid isomer 10. They are of distinctively different
hues, compound 9 is reddish violet in chloroform (absorp-
tion maximum at 598 nm), whereas 10 is bluish violet (ab-
sorption maximum at 611 nm) (Figure 2).

The esters 9 cc–dd and 10 cc–dd all are viscous shearable
waxes at room temperature, and exhibit typical fan-shaped
focal conic or dendritic textures of columnar liquid crystals
under polarising optical microscopy after cooling from the
isotropic liquid (Figure 3). Only 9 cc, the liquid crystal to iso-
tropic liquid transition temperature of which (>300 8C) is
too high to be reached without substantial decomposition,
does not yield such a characteristic texture. Some decompo-
sition at the transition also renders the determination of the
transition temperature approximate for 10 cc (�280 8C),
9 cd (�260 8C) and 10 cd (�240 8C). Compounds 9 dc, 10 dc,
9 dd and 10 dd show their clearing transitions at 155, 228, 86
and 131 8C, respectively.

We performed wide-angle powder X-ray scattering experi-
ments (Figure 4) at room temperature on the longest-chain

Figure 2. Absorption spectra of 9 dd (black), 10 dd (dashed) and 1 (R=

CHEt2, for comparison, grey) in chloroform.

Figure 3. Textures observed by polarising optical microscopy in transmission at room temperature after cooling
from the isotropic liquid (except 9 cc). All images are 300 � 240 mm. Compounds 9dc and 10cc–dd : crossed po-
larisers; 9 cd and 9 dd : slightly uncrossed polarisers to render visible the domain boundaries in the nonbirefrin-
gent homeotropic texture (9 dd additionally shows a few needle-like birefringent planar domains); 9cc : un-
heated sample sheared between glass plates at room temperature, uncrossed polarisers.

Figure 4. Powder X-ray diffraction spectra of 9dd and 10dd at room tem-
perature (logarithmic intensity scaling). The indicated Miller indices cor-
respond to column lattices of hexagonal symmetry for 9 dd and of rectan-
gular symmetry for 10 dd.
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homologues 9 dd and 10 dd. Compound 9 dd shows the
(100), (200) and (210) reflections corresponding to a colum-
nar mesophase of hexagonal symmetry, with a column-to-
column distance (from the (100) peak) of 26.9 �. An unex-
plained non-indexable reflection is observed between the
(200) and (210) reflections. The diffractogram of polar 10 dd
shows the typical splitting of the main peak in two ((110)
and (200)) together with further characteristic peaks ((220),
(310), (130)) that correspond to a rectangular column lattice
of parameters a= 36.4 � and b=30.8 �. This biaxial phase
symmetry manifests itself also by the presence of birefrin-
gence in the pseudo-homeotropic texture (Figure 3). Both
diffractograms also show the typical broadened peak corre-
sponding to an intracolumnar disk-to-disk spacing of about
3.5 �, as well as the usual very broad peak corresponding to
the characteristic distance between aliphatic chains of 4–
5 �.

In summary, the oxidative dimerisation of 2-alkyl-3-hy-
droxy-1-phenalenones, the nitrogen-free carbon homologues
of N-alkyl naphthalimides, in caesium hydroxide as a reac-
tion medium opens access to a new class of intensely long-
wavelength absorbing perylenic dyes that adopt columnar
liquid-crystalline structures at ambient temperature, and
which are obtained as separable pairs of centrosymmetric
(transoid) and polar (cisoid) regioisomers. Their strong ab-
sorption in the long-wavelength part of the visible spectrum
and their room temperature columnar self-assembly makes
them promising materials for organic opto-electronics.

Experimental Section

General : X-ray scattering experiments were carried out by using a rotat-
ing anode generator (Rigaku, Japan) with a wavelength of 1.54 �. The in-
cident beam had a size of about 0.7 mm and the spectra were recorded
with a bidimensional detector located at about 130 mm from the sample.
Powder samples were placed in 1 mm diameter glass capillary tubes and
the calibration of the experimental setup was performed with silver
behenate. NMR spectra were recorded on a Nicolet Magna-IR 750 spec-
trometer UV/Vis spectra were recorded on a Unicam UV4 spectrometer.

Compound 4 d : A mixture of monohydrated caesium hydroxide (9.00 g,
53.59 mmol) and 3d (0.971 g, 2.31 mmol) was heated at 280 8C for 3 h in
a metallic crucible open to air. After cooling, the crude product was dis-
solved in a mixture of water (250 mL) and acetone (250 mL). The result-
ing solution was acidified with 20% sulfuric acid (100 mL). Ethyl acetate
(250 mL) and water (100 mL) were added and the phases were separated.
The combined organic layers were washed with water (200 mL) and
brine (50 mL) and the solvent was evaporated. The residue was purified
by column chromatography (silica gel; chloroform!chloroform/ethyl
acetate 5:1). The resulting oil was recrystallised from methanol to give
the product as a dark violet solid (207 mg, 21%). 1H NMR (400 MHz,
[D5]pyridine, 25 8C, TMS): d =8.78 (d, 8 Hz, 4H; ArH), 8.60 (d, 8 Hz,
4H; ArH), 3.24 (d, 7 Hz, 4 H; a-CH2), 2.34 (m, 2 H; CH), 1.60 (m, 12 H;
CH2), 1.44 (m, 4 H; CH2), 1.29–1.16 (m, 32 H; CH2), 0.80 ppm (t, 7 Hz,
12H; CH3); IR (KBr disk): ñ =3238 (br), 2953 (w), 2923 (s), 2852 (m),
1606 (m), 1588 (w), 1547 (s), 1456 (w), 1373 (m), 1294 (w), 1190 (m),
1134 (w), 1021 (w), 810 cm�1 (w); UV/Vis (chloroform): lmax (e) =354
(7100), 370 (9200), 556 (24000), 591 nm (25000 mol�1 m3 cm�1); elemental
analysis calcd (%) for C58H76O4: C 83.21, H 9.15; found: C 83.07, H 8.95.

Compounds 9 dd and 10dd : 2-Hexyldecanoyl chloride (3.5 g, 13 mmol)
was cautiously added to a solution of 4 d (406.6 mg, 0.49 mmol) and pyri-
dine (5 mL) in chloroform (20 mL). After stirring at room temperature

for 30 min under exclusion of water, the mixture was diluted with chloro-
form (250 mL), and acidified with 5 % hydrochloric acid (300 mL). The
organic layer was separated and dried over anhydrous sodium sulfate,
and the solvent was evaporated. The resulting purple liquid was purified
by column chromatography (silica gel; chloroform!chloroform/ethanol
165:1) to yield two dark violet waxes, which were both recrystallised
from MeOH.

9dd : Yield: 134 mg (0.10 mmol, 21 %); 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d= 8.65 (d, 8 Hz, 2H; ArH), 8.53 (d, 8 Hz, 2H; ArH), 8.42
(d, 8 Hz, 2H; ArH), 7.75 (d, 8 Hz, 2H; ArH), 2.84 (quint, 7 Hz, 2H,
CHCOO), 2.50 (br s, 4 H; a-CH2), 1.96 (m, 4H; CH2), 1.87 (m, 2H, CH),
1.78 (m, 4 H; CH2), 1.56 (m, 8 H; CH2), 1.39–1.26 (m, 80H; CH2), 0.96 (t,
7 Hz, 6 H; CH3), 0.94 (t, 7 Hz, 6H; CH3), 0.85 ppm (t, 7 Hz, 12H; CH3);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d= 184.3, 173.6, 154.6, 135.3,
132.1, 131.6, 130.7, 128.5, 127.0, 126.0 (� 3: 3 overlapping signals), 123.0,
122.9, 45.7, 37.2, 33.9 (� 2), 32.0, 31.95, 31.9, 31.8 (� 3), 30.3, 30.2, 29.85,
29.8, 29.7, 29.6, 29.45, 29.4, 29.35, 27.7, 27.65, 26.7, 26.65, 22.74, 22.71, 22,
69, 22.67, 14.15 (� 2), 14.0 ppm (� 2); IR (KBr disk): ñ =2954 (m), 2925
(s), 2855 (m), 1751 (m), 1629 (m), 1587 (w), 1563 (m), 1464 (w), 1341
(w), 1167 (w), 1108 (m), 1027 (w), 808 cm�1 (w); UV/Vis (chloroform):
lmax (e) =375 (7700), 556 (49000), 598 nm (60 000 mol�1 m3 cm�1); elemen-
tal analysis calcd (%) for C90H136O6: C 82.26, H 10.43; found: C 82.01, H
10.34.

10dd : Yield: 220 mg (0.17 mmol, 34 %); 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d= 8.68 (d, 8 Hz, 2H; ArH), 8.63 (d, 8 Hz, 2H; ArH), 8.37
(d, 8 Hz, 2H; ArH), 7.74 (d, 8 Hz, 2H; ArH), 2.83 (quint, 7 Hz, 2H,
CHCOO), 2.50 (br s, 4 H; a-CH2), 1.95 (m, 4H; CH2), 1.86 (m, 2H, CH),
1.78 (m, 4 H; CH2), 1.56 (m, 8 H; CH2), 1.38–1.26 (m, 80H; CH2), 0.96 (t,
7 Hz, 6 H; CH3), 0.94 (t, 7 Hz, 6H; CH3), 0.85 ppm (t, 7 Hz, 12H; CH3);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d= 184.6, 173.5, 154.7, 135.2,
132.5, 131.4, 130.9, 129.0, 127.1, 126.3, 126.1, 125.7, 123.6, 122.4, 45.7,
37.2, 33.9 (� 2), 32.0 (� 3), 31.9 (� 2), 31.8, 30.3, 30.1, 29.82, 29.78, 29.7,
29.6, 29.41, 29.38 (� 2), 27.7, 27.65, 26.7 (� 2), 22.73, 22.69 (� 2), 22.66,
14.13, 14.12, 14.10 ppm (� 2); IR (KBr disk): ñ =2955 (m), 2925 (s), 2854
(m), 1751 (m), 1631 (m), 1585 (m), 1563 (m), 1460 (w), 1349 (w), 1230
(w),1168 (w), 1110 (m), 1030 (w), 807 cm�1 (w); UV/Vis (chloroform):
lmax (e) =373 (13100), 567 (50000), 611 nm (58 000 mol�1 m3 cm�1); ele-
mental analysis calcd (%) for C90H136O6: C 82.38, H 10.43; found: C
82.01, H 10.05.

Compound 12 c : 1,4,5,8-Naphthalenetetracarboxylic dianhydride 11
(13.4 g, 50 mmol) and zinc dichloride (30 g, 220 mmol) were added to
freshly distilled diethyl 2-ethylhexylmalonate 7c (54.5 g, 200 mmol) with
vigorous stirring. The mixture, which partially solidified into an unstirra-
ble mass during the reaction, was kept at 200 8C for 5 h, at which point
gas evolution nearly ceased. The resulting blackish brown mass was trans-
ferred to a 1 L flask with the help of a little acetone, and ethyl acetate
(400 mL) and a solution of potassium hydroxide (60 g) in water (400 mL)
were added. After vigorous stirring for 15 min, the precipitated zinc salts
were filtered off by passing the biphasic mixture though a large glass
filter. The aqueous phase was washed with ethyl acetate and discarded,
the united organic phases were washed with dilute hydrochloric acid, and
the solvent was evaporated. After evaporation of the solvent, the product
was precipitated by adding heptane, and then it was purified by column
chromatography (silica gel; chloroform) and precipitated with heptane
from solution in acetone (2.2 g, 4.5 mmol, 9%). M.p. 210 8C; 1H NMR
(400 MHz, [D6]DMSO, 25 8C, TMS): d=10.95 (s, 2H; OH), 8.41 (s, 4 H;
ArH), 2.66 (d, 7 Hz, 4H; a-CH2), 1.72 (m, 2 H; CH), 1.42–1.31 (m, 16 H;
CH2), 0.94 (t, 7 Hz, 6H; CH3), 0.92 ppm (t, 7 Hz, 6H; CH3); IR (KBr
disk): ñ =3267 (br), 2957 (s), 2926 (s), 2858 (m), 1610 (m), 1566 (s), 1451
(m), 1398 (w), 1374 (w), 1301 (w), 1170 (s), 979 (m), 781 cm�1 (w); UV/
Vis (chloroform): lmax (e) =354 (8600), 372 (11100), 389 (11300), 440
(8100), 464 nm (8200 mol�1 m3 cm�1); elemental analysis calcd (%) for
C52H76O6: C 78.65, H 8.25; found: C 78.79, H 8.26.
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