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a b s t r a c t

In this Letter, we report a facile approach to synthesize unsymmetrical 1-bromo-7-alkoxyl perylene dii-
mides by the nucleophilic substitution of one of the two 1,7-dibromo units with an alkyl alcohol using
K2CO3 as the base. A further replacement of another bromo, for example, by using 4-hydroxylpyridine
resulted in unsymmetrical functionalizations at the 1,7-positions. The optical properties of the unsym-
metrical PDI derivative were reported and compared with those of the symmetrical derivative.

� 2011 Elsevier Ltd. All rights reserved.
Perylene diimide (PDI) dyes are remarkably photostable and
airstable and the monomeric PDI dyes are highly fluorescent. Nota-
bly, they are so far typical n-type organic semiconductors1 and
show potential applications in bioimaging,2 single-molecular spec-
troscopy (SMS),3 electron-accepting materials for organic photo-
voltaics (OPVs),4 and n-channel materials for organic field-effect
transistors (OFETs).5 PDI dyes can be functionalized by utilizing a
wide range of groups at either the bay-positions or imide-
positions, acting as versatile building blocks for self-assembly, or
as molecular codes to template some organic reactions,6,7 or as
an electron-accepting unit in optically and electronically functional
polymers.8

Some applications of PDI dyes, for examples, for liquid crystal-
line applications, may require unsymmetrical modifications on
either the imide or bay positions.9,10 Unsymmetrical substitutions
of PDI chromophore at the imide-positions were generally carried
out by using monoimide as the key intermediate, which was
obtained from the partial saponification of the symmetrical
diimide under catalysis of either concentrated sulfuric acid at high
temperature10 or using a strong base such as KOH and DMSO or t-
BuOH as the reaction medium.11 Alternatively, utilization of a
mixture of primary amines yielded a mixture of two symmetrical
ll rights reserved.
PDIs and one unsymmetrical PDI, but the products were difficult
to be purified.12 Recently, Zang et al. reported an approach toward
unsymmetrical N-substitutions directly by using alcohol and water
as the reaction medium.13 Differently, unsymmetrical substitu-
tions at the 1,7-positions were carried out by the stoichiometric
control of base and alcohol.9d,e,14 Such a stoichiometric control
led to a mixture of partially and fully substituted products and
unreacted 1,7-dibrominated PDI, the reactants, which need to be
purified carefully.

After the facile preparation of 1,7-dibrominated PDI 3 by fol-
lowing the procedure shown in Scheme 1 (1–3),15 we occasionally
utilized 5 molar equivalence of K2CO3 as the base and 5 molar
equivalence of N-Boc-aminoethanol as the nucleophile to substi-
tute the bromine atoms at the 1,7-positions of PDI 3, and surpris-
ingly, an unsymmetrical product (4a) was isolated in a yield of
85% (entry 1, Table 1). Meanwhile, about 10% of PDI 3 was recov-
ered and only a trace of 1,7-bis(N-Boc-aminoethoxyl) PDI, the
symmetrical product, was isolated. As controls, utilization of one
molar equivalence of NaH (entry 2, Table 1) or n-BuLi (entry 3,
Table 1) as the base yielded 50% or 23% of the unsymmetrical prod-
uct (4a), respectively.

Using 2-methoxyethanol as the nucleophile yielded 92% of the
unsymmetrical product (4b) (entry 4, Table 1). Various reaction
temperatures and reaction times were checked out to optimize
the reaction conditions. 80 �C and 1–2 h were better for this
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Scheme 1. A typical synthetic procedure to unsymmetrical 1-bromo-7-alkoxyl perylene diimide (4).

Table 1
Partial etherization of the 1,7-dibromo groups of PDI 3 with alkyl alcohols and
aromatic alcoholsa

Entry R–OH Time (h) Yieldb (%) Product

1 Boc-NHCH2CH2OH 1 85 (10) 4a
2 Boc-NHCH2CH2OH 1 50 (15)c 4a
3 Boc-NHCH2CH2OH 1 23 (5)d 4a
4 CH3OCH2CH2OH 1 92 (3) 4b
5 CH3OH 2 80 (20) 4c
6 CH3(CH2)3OH 4 60 (30) 4d
7 CH3(CH2)4OH 4 52 (35) 4e
8 CH3(CH2)9OH 4 39 (50) 4f
9 CH3(CH2)17OH 12 �(95)e 4g
10 (CH3)3COH 12 �(95)e 4h
11 4-Br-Ph-CH2OH 2 77 (20) 4i
12 Ph-CH2OH 2 74 (22) 4j
13 4-CH3-Ph-CH2OH 2 61 (35) 4k
14 4-Tert-butylphenol 0.5 >90 (�) 5f

15 4-Hydroxylpyridine 0.5 >93 (�) 6f

a Note: Reactants and conditions for the step of (iii) in Scheme 1: 0.1 mmol PDI 3,
0.5 mmol ROH, 0.5 mmol K2CO3, 5 mL DMF, 80 �C.

b Isolated yields for the unsymmetrical product and recovered PDI 3 in paren-
theses (%).

c The reaction was carried out under RT using one molar equivalence of NaH as
the base and THF as the reaction medium.

d The reaction was carried out under �76 �C using one molar equivalence of n-
BuLi as the base and THF as the reaction medium.

e The reaction was monitored by TLC.
f This reaction only yielded symmetrical products, 1,7-di(4-tert-butylphenoxyl)

PDI (5) and 1,7-bispyridyloxyl PDI (6), while no unsymmetrical products were
detected.

X. Zhang et al. / Tetrahedron Letters 53 (2012) 1094–1097 1095
reaction. Low reaction temperature, for example, 30–60 �C, yielded
only a trace of the desired product (4b). High reaction temperature
(>100 �C) and a long reaction time (>4 h) produced several by-side
products with Rf values all lower than the expected product.

Entries 5–9 in Table 1 illustrate the unsymmetrical substitu-
tions using various alkyl alcohols as nucleophiles, typically, rang-
ing from methanol to 1-octadecanol. The yield of the
unsymmetrical product is likely controlled by alkyl length of the
alcohol because the alkyl length affects the negative charge and
thus nucleophilicity of the neutral oxygen atom of alcohol. Metha-
nol gave out a yield of 80% and n-butanol, n-pentanol, and n-
decanol yielded the unsymmetrical product in a yield of 60%,
52%, and 39%, respectively, whereas 1-octadecanol produced only
a trace of unsymmetrical product of 4g and up to 95% of PDI 3
was recovered even after the reaction had been held at 80 �C for
12 h. Tert-butanol is a weaker nucleophile than n-butanol because
of the steric hindrance from the three methyl groups and the
experiment revealed that it produced only a trace of unsymmetri-
cal product 4h (entry 10, Table 1). Both electron-rich (4-methyl)
and electron-deficient (4-bromo) groups slightly affect the nucleo-
philicity of benzyl alcohols and utilizations of 4-methylbenzyl
alcohol, benzyl alcohol, and 4-bromobenzyl alcohol as the nucleo-
philes all gave out a yield of >60% (entries 11–13, Table 1). These
experimental data suggest that a SN2-type reaction may account
for the unsymmetrical substitution of the 1,7-dibromo groups.

Oppositely, 4-tert-butylphenol can be easily and straightfor-
wardly converted into 4-tert-butylphenolate ion when it is treated
with K2CO3 as the base in DMF. The oxide anion (–O�) is a much
better nucleophile than the neutral oxygen atom in the alkyl alco-
hol. As a result, reaction of 5 mmol of 4-tert-butyl-phenol, 5 mmol
of K2CO3, and 1 mmol of PDI 3 at 80 �C always produced symmet-
rical product 5 (entry 14, Table 1) in a yield of about 90–95%. TLC
indicated that the symmetrical product appeared even after
10 min, while no unsymmetrical products were detected. Similarly,
4-hydroxylpyridine also yielded the symmetrical product only and
no unsymmetrical products were detected by TLC (entry 15, Table
1) because the reaction of 4-hydroxylpyridine and K2CO3 also pro-
duced a strongly nucleophilic oxide anion (–O�). The symmetrical
substitutions from the strong nucleophiles of –O� further support
that the SN2-type reaction may account for the unsymmetrical sub-
stitution of the 1,7-dibromo groups.

When 2-ethylhexyl groups on the imide positions of PDI 3 are
replaced with cyclohexyl units, the reaction of PDI 7 with 2-meth-
oxyethonal under similar reaction conditions (Scheme 2) also
yielded the unsymmetrical product 8 in a high yield of 85%. From
this reaction, about 10% of starting materials was recovered (entry
1, Table 2). As a comparison, reaction of 7 with either 4-hydroxyl-
pyridine or 4-tert-butylphenol only yielded symmetrical products
of 9 or 10 and no unsymmetrical products were detected by TLC
(entries 2 and 3, Table 2).

Accordingly, we proposed that the unsymmetrical substitutions
of the 1,7-dibromo groups is likely related with the weak nucleo-
philicity of the neutral oxygen atom of alkyl alcohols (–OH). Upon
etherization at the 1-position, the electron delocalization between
the electron-rich alkoxyl group and the strong electron-deficient
core perylene16 will weaken the electrophilicity of the carbon atom
(C–Br bond) at the 7-position, and thus, the nucleophilic substitu-
tion at the 7-bromo was then deactivated for the weakly nucleo-
philic alkyl alcohol (–OH), but not for the 4-tert-butyl phenol and
4-hydroxylpyridine, both of which yielded much stronger nucleo-
philes, the oxide anion (–O�), when treated with K2CO3.

To investigate further functionalizations mediated by 1-bromo-
7-alkoxyl PDI, we selected PDI 8 as an example. Reaction of PDI 8
with 4-hydroxylpyridine yielded an unsymmetrical product of 11
in a high yield of 96% (Scheme 2).
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Scheme 2. Synthetic procedure toward unsymmetrical 1-bromo-7-(2-methoxyethoxyl) PDI (8) with a yield of 85% and 1-(4-pyridyloxyl)-7-(2-methoxyethoxyl) PDI (11)
with a yield of 96%.
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Figure 1. Absorption spectra (solid lines) and fluorescence spectra (dashed lines) of
PDI 9 (black lines) and 11 (green lines), and 1,7-di(2-methoxyethoxyl) PDI (12, red
lines). All have [dye] = 1 � 106 M in dichloromethane (DCM).

Table 3
Optical properties of the unsymmetrical PDI 11 in DCM

PDI ka
max (nm)

(0?0, 0?1)
e/103 (M�1 cm�1)
(0?0, 0?1)

ka (nm) S0?S2 kf
max (nm)

9 535, �504 34.7, 25.0 428 575
11 556, 524 47.0, 37.9 404 590
12 566, 527 54.6, 35.6 393 594

Table 2
Partial etherization of the 1,7-dibromo groups of PDI (7) with alkyl alcohols and
aromatic alcoholsa

Entry R–OH Time (h) Yieldb (%) Product

1 CH3OCH2CH2OH 1 85 (10) 8
2 4-Hydroxylpyridine 0.5 93 (�) 9b

3 4-Tert-butylphenol 0.5 95 (�) 10b

4 4-Hydroxylpyridine 1 96 11

a Note: Reactants and conditions for the step of (i) in Scheme 2 are similar to
those described in the note (a) of Table 1.

b This reaction only yielded symmetrical products, 1,7-bispyridyloxyl PDI (9) and
1,7-di(4-tert-butylphenoxy) PDI (10), while no unsymmetrical products were
detected.
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Figure 1 collects the absorption and fluorescence spectra of the
unsymmetrical PDI 11 (the green lines) and the symmetrical PDI 9
(the black lines) and 1,7-bis(2-methoxyethoxyl) perylene diimide
(12, the red lines),16 as comparisons. PDI 9 contains two pyridyl-
oxyl groups and PDI 12 has two 2-methoxyethoxyl groups at the
1,7-positions, whereas the 1,7-positions in PDI 11 are, respectively,
occupied by one pyridyloxyl group and one 2-methoxyethoxyl
group. Such a structural difference results in quite different optical
properties, as reflected from the S0?S1 and S0?S2 absorption
bands.

For example, the S0?S1 absorption band is increased from PDIs
9–11 and then 12 with e0!0

max increasing from 34.7 � 103 to 47.0
� 103 M�1 cm�1 and then 54.6 � 103 M�1 cm�1 (Table 3), indicat-
ing that substitution with 2-methoxyethoxyl group strengthens
the oscillator strength for the electronic S0?S1 transition. Addi-
tionally, the S0?S1 absorption band is red shifted from PDIs 9–11
and then 12 with ka;0!0

max moving from 535 nm to 556 and then to
566 nm. All these spectral changes are consistent with the stronger
electronic interactions between the electron-rich alkoxyl groups
and electron-deficient core perylene.17

Quantum chemical calculations were applied to these three
molecules to get an insight into this. Replacement of the pyridyl-
oxyl groups by one and then two 2-methoxyethoxyl groups
significantly changes the charge distributions: The total Mulliken
charge-density on the core perylene varies from �0.104 (PDI 9)
to �0.156 (PDI 11) and then to �0.208 (PDI 12), whereas that on
the bay groups changes from 0.392 (PDI 9) to 0.454 (PDI 11) and
then to 0.519 (PDI 12) (Table S1). These data confirm the stronger
electronic interactions between the core perylene and alkoxyl
groups.

Differently to those observed from the S0?S1 absorption band,
the S0?S2 absorption band is decreased and blue shifted as the
two 1,7-bispyridyloxyl groups (PDI 9) are replaced by one
2-methoxyethoxyl group (PDI 11) and further by two 2-methoxy-
ethoxyl groups (PDI 12).

PDIs 9, 11, and 12 all fluoresce strongly and show an unstruc-
tured fluorescent band. The fluorescent peak is red shifted from
575 nm for DPI 9 to 590 nm for PDI 11 and then to 594 nm for
PDI 12, also consistent with the stronger electronic interactions
between the electron-deficient core perylene and electron-rich
alkoxyl groups.

In summary, we have developed a straightforward approach to
synthesize 1-bromo-7-alkoxyl PDIs, in which the remained 1-
bromo can be further functionalized, for example, by using 4-
hydroxylpyridine, producing asymmetrically functionalized PDIs.
To our interest, such unsymmetrical functionalizations on the
1,7-positions result in different optical properties, as compared
with the symmetrical functionalizations. Accordingly, our results
not only provide a facile route to asymmetrically function the
1,7-positions but also provide new models to understand the rela-
tionship between the optical property of PDIs and the molecular
structure, especially from the unsymmetrical functionalizations
on the bay positions.
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