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(-0 ,
° Chr = Perylene bisimide chromophore

Three perylene bisimide chromophores were arranged or-
thogonally to each other within the same molecule by
appropriate 3-fold coupling to 10-methyltribenzotriquinacene,
a rigid Cs,-symmetrical framework containing three indane
units oriented at right angles in space. The electronic
operation of the three chromophores was shown to be
independent within th€s-symmetrical product, and potential
applications of this novel molecular setup in molecular
electronics are discussed.

Molecular electronics and molecular functional devices are
subjects of interest in modern chemistry. Operating elements
of well-defined molecular structures and shapes are required
for their development. Chromophoteare of special interest

as functional units because they are interfaces for the interaction,

Notes

However, such exciton interaction prevents independent opera-
tion of the chromophores, and due to this type of coupling,
insulation such as for macroscopic electronics does not exist
on the molecular levét19Nevertheless, independent operation
of two or more chromophores within the same molecule would
be of interest for the construction of complex molecular
functional units characterized by a very high degree of integra-
tion.

The electronic interaction oft-electron systems may be
switched off by an orthogonal arrangement of these, but suitable
basic structures required for such constructions are rare.
However, centropolyindanés;!® bearing up to six mutually
fused indane units within their particularly rigid polycyclic
molecular frameworks, offer such suitable core scaffolds owing
to their “Cartesian” geometrd2 Exciton interactions between
chromophores can be detected by their inducing characteristic
alterations of the UV/vis absorption spectra of the individual
parent chromophores and, in turn, can be excluded by the
absence of the latter.
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We used the readily accessible framework of tribenzo-
triquinacene, thetrifuso-centrotriindand®1416 as the basic
structure for orthogonally arranged chromophores. Specifically,

(4) Davydov, A. SZhur. Eksptl. Teoret. FiZ2948 18, 210-218;Chem.
Abstr. 1949 43, 4575f.
(5) Davydow, A. S.Theory of Molecular Excitationgtranslated by
asaha H.; Oppenheimer, M., Jr.); McGraw-Hill: New York, 1962.

between the energy of light and matter and, thus, represent key (6) Kirkwood, J. G.J. Chem. Phys1937, 5, 479-421.

structures for the majority of functional materials. However, in

most of these, one single chromophore is incorporated in eac
single molecule. The presence of two or more chromophores
within each molecule opens an even larger manifold of

possibilities because exciton effeét$,energy’ and electroh

transfer processes can take place between the chromophores.
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the centromethyl derivativel!” was employed because of its
chemical stability and high versability-1418-22 Owing to the
mutually orthogonal orientation of the three indane units of

interactions. Moreover, the chromophore exhibits a high fluo-
rescence quantum yiefd allowing us to process and monitor
the energy of excitation. Problems concerning solubility and

1,111219% the three chromophores attached to the peripheral high tendencies for aggregation are expected for dyes in the
positions of the benzene rings would also adopt an orthogonal dimension o8 and9. Therefore, the long-chain secondary alkyl

orientation in space. Nitration df yields a ca. 1:3 mixture of
the Cs- and theC;-symmetrical trinitro derivative® and 3,

substituent® (“swallow-tail substituents”) 1-hexylheptya) and
1-nonyldecyl b), respectively, were attached as the terminal

respectively, reflecting a random attack of the electrophile at groups (R) in8 and9. Compounda was obtained directly by

each of the benzene rings!223Reduction of the mixture of
racemates gave the corresponding 1:3 mixtur€psfand C;-
symmetrical triamino derivativegt and 5, respectively??
Separation of the constitutional isomers turned out to be difficult
in both cases. Therefore, the mixed amirksind 5 were
condensetf with the perylene anhydride imid&s5a and6b to
form the corresponding isomeric tris(perylene) dgeand 9.
The two lower analogues of the$s and9a, could be separated

by chromatography, and their structures could be assigned

unambiguously by'H NMR spectroscopy. As expected, the

bridgehead protons of the condensed five-membered rings give

rise to a singlet in théH NMR spectrum of th&Cs-symmetrical
isomer8a, whereas the signals split f@a because of its lack
of symmetry.

The perylene bisimide chromophété’is especially suitable
for the construction of such trichromophoric dyes not only
because of the chemi@&P® and photochemic#l persistency
but also because there is only 8helectronic transition in the
visible, which is polarized in the direction of the NN

connection line. The energy and the wavelengths, respectively,

of this transition are very insensitive to substituents at the
nitrogen atom®:32 and to solvent effect® which renders the
chromophore an ideal probe for the detection of exciton
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column chromatography, whereas the isolatiorBafrequired
preparative TLC. By contrast, separation of the even better
soluble homologueBb and9b proved to be much more difficult;
therefore, the spectra of the mixture of both isomers were
recorded.

8aand9a [R = CH(n-C4H,,),]
8band 9b [R = CH(n-CgHg),]

(o]
N
SO
SO oy SO
° ° 9a, 9b 0 o
(rac)

The geometries oBa and 9a were quantum chemically
calculated (see Figure 3§37 C-symmetry was obtained for
the chromophores 08a, and the transition moments of the
chromophores (NN connection lines) were found to be
orthogonal. The calculated distances between the closest nitrogen
atoms are about 8.5 A. This is sufficiently close for exciton
interactions. The NN distance of the two proximal chro-
mophores irBais 6.5 A and more tha9 A for the two distal
ones; the value of 8.5 A was again obtained for the medial
arrangement similar to that present8a.

The UV/vis absorption spectra of compour@asnd9 exhibit
the typical vibronic structure of perylene bisimides, as evidenced

(34) Langhals, H.; Karolin, J.; Johansson, L. BJAChem. Soc., Faraday
Trans.1998 94, 2919-2922.

(35) Langhals, H.; Demmig, S.; Potrawa,J.Prakt. Chem1991, 333
733-748.

(36) Calculation code of MNDO: Dewar, M. J. S.; Thiel, \W. Am.
Chem. Soc1977, 99, 4899-4907.

(37) Parametrization of MNDO (AM1): Stewart, J. J. RIOPAC
version 6.0; program parameter: PRECISE.



FIGURE 1. Different views on the tribenzotriquinacene-based tris-
(perylene) core of th&s-symmetrical dyes8, as obtained by AM1
calculation (R= CHjz): (A) top view along the molecular axis; (B

D) three views perpendicular to theaxis, the structure being turned
counter-clockwise about this axis in two steps of .45
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FIGURE 2. Normalized UV/vis spectra dda (red),9a (blue), and7
(black) in chloroform (thick lines) and calculated spectra from Gaussian
analysis (thin lines, nearly covered by the thick lines). The bars indicate
the calculated positions and intensities of the Gaussian bands.

by comparison with the aliphatically substituted derivative
(Figure 2). The spectra of the mixture  and9a and of the
mixture of8b and9b are very similar, although the solubilizing
effect of the aliphatic groups R is different. This allows us to
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FIGURE 3. Normalized UV/vis absorption (left) and fluorescence
(right) spectra oBa (red), 9a (blue), and7 (black) in chloroform.

interaction?®41 The UV/vis spectra of are appreciably altered

by this interaction (cf. ref 26). As a consequence, the more
hypsochromic vibration bands become more prominent (see the
blue lines in Figure 2 and cf. ref 42). There are notable
differences between the UV/vis spectra8afand9a, although

the dimensions of the molecules are very similar as is indicated
by the very similar chromatographic properties.

The fluorescence quantum yields of b&tand9 are close
to unity. The fluorescence spectra &, 9a, and7 are very
similar and exhibit the same tendency as the UV/vis spectra
(see Figure 3). This further confirms that the chromophores in
8 operate independently from each other. Moreover, it cor-
roborates the finding that the tris(perylene) dgesnd9 exist
as isolated, nonaggregated molecules in solution.

The concept of orthogonally arranged chromophores offers
many novel possibilities because chromophores are important
building blocks for molecular electronics and molecular pro-
cessing. Thus, structures such8amay be points of insulation
where different functional unities are operating independently
from each other. A slight bending of such a structure will switch
on the interaction of the chromophores and thus may operate
as a reversible molecular switch. The manifold of the triben-
zoquinacenes and their congeners, such as tetrabenzo[5.5.5.5]-
fenestranes (fenestrindaked®), and their facile preparation and
functionalization are good prerequisites for the development of
complex molecular electronics on the basis of centropolyindanes.

Experimental Section

rule out any aggregation effects on the spectra and to conclude 2,2,2'-(4b,8b,12b,12d-Tetrahydro-12d-methyldibenzo[2,3:4,5]-
that the spectra presented in Figure 2 are due to the absorptiorpentaleno[1,6ablindene-2,6,10-triyltris-{ 9-(1-hexylheptyl)an-

of isolated molecules.

The three chromophores in dyeare placed orthogonally
and, thus, are electronically decoupled. As a consequence, th
UV/vis absorption spectrum &ais identical with the spectrum
of the monochromophor& except for a negligibly small
bathochromic shift due to the different substitution at the
nitrogen atoms (see Figure 2). A Gaussian anal§dtsvas
performed successfully for the spectra8afand7 (see Figure
2 and Table 1, Supporting Information). The perfect decoupling
of the chromophores i8 is demonstrated by the very similar
pattern of Gaussian functions. By contrast, there is only one
pair of orthogonal chromophores if; the two proximal
chromophores include an angle of less thahf@0the transition
moment (N-N connection lines), giving rise to a H-type

(38) Langhals, HSpectrochim. Acta, Part 200Q 56, 2207-2210.
(39) Langhals, HAnal. Bioanal. Chem2002 374, 573-578.

e

thra[2,1,9-def,6,5,10d €f']diisoquinoline-1,3,8,10-tetraong (8a)

and 2,2,2"-(4b,8b,12b,12d-Tetrahydro-12d-methyldibenzo[2,3:
4,5]pentaleno[1,6ablindene-2,6,11-triyl)tris{ 9-(1-hexylheptyl)-
anthra[2,1,9-def6,5,10d €f']diisoquinoline-1,3,8,10-tetraong (9a).
9-(1-Hexylheptyl)-2-benzopyrand[6',4':10,5,6]anthra[2,1,8ef-
isoquinoline-1,3,8,10-tetraonéd, 200 mg, 0.349 mmol), a ca. 1:3
mixture of 2,6,10-triamino-4b,8b,12b,12d-tetrahydro-12d-meth-
yldibenzo[2,3:4,5]pentaleno[1 &k]indene @)111223 and 2,6,11-
triamino-4b,8b,12b,12d-tetrahydro-12d-methyldibenzo[2,3:4,5]pen-
taleno[1,6abjindene §)111223(26 mg, 77umol), imidazole (1.0
g), and the quantity of a micro spatulum of Zn(OA&) H,O were
heated fo 3 h under argon at 140C. The product mixture was
cooled to room temperature, diluted with ethanol (15 mL) and 2

(40) Scheibe, GAngew. Chem1936 49, 563-563.

(41) Faster, T.Naturwissenschafteh946 33, 166—-175.

(42) (a) Langhals, H.; Ismael, Eur. J. Org. Chem1998 1915-1917.
(b) Wang, W.; Li, L. S.; Helms, G.; Zhou, H. H.; Li, A. D. Ql. Am.
Chem. Soc2003 125 1120-1121.
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HCI (80 mL), collected by vacuum filtration (D4 glass filter), dried
in air, purified by column separation (800 mL silica gel, chloroform/
ethanol 40:1), and further purified by column separation with fine
silica (1000 mL silica, chloroform/ethanol 20:1) to obtain a mixture
of 8a and9a as the first fraction and pur@a as the second one.
The first fraction was further purified by preparative TLC (silica
gel: TLC aluminum sheets 2& 20 cm silica gel 60 kg4 with
concentrating zone, chloroform) to isolate p8ee yield 9 mg (4%)

of 8aas a red powdeif 0.08 (silica gel, CHG/EtOH = 40:1);

1H NMR (600 MHz, CDC}, TMS, 25°C) ¢ 0.82 (t,3] = 6.9 Hz,

18 H), 1.21-1.36 (m, 48 H), 1.841.92 (m, 9 H), 2.26-2.29 (m,

6 H), 4.69 (s, 3 H), 5.155.22 (m, 3 H), 7.2%+7.24 (m, 3 H), 7.51
(s, 3 H), 7.617.63 (m, 3 H), 8.66:8.76 (m, 24 H);*C NMR
(151 MHz, CDC}, TMS, 25°C) 6 14.2, 22.8, 27.2, 29.4, 29.9,

2,2,2"-(4b,8b,12b,12d-Tetrahydro-12d-methyldibenzo[2,3:
4 5]pentaleno[1,6ablindene-2,6,10-triyl)tris-{ 9-(1-nonyldecyl)-
anthra[2,1,9-def,6,5,10d €f']diisoquinoline-1,3,8,10-tetraong (8b)
and 2,2,2"-(4b,8b,12h,12d-Tetrahydro-12d-methyldibenzo[2,3:
4,5]pentaleno[1,6ahlindene-2,6,11-triyl)tris-{ 9-(1-nonyldecyl)-
anthra[2,1,9-def,6,5,10d' €f']diisoquinoline-1,3,8,10-tetraong (9b).
9-(1-Nonyldecyl)-2-benzopyrand[6',4':10,5,6]anthra[2,1,@efiso-
quinoline-1,3,8,10-tetraonélf, 155 mg, 0.236 mmol), the mixture
of the isomeric triaminotribenzotriquinacengsind5 (19 mg, 53
umol), imidazole (1.0 g), and the quantity of a micro spatulum of
Zn(OAc) 2 H,O were allowed to react as is described 8arand
9a. The products were separated by column chromatography (800
mL silica gel, chloroform/ethanol 40:1) and further purified by
column separation with fine silica (1000 mL silica, chloroform/

32.0, 32.6, 55.0, 63.6, 105.0, 123.3, 123.5, 123.5, 123.7, 132.2,ethanol 40:1) to obtain a mixture 8b and9b: yield 14 mg (12%),

134.7, 135.3, 145.9, 146.4, 163.9; MS (MALDI-TOFMIAM ~
1500, matrix DCTB/CHG) m/z 2006.5 (maximum of the unre-
solved peak envelope); MS (MALDI-FT-ICR &4/AM > 20 000,
matrix DCTB/CHCE) m/z 2003.8857 (52, [M— H]*), 2004.8888
(81, [M]*" and [3Cy]-[M — H]"), 2005.8956 (100), 2006.9016 (91),
2007.9066 (58), 2008.9113 (27), 2009.9168 (11), 2010. 9176 (3)
accurate mass of the [M- H]t ion (Ci34H110NeO;5"), calcd
2003.88805, found 2003.88569 (see above); UVlvis (GHCI
25 °C) Amax (Ere) 459.4 (0.21), 490.8 (0.59), 528.2 nm (1.00);
fluorescencé max (Ire)) 536.3 (1.00), 579.3 (0.48), 626.0 nm (0.11);
fluorescence quantum vyield (CHCWRexe = 490 nm) E4gp nm =
0.0147 cm?, reference:7 with ® = 1.00)® = 1.0; GPC (THF,
flow rate 2.00 mL/min, 40°C) M, = 2700,PD = 1.04; yield 28
mg (12%) of9a as a red powdeiRk 0.05 (silica gel, CHG/EtOH
60:1); 'H NMR (600 MHz, CDC}, 25 °C) ¢ 0.78-0.89 (m, 18
H), 1.17-1.35 (m, 48 H), 1.821.91 (m, 9 H), 2.1#2.23 (m, 6
H), 4.67 (s, 1 H), 4.70 (s, 1 H), 4.76 (s, 1 H), 5:12.22 (m, 3 H),
7.16 (d,3)=8.1Hz, 1 H), 7.46-7.43 (m, 4 H), 7.50 (s, 1 H), 7.58
(d,®3=8.1Hz, 1 H), 7.79-7.82 (m, 2 H), 8.46-8.69 (m, 24 H);
13C NMR (151 MHz, CDC4, 25°C) 0 14.2, 14.3,22.7, 22.8, 27.1,
27.2,27.9, 29.4, 29.5, 29.9, 31.9, 32.0, 32.5, 55.1, 105.0, 123.
123.6, 131.7, 134.6, 134.7, 145.8, 146.0, 163.5; UV/vis (GHCI
25°C) Amax (€) 458.1 (53100), 489.4 (143700), 526.6 nm (223000);
fluorescencé max (Ire)) 536.3 (1.00), 578.5 (0.52), 626.5 nm (0.12);
fluorescence quantum yield (CHZexe = 490 nm, E4go nm =
0.0191 cm?, referencer with @ = 1.00) ® = 1.0; GPC (THF,
flow rate 2.00 mL/min, 40°C) M, = 2200, PD = 1.03; MS
(FAB+), m/z (relative intensity, %) 2006 (M, 0.8). Mixture of

the isomers8a and9a IR (ATR) ¥ (cm™) 3072 w, 2922.6 s,
2853.2 m, 1697.2 s, 1655.5 vs, 1593.1 s, 1577.8 m, 1505.4 w
1487.5 w, 1454.8 w, 1432.0 w, 1404.7 m, 1337.2 vs, 1249.8 m,
1172.3m, 1135.6 w, 1119.9 w, 1107.3 w, 964.0 w, 851.2 w, 829.9
w, 809.2 m, 789.8 w, 744.7 m, 640.0 w; GPC (THF, flow rate
2.00 mL/min, 40°C) M, = 2600,PD = 1.17. MS (FABt), m/z
(relative intensity, %) 2006 (M, 3).
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as a dark red powdeR 0.10 (silica gel, CHGJEtOH 40:1); IR
(ATR) # (cm™1) 3068.6 w, 2921.4 vs, 2851.8 s, 1697.9 s, 1655.9
vs, 1593.0 s, 1577.4 m, 1505.0 w, 1488.2 w, 1454.9 w, 1431.9 w,
1404.0 m, 1338.3 vs, 1253.8 m, 1194.5 w, 1173.0 w, 1088.8 w,
1017.2 w, 964.2 w, 851.3 w, 808.6 m, 793.7 m, 744.4 m, 662.2 w,
1 643.1 w, 634.0 w, 615.4 wiH NMR (600 MHz, CDC}, 25 °C,
TMS) ¢ 0.78-0.84 (m, 18 H), 1.161.28 (m, 84 H), 1.851.97

(m, 9 H), 2.17-2.29 (m, 6 H), 4.694.78 (m, 3 H), 5.09-5.20

(m, 3 H), 7.1+7.13 (m, 1 H), 7.467.64 (m, 6 H), 7.938.68

(m, 26 H);13C NMR (151 MHz, CDC}, 25°C, TMS) 6 14.3, 22.8,
27.1,27.4,27.9,29.4,29.5,29.7, 29.8, 32.0, 32.1, 32.4, 55.0, 55.1,
62.8, 63.5, 63.7, 122.9, 123.4, 124.2, 124.6, 124.8, 125.1, 125.8,
126.0,126.4,128.8, 129.1, 129.2, 129.3, 129.6, 131.2, 131.8, 134.3,
134.5, 134.8, 145.8, 146.1, 146.2, 146.3, 146.6, 163.6; UV/vis
(CHCI3) Amax (Ere)) 459.2 (0.24), 490.0 (0.64), 527.2 nm (1.00);
fluorescence (CHG) Amax (Irel) 535.5 (1.00), 578.0 (0.53), 626.0
nm (0.12); fluorescence quantum yield (CHClexc = 488 nm,

Esss nm= 0.0281 cm?, referencey with ® = 1.00)® = 1.0; GPC
(THF, flow rate 2.00 mL/min, 40C) M, = 5665,PD = 1.11. MS

+), m/z relative intensity (% , 0.2).
, (FAB+), mizrelative i ity (%) 2258 (M, 0.2)
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