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Abstract: New perylene monoimides, diimides and bis-diimides have been designed and synthetized. A detailed
investigation of the synthesis of these compounds has also been performed in order to highlight the crucial factors for
obtaining a specific class of molecules. Specifically, the attention has been focused on the synthesis of the intermediate
perylene monoimides which are very useful precursors for many molecules difficult to obtain. Furthemore, two synthetic
pathways have been developed for obtaining the bis-diimides variously substituted. These final compounds are predicted
to mimic the excellent electron acceptor properties of fullerene derivatives and they can be used as building blocks to

form 3D semiconducting materials.

Keywords: Bis-diimides, diimides, electron acceptor, material, monoimide, perylene.

INTRODUCTION

The synthesis of new classes of semiconducting materials
or classes of materials is an essential components in the
development of organic photovoltaics (OPV) [1-3], a
technology that may be able to provide a clean, sustainable
and low-cost source of energy [4]. A major synthetic effort is
devoted to the design of electron acceptor materials to be
used in organic solar cells instead of fullerene derivatives,
which are considered not ideal because their electronic
properties are not easily tunable and they do not absorb
much solar radiation [5, 6].

Attempts to build solar cells where the fullerene
derivatives are substituted by molecules with similar electron
affinity (LUMO energy) invariably yield solar cells with
lower efficiency [7], confirming that the correct position of
the LUMO energy level is not the only parameter affecting
the quality of an electron acceptor. It was recently proposed
[8] that what makes fullerene derivatives special as electron
acceptor is their ability to accept the electron in different
excited states, a property that increase the rate of charge
separation at the interface with an electron donor. According
to this model, a molecule containing LUMO and LUMO+1
separated by a fraction of an eV has greater chance to mimic
the excellent electron acceptor properties of fullerene
derivatives.
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The aim of the present study was to build a class of
molecules with a “designed” vicinity of the LUMO and
LUMO+1 levels. A strategy to generate electron acceptor
with quasi degenerate LUMOs may consist of connecting
identical conjugated electron acceptors through non-
conjugated alkyl linkers. Changing the acceptor and the
linker it is possible to modulate the energy levels and their
separation. The new family of proposed acceptors is both
easily synthetically accessible and virtually unrelated to any
of the current attempts of matching the fullerene properties
with different chemistries.

To realize our idea we have limited the synthetic work to
a single class of compounds which bind one or more sp?
carbon to two identical acceptors (P) showing a general
formula (CH,),P,. A possible approach to the realization of
this synthesis involves perylene (P) as the central core of the
acceptor and a variety of alkyl chains as linkage units. The
perylene derivatives are good fullerene mimic candidates as
they exhibit the following strategic properties:

- large molar adsorption coefficients;
- good electron accepting properties [9];
- strength, thermal stability and low cost [10].

There are additional elements of interest for the synthesis
of (CHy),P, compounds that go beyond their potential
application as electron acceptor. First of all, the synthesis
requires the preparation of perylene monoimides, a so-far
elusive intermediate that can be used to connect the very
versatile perylene chromophore to other molecules with
more complicated architecture (e.g. polymers, dendrimers).
A second essential point is that a molecule with a structure
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like (CH,),P, cannot easily pack in a 2-dimensional plane
like the majority of planar conjugated molecules [11] and is
more likely to form an amorphous solid or structure where
the pi-pi interaction between molecules takes place in three
dimensions. Fullerene derivatives are among the very few
molecular solids where the pi-pi interaction develops in three
dimensions and not just two and, also for this reason, the
proposed class of molecules may find interesting
applications in organic electronics.

EXPERIMENTAL

All used reagents were of commercial grade and used
without any further purification. *H-NMR and *C-NMR
spectra were recorded on a Bruker Avance 400 apparatus
(400.13 and 100.62 MHz, for *H and *3C, respectively) with
CDCl; as solvent and TMS as internal standard (6= 7.26
ppm for *H spectra; & = 77.0 ppm for **C spectra). FT-IR
spectra were acquired with a Jasco 4100 Fourier Transform
Infrared Spectrometer and the analysis were performed on
KBr. Elemental analyses were performed on a Carlo Erba C,
H, N analyzer. Melting pointswere determined using an
electrothermal melting point apparatus and are uncorrected.
UV-Vis spectra were recorded with an Agilent Cary 5000
spectrophotometer using methylene chloride as solvent.
Fluorescence emission spectra were acquired with a Horiba
Jobin Yvon Fluorolog using chloroform as solvent and a
polychromatic incident beam for excitation tool.

General experimental procedures for the synthesis of
compounds la-1d, 2a-2d, and 3-6:

Route A: perylene-3,4,9,10-tetracarboxylic dianhydride
(PDA, 2.0 mmol), and Zn(AcO), (0.2 mmol) were dissolved
in N-methylpyrrolidinone (NMP, 8.0 mL). The mixture was
heated up to 100 °C and stirred for 20 min., then a solution
of the primary amine (0.5 mmol) in NMP (1.0 mL) was
added dropwise. The reaction mixture was further heated up
to 200 °C until completion of the reaction (reactant amine
decreasing, 5-6h). The mixture was then cooled to room
temperature (r.t.) and filtered on a column of silica gel or
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celite (h = 8.0 cm, ¢ = 3.0 cm) eluting with CH,Cl, under
pressure of N,. The PDA excess does not elute and could be
recovered from the column. The eluate (120-150 mL),
instead, concentrated under vacuum, provided a solution of
PMI 1la, 1b and PDI 2a, 2b (ratio 4:1) in N-methyl
pyrrolidinone. This solution could be wused without
purification for the next synthesis of bis-diimides (CH,),P,
3-6. Vice versa, to obtain pure PMI 1a, 1b and PDI 2a, 2b,
DMF (20 mL) and MeOH (5 mL) were added to the solution
of NMP. A precipitate was obtained which was filtered,
washed on the filter with MeOH and H,O and dried in oven
at 60 °C for few hours. Chromatography on silica gel column
(h = 30.0 cm, ¢ = 3.0 cm, eluent CHCI:/AcOH: 98/2)
provided in the early fractions the PDI 2a, 2b and then, in
the subsequent fractions, the PMI 1a, 1b with a total yields
of 86 and 75 % showing a ratio PMI:PDI = 80:20 and 75:25
(Table 1, entries 1 and 3).

For the synthesis of bis(alkylimidoperylene)alkanes 3-6,
to the solution of lat+2a (or 1d+2d obtained from the
synthesis in quinoline, see below), in a ratio of 80:20 in
NMP, Zn(AcO), (0.1 mmol) and R'(NH;) (0.3 mmol) were
added, the mixture was gradually heated up to 200 °C and
stirred for 5-6h. After cooling to r.t., DMF (20 mL) and
MeOH (5 mL) were added to the reaction mixture which was
stirred for 20 min. and left to rest to allow the precipitation.
The solid obtained was filtered and washed on the filter with
MeOH and H,0O, then dried in oven at 60 °C for few hours.
The purification was performed on a silica gel column (h =
30 cm, ¢ = 3.0 cm, eluent CHCIz/AcOH: 98/2). In the early
fractions the unreacted PDI 2a, 2d and PMI 1a, 1d were
recovered, in the subsequent fractions, the bis
(alkylimidoperylene)alkanes 3-6 were isolated with 55-75%
yields (Table 2, entries 1, 3, 5, 7).

The same protocol has been carried out using quinoline
as solvent. The work-up of the cooled reaction mixtures was
slightly different: in order to remove the quinoline a solution
of 10% HCI (150 mL) was added to the mixture that was
stirred for 20 min and left to rest to allow the precipitation.
The solid obtained was filtered and washed on the filter with

Table 1. Synthesis of N-alkyl-3,4,9,10-perylenetetracarboxylic monoanhydride monoimides 1la-1d and N-alkyl-3,4,9,10-
perylenetetracarboxylic diimides 2a-2d (Route A).
Entry R Solvent Total yield (%)° Products distribution (%)°
Ph
1 Ph>—§ NMP? 86 1a (80) 2a (20)
2 - Q® 90 1a (80) 2a (20)
Ph
3 /N—§ NMP 75 1b (75) 2b (25)
Ph
4 Q 85 1b (75) 2b (25)
Ph
5 Ph >—§ Q 75 1c (77) 2c (23)
Ph
6 [T Q 77 1d (85) 2d (15)

N-Methylpyrrolidinone. "Quinoline. ‘Isolated yield.
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Table 2. Synthesis of bis(alkylimidoperylene)alkanes 3-6 (Route A).
Entry PMI R’(NHy), Solvent Total yield (%0)°
1 la HoN-(CH2)-NH; NMP? 3(58)
2 la Q° 3 (52)
3 la HoN-(CH2)3-NH; NMP 4 (55)
4 la Q 4 (45)
5 la H2N-(CH2)s-NH, NMP 5 (60)
6 la Q 5 (55)
7 1d HoN-(CHa).-NH, NMP 6 (75)
8 1d Q 6 (75)

*N-Methylpyrrolidinone; "Quinoline; “Isolated yield.

5% NaHCOs, then dried in oven at 60 °C for few hours. The
purification was performed as detailed for the synthesis in
NMP. Specifically, on the first step of Route A, the
chromatographic purification afforded the pure PDI 2a-2d,
initially, and then the pure PMI la-1d were isolated with a
total yields of 75-90%, showing a ratio of PMI:PDI up to
85:15 (Table 1, entries 2 and 4-6). In the second step the
chromatographic column vyielded, in temporal order,
unreacted PDI 2a, 2d and PMI 1a, 1d and then bis
(alkylimidoperylene)alkanes 3-6 (yields 45-75%, Table 2,
entries 2, 4, 6, 8).

Route B: perylene-3,4,9,10-tetracarboxylic dianhydride
(PDA, 2.0 mmol), and Zn(AcO), (0.2 mmol) were dissolved
in N-methylpyrrolidinone (NMP, 8.0 mL). The mixture was
heated up to 100 °C and stirred for 20 min., then a solution
of ethylenediamine (0.5 mmol) in NMP (1.0 mL) was added
dropwise. The reaction mixture was further heated up to 200
°C for 5h. At this stage the intermediate compound

1,2-bis(anhydrideperyleneimido)ethane 3> was formed,
and the reaction temperature was lowered to 100 °C.
Diphenylmethanamine (3.0 mmol) in NMP (1.0 mL) was
added and the reaction mixture was heated up to 200 °C
under magnetic stirring for further 5h. After cooling to r.t.,
DMF (20 mL) and MeOH (5 mL) were added to the reaction
mixture which was stirred for 20 min. and left to rest to
allow the precipitation. The solid obtained was filtered and
washed on the filter in temporal order with MeOH, 10 %
HCI to remove the unreacted diphenylmethanamine, and
finally with 5 % NaHCO;. The filtered solid was dried in
oven at 60 °C for few hours and then purified by
chromatography on a silica gel column (h = 30 cm, ¢ = 3.0
cm, eluent CHCI3/AcOH: 98/2). Unreacted compounds 2a
and 1a, were firstly isolated (arising from the reaction of
PDA excess with diphenylmethanamine) finally, the pure
product 3 was obtained with a yield of 65%.

Alternatively, after the formation of the intermediate 3,
this latter could be purified before undergoing the reaction
with diphenylmethanamine. Specifically, after cooling to r.t.,
DMF (20 mL) and MeOH (5 mL) were added to the NMP
mixture which was stirred for 20 min. and left to rest to
allow the precipitation. The solid was filtered and washed on
the filter with MeOH and H,0O, and dried in oven at 60 °C

for few hours. The intermediate was finally purified by
chromatography on silica gel column (h =30 cm, ¢ = 3.0 cm,
eluent CHCI3/AcOH: 98/2). The pure 1,2-
bis(anhydrideperyleneimido)ethane 3’ isolated was then
suspended in NMP for the next reaction step consisting on
the diphenylmethanamine addition following the same
protocol described above.

The Route B has been carried out using quinoline as
solvent. The work-up of the cooled reaction mixtures was the
same as described at the end of Route A as well as the
chromatographic purification. The pure product 3 was
obtained with a yield almost similar to the one observed for
the reaction in NMP. In Fig. (2) and Fig. (3) are reported the
Uv-vis adsorption (from 450 to 550 nm) and the
Fluorescence emission (from 550 to 650nm) spectra,
respectively, of compounds 1a, 2a and 3 which are due to
the perilenic system.

N-diphenylmethyl-3,4,9,10-perylenetetracarboxylic
monoanhydride monoimide (1a): red solid, yield 69%,
0.385g; M.p. >300 °C; *H NMR (400 MHz, CDCly): & 7.32-
7.40 (6H, m, meta and para CHy,m), 7.54 (4H, d, 3y 7.6
Hz, ortho CHyom), 7.67 (1H, s, NCH), 8.52-8.70 (8H, m,
perylene CHaom); *C NMR (100 MHz, CDCly): & 64.8
(NCH), 123.2, 123.4, 123.5, 123.6, 127.4, 128.3, 128.6,
128.9, 129.5, 131.8, 131.9, 134.6, 134.9, 135.0, 1385
(CHarom) 162.6 and 163.4 (C=0); FT-IR (KBr): v 3118, 1772
and 1736 (anhydride groups), 1693 and 1663 (imido groups),
1593, 1406, 1359, 1301, 1017 cm™; Anal. calcd. for
Cs;H1gNOs; C: 79.71, H: 3.43, N: 2.51. Found: C: 79.55, H:
3.58, N: 2.58 %.

N-diphenylamino-3,4,9,10-perylenetetracarboxylic
monoanhydride monoimide (1b): red solid, yield 56%,
0.313g; M.p. >300 °C; 'H NMR (400 MHz, CDCls): § 7.06
(2H, t, *Jun 7.0 Hz, para CHaom), 7.27-7.33 (8H, m, ortho
and meta CH,,om), 8.62-8.66 (4H, m, perylene CHgorm), 8.72-
8.76 (4H, m, perylene CHaom); “C NMR (100 MHz,
CDCly): 6 119.8, 123.3, 123.35, 123.4, 123.5, 123.6, 126.0,
129.2, 129.3, 131.8, 132.5, 135.5, 144.3 162.7 and 165.6
(C=0); FT-IR (KBr): v 3120, 1770 and 1736 (anhydride
groups), 1695 and 1665 (imido groups), 1595, 1405, 1300,
1015 cm™. Anal. calcd. for CyHygN,Os; C: 77.41, H: 3.25,
N: 5.02. Found: C: 77.18, H: 3.31, N: 5.12 %.
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N-triphenylmethyl-3,4,9,10-perylenetetracarboxylic
monoanhydride monoimide (1c): red solid, yield 58%,
0.367g; M.p. >300 °C;. *"H NMR (400 MHz, CDCly): § 7.20-
7.28 (15H, m, ortho, meta and para CHg,m), 8.68-8.72 (4H,
m, perylene CHgom), 8.75-8.79 (4H, m, perylene CHgom);
3C NMR (100 MHz, CDCly): & 53.4, 118.7, 123.3, 123.5,
127.2, 127.8, 127.9, 130.0, 131.9, 135.0, 148.6 162.6 and
165.0 (C=0); FT-IR (KBr): v 3118, 1772 and 1736
(anhydride groups), 1693 and 1663 (imido groups), 1593,
1406, 1359, 1301, 1017 cm™. Anal. calcd. for C43H,sNOs; C:
81.51, H: 3.66, N: 2.21. Found: C: 81.73, H: 3.95, N:
2.03 %.

N-cyclohexyl-3,4,9,10-perylenetetracarboxylic
monoanhydride monoimide (1d): red solid, yield 66%,
0.312g; M.p. >300 °C; *H NMR (400 MHz, CDCls): & 1.20-
1.40 (6H, m, N-CHCH,CH,CH,CH,CH,-), 1.80-1.83 (4H,
m, N-CHCH,CH,CH,CH,CH,-), 3.54 (1H, quintet, *Jy 7.1
Hz, NCH), 8.50-8.70 (8H, m, perylene CHaom); *C NMR
(100 MHz, CDCl,): 6 24.1, 25.2, 32.1, 58.2, 123.1, 125.1,
128.3, 129.3, 129.4, 130.6, 137.0, 161.3 and 164.2 (C=0);
FT-IR (KBr): v 3118, 2930, 2850, 1772 and 1736 (anhydride
groups), 1695 and 1665 (imido groups), 1593, 1405, 1359,
1300, 1020 cm™. Anal. calcd. for C3HigNOs; C: 76.10, H:
4.04, N: 2.96. Found: C: 75.82, H: 4.16, N: 3.17 %.

N-diphenylmethyl-3,4,9,10-perylenetetracarboxylic
diimide (2a): deep red solid, , yield 17%, 0.123g; M.p. >300
°C; 'H NMR (400 MHz, CDCls): & 7.28-7.37 (12H, m, meta
and para CHarom), 7.49 (8H, d, 23y 7.4 Hz, ortho CHarom),
7.68 (2H, s, NCH), 8.60 (4H, d, *Juy 8.0 Hz, perylene
CHarom), 8.67 (4H, d, *Juy 8.0 Hz, perylene CHgom); *C
NMR (100 MHz, CDCly): 6 64.8 (NCH), 114.0, 123.3,
127.4, 128.3, 128,9, 131.9, 138.5, 139.3 (CH,om), 163.5
(C=0); FT-IR (KBr): v3118, 3060, 2921, 1699 and 1656
(imido groups), 1593, 1405, 1333, 1300, 1247, 1024 cm™.
Anal. calcd. for CsH3N,O4; C: 83.09, H: 4.18, N: 3.88.
Found: C: 83.33, H: 4.14, N: 3.75 %.

N-diphenylamino-3,4,9,10-perylenetetracarboxylic
diimide (2b): deep red solid, yield 19%, 0.138g; M.p. >300
°C; 'H NMR (400 MHz, CDCl5): 8 7.06 (4H, t, *Juy 7.0 Hz,
para CHgom), 7.24-7.32 (16H, m, ortho and meta CHgm),
8.69 (4H, d, *Jy 7.9 Hz, perylene CHgom), 8.77 (4H, d, Iy
7.9 Hz, perylene CHarom); **C NMR (100 MHz, CDCly): &
119.8, 123.5, 123.6, 123.8, 126.9, 129.3, 129.7, 132.5, 135.2,
144.3, 162.6 (C=0); FT-IR (KBr): v 3120, 3060, 1699 and
1656 (imido groups), 1592, 1405, 1302, 1024 cm™. Anal.
calcd. for CygH,gN,4O4; C: 79.55, H: 3.89, N: 7.73. Found: C:
79.21, H: 3.96, N: 7.58 %.

N-triphenylmethyl-3,4,9,10-perylenetetracarboxylic
diimide (2c): deep red solid, yield 17%, 0.149g; M.p. >300
°C; 'H NMR (400 MHz, CDCly): & 7.05-7.25 (30H, m,
ortho, meta and para CHaromg, 8.72 (4H, d, 8.y 7.8 Hz,
?erylene CHgrom), 8.75 (4H, d, °Jnn 7.8 Hz, perylene CHgrom)-
%C NMR (100 MHz, CDCly): & 53.4, 123.3, 123.6, 126.6,
1279, 128.1, 131.8, 134.9, 135.0, 135.1, 148.6. 165.2
(C=0); FT-IR (KBr): v 3118, 3060, 2921, 1699 and 1656
(imido groups), 1593, 1405, 1333, 1300, 1247, 1024 cm™.
Anal. calcd. for CgHgsN,O,; C: 85.11, H: 4.38, N: 3.20.
Found: C: 84.85, H: 4.18, N: 3.25 %.
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N-cyclohexyl-3,4,9,10-perylenetetracarboxylic diimide
(2d): deep red solid, yield 11%, 0.061g; M.p. >300 °C; H
NMR (400 MHz, CDCl3): & 1.18-1.38 (12H, m, N-
CHCH,CH,CH,CH,CH,-), 1.78-1.80 (8H, m, N-
CHCH,CH,CH,CH,CH,-), 3.48 (2H, quintet, *Jy 7.1 Hz,
NCH), 8.58 (4H, d, 3un Hz, perylene CHgom), 8.62 (4H, d,
3Jun 7.8 Hz, perylene CHarom); *C NMR (100 MHz, CDCly):
6 24.0, 25.2, 32.2, 58.4, 123.3, 125.0, 129.5, 128.9, 129.4,
130.1, 137.1, 162.4 (C=0); FT-IR (KBr): v 3118, 3060,
2921, 1860, 1699 and 1656 (imido groups), 1593, 1405,
1333, 1300, 1247, 1024 cm™. Anal. calcd. for CssHsN,O4;
C: 77.96, H: 5.45, N: 5.05. Found: C: 78.20, H: 5.32, N: 5.13
%.

1,2-bis(diphenylmethyldiimidoperylene)ethane  (3);
deep purple-violet solid, yield 58%, 0.660g; M.p. >300 °C;
'H NMR (400 MHz, CDCly): & 4.31 (4H, m, aa’bb’ system,
CH,CH,), 7.31-7.38 (12H, m, meta and para CHgypm), 7.54
(8H, d, *Juy 7.4 Hz, ortho CHaom), 7.71 (2H, s, NCH), 8.59-
8.72 (16H, m, perylene CHgom); *C NMR (100 MHz,
CDCl3): 6 32.0 (CH,), 60.0 (NCH), 123.2, 123.6, 123.9,
126.0, 127.4, 128.3, 128.9. 130.9, 131.5, 131.9, 134.7, 138.4,
139.3 (aromatic CH), 163.4 and 163.5 (C=0); FT-IR (KBr):
v 3116, 2922, 2852, 1700 and 1659 (imido groups) 1593,
1455, 1340, 1278 cm™. Anal. calcd. for C;4H4oN,Og; C:
80.13, H: 3.72, N: 4.92. Found: C: 80.26, H: 3.54, N: 4.73
%.

1,2-bis(diphenylmethyldiimidoperylene)propane (4):
deep purple-violet solid, yield 55%, 0.634g; M.p. >300 °C;
'H NMR (400 MHz, CDCly): & 2.10 (2H, quintet, J,, 6.8
Hz, CH,CH,CH,), 3.65 (4H, t, *J.y 6.8 Hz, CH,CH,CH,),
7.28-7.38 (12H, m, meta and para CHgyom), 7.51 (8H, d, S
7.4 Hz, ortho CHgom), 7.70 (2H, s, NCH), 8.60-8.70 (16H,
m, perylene CH.om); °C NMR (100 MHz, CDCl,): & 28.0,
36.1, 59.8, 123.1, 123.5, 126.0, 127.3, 128.3, 128.8, 130.9,
131.0, 131.8, 134.5, 138.4, 139.2, 163.2 and 163.6 (C=0);
FT-IR (KBr): v 3115, 2925, 2849, 1699 and 1659 (imido
groups) 1590, 1454, 1340, 1278 cm™. Anal. calcd. for
C+7H44N4Og; C: 80.20, H: 3.85, N: 4.86. Found: C: 80.31, H:
3.96, N: 4.95 %.

1,2-bis(diphenylmethyldiimidoperylene)butane  (5):
deep purple-violet solid, yield 60%, 0.700g; M.p. >300 °C;
'H NMR (400 MHz, CDCly): & 2.00 (4H, t, *Juy 6.7 Hz,
CH,CH,CH,CH,), 350 (4H, t  Juy 6.7 Hz
CH,CH,CH,CH,), 7.28-7.38 (12H, m, meta and para
CHarom), 7.50 (8H, d, *Jyy 7.4 Hz, ortho CHarop), 7.71 (2H, s,
NCH), 8.62-8.72 (16H, m, perylene CHarom); *C NMR (100
MHz, CDCl3): 6 32.2, 49.2, 123.3, 123.4, 123.8, 126.0,
127.4,128.1, 128.7. 129.4, 131.1, 132.0, 134.4, 138.0, 165.5
and 166.1 (C=0). FT-IR (KBr): v 3112, 2922, 2851, 1698
and 1660 (imido groups) 1591, 1340 cm™. Anal. calcd. for
C.sH4sN4Og; C: 80.26, H: 3.97, N: 4.80. Found: C: 80.07, H:
3.82, N: 4.83 %.

1,2-bis(cyclohexyldiimidoperylene)ethane (6): deep
purple-violet solid, yield 75%, 0.728g; M.p. >300 °C; 'H
NMR (400 MHz, CDCl3): & 1.20-1.38 (12H, m, N-
CHCH,CH,CH,CH,CH,-), 1.75-1.81 (8H, m, N-
CHCH,CH,CH,CH,CH,-), 3.50 (2H, quintet, *J,44 7.1 Hz,
NCH), 4.28 (4H, m, CH,CH,), 8.50 (8H, d, *Jyu 7.8 Hz,
Perylene CHgrom), 8.55 (8H, d, %) 7.8 Hz, perylene CHgom);
*CNMR (100 MHz, CDCl5): & 23.8, 24.7, 29.6, 58.3, 123.3,
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125.1, 129.1, 128.4, 128.9, 129.0, 130.2, 135.1, 162.3
(C=0); FT-IR (KBr): v 3116, 2922, 2852, 1700 and 1659
(imido groups) 1593, 1455, 1340, 1278 cm™. Anal. calcd for
Ce2H4N4Og; C: 76.69, H: 4.36, N: 5.77. Found: C: 76.86, H:
4.30, N: 5.64 %.

trans

v 2

Fig. (1). Computed gauche and trans structure of a bis-diimide
model. For the most stable (gauche) conformation the two C=0
bonds strongly interacting at 3.34 A are indicated with an asterisk.
Arrows indicate two magnetically inequivalent hydrogens.
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Fig. (2). UV-Vis adsorption spectra of la, 2a and 3 at the
concentration of 1.25 uM in chloroform.

RESULTS AND DISCUSSION

The general synthetic pathways followed to prepare N-
alkyl-3,4,9,10-perylenetetracarboxylic monoanhydride
monoimides (PMI 1a-1d), N-alkyl-3,4,9,10-perylenetetra-
carboxylic diimides (PDI 2a-2d) and bis(alkyldiimidopery-
lene)alkanes (3-6) are outlined in Scheme 1 and Scheme 2,
respectively. The compounds were synthetized according to
two methods settled on the basis of literature data [12-17].
Specifically, the new protocols proposed have allowed us to
isolate the perylene monoimides easily and with good yields
conversely to what we have obtained by following
exclusively the literature synthetic pathways.
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Fig. (3). Fluorescence emission spectra of 1a, 2a and 3 at the
concentration of 0.1 uM in chloroform.

The first synthetic route (Route A, Scheme 1) consists of
a preliminary condensation of 3,4,9,10-perylenetetracar-
boxylic dianhydride (PDA) with different alkylamines in N-
methylpyrrolidinone (NMP) as solvent and in the presence of

Zn(AcO),.
0) 0
; g
298¢ 9
(PDA) )\]}NHZ

(6] [o) O (6]
OO $0etetl

la-1d 2a-2d
(PMI) (PDI)

la+2a or 1d+2d + NH,R'NH,

l
(0) (0] O o
RN N-R'-NNR
e
3-6
Scheme 1. General synthetic pathway: Route A for preparing

perylene monoimides (PMI) 1a-1d, diimides (PDI) 2a-2d and bis-
diimides 3-6.

The reaction afforded a mixture of PMI 1a, 1b and PDI
2a, 2b in good yields (75%, 86%), and showing the PMI as
the major product (Table 1, entries 1 and 3).

The same synthetic protocol has been performed with the
same reactants and with two more alkylamines in quinoline
as solvent, instead of NMP, and the obtained results (1a-1d,
2a-2d) are listed in Table 1 (entries 2, and 4-6): the
measured yields are not significantly different changing the
solvent. The mixture could be used without purification for
the second step of the reaction or the PMI could be purified
before undergoing the bis-diimide formation.

The unseparated mixture of 1a+2a or 1d+2d (ratio 80:20)
has been reacted with various alkyl diamines in NMP and in
the presence of Zn(AcO),, giving the bis(alkylimido-
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perylene)alkanes 3-6 in moderate to good yields (55-75%,
Table 2, entries 1, 3, 5, 7).

The same reaction has been performed with the same
reactants in quinoline as solvent, instead of NMP, and the
obtained results are listed in Table 2 (entries 2, 4, 6, 8). The
measured yields are not significantly different with both
solvents denoting the importance of using a high boiling
solvent.

The second synthetic route used (Route B, Scheme 2) is
based on the initial  reaction of  3,4,9,10-
perylenetetracarboxylic dianhydride (PDA) with
ethylenediamine in NMP and in the presence of Zn(AcO),,
affording the 1,2-bis(anhydrideperyleneimido)ethane 3°.

Diphenylmethanamine has been directly added to the
reaction mixture, without the intermediate step of
purification, leading to the final perylene bis-diimide 3 in
good vyield (65%). Alternatively, the 1,2-bis(anhydridepe-
ryleneimido)ethane 3’ could be purified and then suspended
in NMP and added of diphenylmethanamine and Zn(AcO),
to give the final compound 3 in similar yield.

o 0
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Q“Q §

(PDA)
‘ NH,(CH,),NH,

0 )
O N-(CHy),
l(Ph)ZCHNHz
o ()
gegese
Ph p O O

o) o)
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Scheme 2. General synthetic pathway: Route B for preparing bis-

3
diimide 3.

o._0O
)

z
L
O
o7 O o

Qo

o

[
F2lNe)

=

o

The same synthetic procedure has been carried out using
quinoline as solvent: the bis-diimide 3 has been isolated with
similar good yields.

The synthetic routes developed have been successfully
applied to prepare variously substituted bis(alkylimido-
perylene)alkanes in moderate to good yields (45-75%)
denoting the versatility of the methodologies based on the
use of high boiling solvents. Moreover, the work-up of the
reaction mixtures, as more detailed on the experimental
section, is a crucial step of the synthesis as the product could
be isolated from the high boiling solvent in two different
ways, depending on the solvent. Specifically, the product has
been isolated from NMP with a precipitation process by
adding a mixture of dimethylformamide (DMF) and
methanol. Quinoline, instead, has been removed with a
salification process by addition of methanol and aqueous
10% hydrochloric acid mixture.

Electronic structure calculations of the model compound
in Fig. (1) have been carried out (i) to suggest the most likely
conformation of the bis-diimide molecule and (ii) to estimate
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the degree of electronic coupling between the two
chromophores in these compounds (their electron accepting
properties have been discussed in ref. [8]). Optimizations at
the B3LYP/6-31G* level of theory indicate, surprisingly,
that the gauche conformation is more stable than the trans
conformation by 16.3 Kcal/mol, i.e. that essentially all
molecules are expected to be in the gauche conformation.
This conformation seems to be stabilized by a strong
electrostatic interaction between the chromophore and in
particular between two C=0 bonds in different
chromophores that are found antiparallel and at a very close
distance of 3.34 A. In this (fairly rigid) conformation,
possessing a C, symmetry axis, there are two pairs of
magnetically inequivalent protons in the two methylene units
connecting the chromophores; accordingly, the experimental
NMR data for compound 3 show a aa’bb’ system. The trans
conformation instead possess a C,, symmetry that would
make the 4 methylene protons magnetically equivalent,
which is clearly inconsistent with the experimental NMR.

Like any system formed by weakly interacting pairs of
chromophores also the bis-diimide molecule displays very
close HOMO and HOMO-1 orbitals deriving from the plus
and minus combination of the HOMO of the isolated
chromophores. The energy separation between HOMO and
HOMO-1 (and, equivalently, between LUMO and
LUMO+1) provides a measure of the degree of electronic
coupling or delocalization between the chromophores. The
computed energy splitting is considerable in the most stable
gauche conformation (9 meV for the HOMOs and 13 meV
for the LUMOs) because of the vicinity of the C=0 bonds
belonging to different chromophores. The splitting is still
appreciable in the trans conformation (2 meV for both
HOMOs and LUMOSs). This level of interaction, mediated by
two sp® carbons, is comparable and even superior to that
found between chromophores connected by fully conjugated
fragments. If the two chromophores were to be connected by
a thiophene unit, as found in many conjugated polymers [18]
the HOMO and LUMO energy splittings would be 2 and 1
meV respectively, i.e. similar to the values found in the trans
(less stable) bis-diimide conformation. (More strongly
coupled bis-diimides have been reported but for very
different structure containing a chemical bond between
carbon atoms of two perylene units [19]).

These results demonstrate the potential importance of
these derivatives in many applications of organic electronics.
The fully saturated molecular bridge that still allows
sufficient electronic interaction between the chromophores
can be used to control their relative orientation and modulate
the coupling. The orbital delocalization in these compounds
is not limited to a single plane, just as in fullerene
derivatives, suggesting that they can be used as building
blocks to design molecular semiconductors with high
mobility in three dimensions.

CONCLUSION

In summary, we have developed a robust and versatile
methodology for a yielding synthesis of new materials that
have been proposed as electron acceptors in organic
electronics applications. Particular attention was devoted to
the preparation of the intermediate perylene monoimides
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which are very useful precursors for many molecules
difficult to obtain. Two synthetic pathways were proposed
for the synthesis of bis-diimides variously substituted. We
have verified that there is an appreciable electronic coupling
between the diimides notwithstanding the breaking of the pi-
conjugation. These final products would be able to mimic the
peculiar electron acceptor properties of fullerene derivatives,
up to now the best candidates as accepting materials.
Furthemore, the orbital delocalization across different planes
make these molecules potentially interesting as building
blocks for 3D molecular semiconductors.
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