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ABSTRACT: A series of 2,5,8,11-tetraalkenyl perylene bisimide (PBI) derivatives were synthesized through Ru(II)- or Rh(III)-
catalyzed regio- and steroselective oxidative C—H olefination in one step. The optical electronic and self-assembly of the 2,5,8,11-
substituted PBIs were investigated, which showed great potential in optoelectronic applications.
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Perylene bisimide (PBI) derivatives, which have high regioselective functionalization at the ortho positions is a
electron affinity and excellent transport property, are challenging task. Until recently, several synthetic procedures
promising candidates for applications in (opto)electronics based on transition-metal-catalyzed ortho-C—H functionaliza-
devices." Recently, more and more attention has been focused tion of PBIs have been reported.” Treatment of PBIs with
on the modification of PBI structure to modulate their chemical alkenes, arylboronates, and bis(pinacolato)diboron, respec-
and physical properties. For example, the introduction of tively, in the presence of the Murai catalyst (RuH,(CO)-
branched or bulky solubilizing groups at the imidic nitrogen is (PPh;);) afforded the corresponding 2,5,8,11-alkylation,**”
frequently employed to improve their solubility in common -arylation,”® and -borylation products.” Through the introduc-
organic solvents, which allows for them to be processed into tion of these ortho-substituents, the solubility and the LUMO
organic electronic devices. And the functionalization at the level*” of the new PBI derivatives have been proven to be well
1,6,7,12-positions (bay-positions) of PBIs is also considered to tailored without causing geometric distortion of the PBI core.
increase the solubility and modulate the photophysical and However, these synthetic methodologies still have some
redox properties. However, the steric hindrance of branched limitations such as the narrow substrate scope and the low
groups and the bay-substituent-dependent core distortion fanctional group tolerance of the Murai catalyst.” Therefore,
interrupt the 77—z stacking of PBIs, which presumably is other efficient and facile methodologies for the synthesis of new
detrimental to the electron mobility. More importantly, the ortho-substituted PBIs should be developed to explore desirable
efficient 7—x stacking interactions between PBIs is critical for functional properties.
self-assembly into extended nanostructures, which has a strong Introducing alkene as conjugating bridges at the ortho-
effect on device performance.2 For example, 1D nanostructures positions of PBIs presents major advantages as follows: (1)
of PBIs driven by 7—7 stacking exhibit uniaxial optical and extended 7m-conjugation may facilitate efficient z-electron
electronic properties along the 1D 77—z stacking direction.> delocalization and intermolecular z—7 stacking; (2) incorpo-
Hence, strategies to functionalize PBIs with enhanced 7—7 ration of electron-withdrawing/-donating segments may
stacking interaction are desirable.* influence the LUMO level and increase the solubility of PBIs.
In comparison with the bay-functionalized-PBls, the selective Recently, Glorius and co-workers achieved the rhodium-

catalyzed oxidative olefination of acetophenones and benza-

ortho-substituted-PBIs holds more promise as functional and
mides through twofold C—H functionalization.”  Later,

materials by virtue of the favorable balance between the 7—x
stacking, energy levels and solubility.”® However, due to the
highly electron-deficient property of the PBI core and higher Received: October 6, 2016

reactivity of the bay positions toward electrophilic substitution,” Published: November 10, 2016
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similar carbonyl-directed Heck-type C—H olefinatin catalyzed
by less-expensive ruthenium complex [RuCl,(p-cymene)],
received more attention.'” Encouraged by this seminal work,
we decided to explore the regioselective direct 2,5,8,11-
olefination of PBIs under ruthenium or rhodium catalysis.
Initially, PBI 1a containing branched side chains and methyl
acrylate were chosen as model substrates. After a careful
screening of reaction conditions (see the Supporting
Information Table S1), we found that treatment of PBI la
with methyl acrylate in the presence of 20 mol % of [RuCl,(p-
cymene)],, 80 mol % AgSbF, 10 equiv of Cu(OAc),-H,0, and
4 equiv of HOAc in 1,2-dichloroethane (DCE) at 120 °C for 96
h afforded the 2,5,8,11-tetraolefination product 2a in 77% yield
(Scheme 1) with excellent E-stereoselectivity. Thereafter, it was

Scheme 1. Ru(II)- or Rh(III)-Catalyzed Selective Oxidative
C—H Alkenylation of PBIs

Condition 1
R =CO;Me: 2a (77%), 2b (74%)
A, R = COEL 3a (B5%), 3b (50%)
= = COBu-n- 4a (T8%), db (33%]
=50,Ph: Ba (82%)

R
DCE, 120°C, 86 h R i
Condition 1

[Ruslp-cymena)Ciz]; (20 mol %),
AgSELF, (80 mol %)

Condition 2
= Ph: 6a (96%)

CulOAc); HyO (10 equiv) . 5 = 4-4-Bu-Ph Ta (43%)
AcOH (4 equiv) R Z R
Condition 2 CeHiy
[RhCp"Clzz (10 mal %), R'= —< a
i AgSbFg (40 mol %) CgHyy
4 CulQAchyHyO (10 equiv), 2
PivOH (4 equiv) = —GCghir b

found that the reactions of la with other activated alkenes
bearing —CO,R (R = Et, Bu) and —SO,Ph groups under the
same reaction conditions all proceeded with good yields (3a,
65%; 4a, 78%; Sa, 82%). Then, the reaction of PBI 1b
containing liner side chains with methyl acrylate was also
performed, which gave the desired product 2b in 74% yield.
The tetraolefination of PBI 1b with ethyl acrylate and butyl
acrylate, respectively, gave the corresponding 3b and 4b in
relatively lower yields (50% and 33%) perhaps due to the lower
solubility of PBI 1b compared with PBI la in DCE.
Subsequently, more active rhodium catalyst [RhCp*Cl,], was
employed instead of the ruthenium catalyst to achieve the
2,5,8,11-tetraolefination of la with styrenes (see Table S2).
The corresponding ortho-tetraalkenyl PBIs 6—7a were obtained
in good yields (6a, 96%; 7a, 43%).

The configuration of the tetraalkenylated PBIs was evidenced
by NMR spectroscopy. First, the *C NMR spectra of
compounds 2—7a suggested that two very similar isomers in
a 1:1 ratio are present due to restricted rotation of the bulky 1-
hexylheptyl group around the N—C bond."> According to the
previous report,'” the three doubled signals of 2a represent the
carbons that are closest to the restricted N—C bond: C'3, C?,
C? respectively (Scheme 1). Thereafter, the HMBC experiment
was conducted. The correlations between C*> and H' (H?)
indicated the selective formation of ortho-substituted-PBIs
(Figure S1). Finally, the excellent E-stereoselectivity was
confirmed by a single set of '"H NMR signals and the large
NMR coupling constants UHI_HZ = 15.9-16.0 Hz).

All these ortho-tetraalkenyl PBIs showed enhanced solubility
in common organic solvents, such as dichloromethane (DCM),
CHCI;, and THF, which makes them potential candidates for
solution processable electronic devices.

Thereafter, the molecular conformations of PBIs in solution
were investigated. The extremely low-field signals for H' in the
"H NMR spectra of all ortho-tetraalkenyl PBIs (at approx-
imately 8.8 ppm for H' vs 6.5 ppm for H?) show the possibility
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of a C—H-~-O H-bond in CHCL,."” The optophysical properties
of compounds 1—7a were studied by UV-—visible and
photoluminescence spectroscopy. All these compounds dis-
played an absorption band between 400 and 550 nm. The
fluorescence spectra were mirror images of the corresponding
absorption bands. Compared to the compound 1a, a red shift in
the absorption (7 nm) and emission (10 nm) was observed for
the derivatives 2—5a. However, the fluorescence of 6a and 7a
were most strongly quenched (Figure 1 and Figure S2—S3).
The decrease in the fluorescence quantum yields of PBI 2—5a
was also observed (Table 1).
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Figure 1. (a) UV—visible absorption spectra and (b) fluorescence
spectra (Ao = 490 nm) of compound 1a, 2a, 7a in DCM (10 uM).

Table 1. Electronic and Optical Properties of PBIs 1-7a

E,er Er E LUMO HOMO

PBs  [VI®  [VI*  [eV)" [eV]© [eV]* o
la —1.16 —1.37 2.29 —3.64 —-5.93 0.89
2a —0.96 —-1.20 223 —3.84 —6.07 0.41
3a —0.98 —1.21 223 —3.82 —6.05 0.43
4a -0.97 —-1.20 223 —-3.83 —6.06 0.62
Sa —0.85 —-1.13 2.24 —-3.95 —6.19 0.39
6a -1.19 —-1.37 221 —3.61 —-5.82 -
7a —1.21 —1.38 221 —-3.59 —5.80 —

“Determined by cyclic voltammetric measurement in 0.1 M solution of
Bu,NPF4 in DCM: vs Fc/Fc". bEg = optical gap, calculated from the
optical absorption data. “Estimated vs vacuum level from LUMO =
4.80 eV — E,q,. “Estimated from HOMO = LUMO — E,. ¢Absolute
quantum yield determined by a calibrated integrating sphere system in
DCM solution.

Subsequently, the electrochemical properties of PBI
derivatives were characterized by cyclic voltammetry in DCM
containing 0.1 M Bu,NPF, as a supporting electrolyte. Cyclic
voltammetric analysis showed two reversible reduction waves
corresponding to the formation of the radical anions and
dianions for compounds 1—7a (Figure S4). The calculated
HOMO and LUMO values are shown in Table 1. The LUMO
levels of compounds 2—Sa were comparable to the known
halo-substituted PBI derivatives due to the electron-with-
drawing acrylate groups.9 In comparison, the LUMO energy of
phenyl-substituted PBI 6—7a was slightly lower.

Recently, Wasielewski and co-workers reported that ortho-
substituted-PBIs with n-octyl chains at imide nitrogen positions
form face-to-face slip-stacking.' However, the ortho-substi-
tuted-PBls with branched imide substituents'’ showed weak
intermolecular interaction due to the steric hindrance.'® The
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branched imide substituted compounds 2—4a with the
relatively higher solubility and lower LUMO levels encouraged
us to further focus on their m—n stacking abilities. The
absorption and fluorescence spectra of compounds 1—4a in
good solvent-DCM are virtually identical (Figure 1). When
dispersed in poor solvent-methanol, compounds 2—4a undergo
aggregations, and a new band emerges around 565 nm.
Moreover, the transitions from ground state to the higher levels
of electronic states are enhanced compared to the 0-—0
transition (Figure 2a). Such a spectral change implies strong
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Figure 2. (a) UV—vis absorption spectra and (b) fluorescence spectra
(Aexe = 490 nm) of 1—4a (1a,2a S uM in (SO uL of CHCI; + 1950 uL
of MeOH), 3a, 4a S uM in MeOH, the absorption spectra are
normalized at the 0—0 transition maximum).

molecular stacking between the PBI molecules. This is further
supported by the fact that the fluorescence of 2—4a was
significantly (éuenched due to the m—x electronic coupling
(Figure 2b).”™'” In contrast, for the molecule 1a, under the
same conditions, no new absorption at longer wavelength was
observed and no emission was quenched, which imply the weak
m—r interaction of la owing to the steric hindrance of the
branched side chains. The 7—7 stacking in the solid state was
also evidenced by the absorption spectrum of a thin film
prepared from a high concentration solution of 2a in CHCl,/
MeOH (Figure SS).

Concentration-dependent UV—visible spectra of 3a™ in
ethanol were also recorded. At low concentration, absorption
spectra of molecularly dissolved 3a was observed. Upon
increasing the concentration, a broadening of the absorption
band with concomitant decrease of the absorption coefficients
and arising of a new band at longer wavelength around 565 nm,
provided evidence for the aggregation of 3a at high
concentration (Figure 3a).”' The temperature dependent
UV—visible spectroscopy of 3a in ethanol also clearly indicated
that, at lower temperatures, the absorption intensity of
monomer decreased while that of the aggregate (565 nm)
increased. At higher temperatures, more single molecules were
dissociated from the aggregate (Figure 3b). An isosbestic point
at 550 nm suggested the transformation between the aggregates
and single molecules.

The energy-minimized conformation of molecular stacking
determines the morphology of the molecular aggregate. To
investigate the ortho-substitution effect on the PBI aggregate
morphology, the aggregate suspension on a silicon oxide film
through drop-coating (0.25 mM in 1/1 CHCl;/MeOH) was
characterized by field emission scanning electron microscopy

5910

a)

g0t mt em™
Absorbance

1) iy ey OGP s~
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700

Anm nm

Figure 3. (a) Concentration- and (b) temperature-dependent UV—
visible spectroscopy of 3a in ethanol. The arrows indicate the spectral
changes upon (a) increasing concentrations and (b) lowering
temperature (10 gM).

(FESEM). As previously reported, the FESEM image of 1a with
branched tails showed a particulate aggregate in an approx-
imately OD spherical shape with an average size of about 2 ym
(Figure 4a)."” In contrast, the favorable 7—7 stacking of 2—4a

Figure 4. FESEM images of the (a) la, (b) 2a, (c) 3a, (d) 4a
(prepared by drop-coating one drop 0.25 mM CHCl;/MeOH (1/1)
suspension on a silicon oxide film).

led to the formation of 1D molecular assembly nanobelts. Their
average widths were about 300, 400, and 600 nm respectively
with typical lengths in the range of several tens of microns
(Figure 4b—d). The large aspect ratios (length over width) of
these nanobelts revealed the totally different molecular packing
modes of 2—4a from 1a."” Detailed nanostructure information
on individual nanobelts was also obtained through AFM
studies. The AFM observation revealed that the relatively
uniform nanobelts with large aspect ratios were consistent with
the SEM observation (Figure S6).

In conclusion, an efficient and facile methodology for the
synthesis of 2,5,8,11-tetraalkenyl-PBIs has been developed
through Ru(II)- or Rh(III)-catalyzed selective oxidative C—H
olefination. Compared with the unsubstituted parent PBIs, the
introduction of ortho-tetraalkenyl groups not only increased the
solubilities but also lowered their LUMO levels. Interestingly,
the packing models were changed from 0D to 1D due to the
enhanced 7—7 stacking interactions between 2,5,8,11-tetraal-
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kenyl-PBIs. The facile synthesis and unique properties of these
ortho-tetraalkenyl-PBIs set up a new way for us to explore novel
PBI-based materials, which are promising candidates for organic
electronics and optoelectronics devices.
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