]O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

1-, 3-, 6-, and 8-Tetrasubstituted Asymmetric Pyrene Derivatives with
Electron Donors and Acceptors: High Photostability and
Regioisomer-Specific Photophysical Properties

Yosuke Niko,*' Shunsuke Sasaki,” Kaishi Narushima, Dharmendar Kumar Sharma,” Martin Vacha,’

and Gen-ichi Konishi*™#

"Department of Organic and Polymeric Materials, Tokyo Institute of Technology, 2-12-1-H-134 O-okayama, Meguro-ku, Tokyo

152-8552, Japan

*PRESTO Japan Science and Technology Agency, Tokyo 102-0076, Japan

© Supporting Information

ABSTRACT: The systematic synthesis of five 1-, 3-, 6, and 8-
tetrasubstituted asymmetric pyrenes with electron donor and
acceptor moieties is presented, together with an examination of
their photophysical properties. Pyrene derivative PA1l, containing
one formyl and three piperidyl groups, showed bright solvatochro-
mic fluorescence from green (A, = 557 nm, @ = 0.94 in hexane)
to red (Ao, = 648 nm, @p; = 0.50 in methanol), suggesting potential
applications for PAl as an environmentally responsive probe.
Although the synthesis of simple 1- and 3-disubstituted pyrene
derivatives is considered difficult, PA13, with two formyl groups at
the 1- and 3-positions and two piperidyl groups at the 6- and 8-
positions, could be synthesized successfully. PA13 exhibited less
pronounced solvatochromism, but displayed a narrow fluorescent
band with high @ in all solvents (®g > 0.75). Moreover, its

Asymmetric tetrasubstituted pyrenes with electron-donor and electron-acceptor moieties
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absorption band displayed an exceptional bathochromic shift compared to the other derivatives (e.g., 4,,; = 480 and 522 nm in
ethanol for PA1 and PA13, respectively), suggesting that such modifications of pyrene may be quite important for the
modulation of its energy gap. Additionally, all compounds exhibited exceptionally high photostability, which highlights the

advantage of these new dyes and provides new insights on the design of photostable fluorophores.

B INTRODUCTION

Over the past decades, the polycyclic aromatic hydrocarbon
(PAH) pyrene has been essential in the development of various
materials. Initially, pyrene received attention due to its specific
fluorescence characteristics such as the Ham effect’ and the
excimer emission,” which are triggered by changes of the
environmental polarity and changes of the local pyrene
concentration, respectively. Therefore, pyrene and its analogues
have traditionally been widely used as fluorescence probes,
capable of providing information regarding the local polarity, as
well as on the dynamics of specific small compounds and
macromolecules, especially in the area of biomedicine and soft
materials.” Furthermore, because a variety of pyrene derivatives
exhibit an intense blue emission, outstanding chemical stability,
high charge carrier mobility, and hole injection ability, they
have attracted considerable attention as semiconductors® for
applications in organic electronics such as organic light-emitting
diodes,’ organic field-effect transistors,’ and organic photo-
voltaic devices.” Most recently, pyrene has been used as a
building block for the construction of metal—organic frames or
covalent organic frame materials,® structurally uniform nano-
carbon materials,” and discotic liquid crys.tals.10 Moreover,
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pyrene-based chemosensors and photodynamic therapy materi-
als have been further advanced."'

One of the main reasons why pyrene is used so frequently in
such diverse scientific fields is the facile control over the
structural and electronic properties of pyrene by chemical
manipulations. Therefore, continuous efforts are directed
toward an expansion of the available derivatization method-
ologies for pyrene (Figure la).271¢ Although pyrene is usually
modified by mono-, di-, or tetra-substitution at its 1-, 3-, 6-, and
22 and Miillen'*® demonstrated that the
introduction of a tertiary alkyl group at the 7-position as a

8-positions,” Yamato

potential protective group enables the selective modification of
the 1- and 3-positions. Similarly, they also succeeded in
modifying the 4-, S-, 9-, and 10-positions (K region).é""13
Moreover, Marder et al. reported an efficient modification at
the 2- and/or 7-position by using an iridium catalyst.”'* Such
continuous progress has undoubtedly contributed to the
popularity of pyrene as a building block in materials science.
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(a) Conventional “Symmetric” derivatization of Pyrene
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Figure 1. Schematic outline of (a) classical “symmetric” pyrene derivatives, (b) simple D- and/or A-substituted pyrene derivatives, and (c)
“asymmetric” 1-, 3-, 6- and 8-tetrasubstituted pyrene derivatives targeted in this work.

However, almost all multisubstituted pyrene derivatives
developed to date have been synthesized in a “symmetric”
manner, ie, the modification have been carried out using
identical substituents. Despite the important role 7z-systems
with D/A moieties play in a variety of applications, such as, e.g,,
long wavelength-absorbing dyes, two photon-absorbing dyes,
and environmentally responsive dyes,'> the number of
asymmetric pyrene derivatives, in particular those containing
electron donor (D) and/or electron acceptor (A) moieties, are
extremely scarce except for a few examples.'®'” This situation
should most likely be attributed to two reasons: (1) for most
chemists, pyrene is synonymous with the aforementioned Ham
effect and excimer emission; i.e., they think of pyrene in terms
of blue emission and usually do not consider D/A
modifications; (2) the multitude of substitution sites available
in pyrene allows a high number of D/A structures to be
envisioned (including isomers), which may render the
systematic synthesis of pyrene-based D/A derivatives compli-
cate.

Nevertheless, our groups recently demonstrated that simple
pyrene derivatives containing D and/or A moieties exhibit
unique photophysical properties (Figure 1b)."”*° For example,
D—7n—A-shaped pyrene PA,"” which contains formyl (A) and
piperidyl (D) groups at its 1- and 6-positions, respectively,
showed bright and strong solvatochromic fluorescence in apolar
and polar solvents. This phenomenon is due to the presence of
a stable first singlet 7—n* excited state (S;(z—z*)) and a
moderate change of the dipole moment between the ground
and excited state (Ap) of PA."* Moreover, A—7—A-type pyrene
PY, which contains vinyl-linked pyridinium iodide (A) at its 1-
and 6-positions, exhibited a large two-photon absorption cross
section and intense fluorescence in the spectral window used
for the examination of biological tissue (650—1100 nm).”" As
these outstanding properties are unique to pyrene and arise
from its inherent electronic and/or structural properties, further
investigations regarding diverse pyrene D/A derivatives should

be justified. It should be easily possible to tune the electronic
properties of aromatic compounds containing D/A moieties by
changing the nature, number, and substitution site of these
moieties.'® Simultaneously, such investigations should also be
helpful to overcome the aforementioned synthetic problems
associated with pyrene, which would be desirable from a
general synthetic perspective.

This paper presents the development of a systematic and
efficient synthesis of five asymmetric 1-, 3-, 6-, and 8-
tetrasubstituted pyrene-based D/A derivatives (Figure 1c). To
the best of our knowledge, the synthesis of such derivatives has
not been achieved before. In particular, the synthetic procedure
for PA13, which contains two formyl groups at the 1- and 3-
positions as well as two piperidyl groups at the 6- and 8-
positions, was expected to be challenging because even a simple
modification of the 1- and 3-positions without protecting the 7-
position is nontrivial. Subsequently, we characterized the
regioisomer-specific photophysical properties of these tetrasub-
stituted pyrenes, as these are representative for their electronic
properties and should thus facilitate an understanding of the
underlying structure—property relationships. We observed that
PA1 showed the strongest and brightest solvatochromic
fluorescence from green to red. Remarkably, PA1 exhibited a
much higher photostability relative to the commonly used
solvatochromic fluorescent probe Nile Red (NR)*" as well as to
the other derivatives used in this study, thus highlighting its
potential as a fluorescent probe. Moreover, PA13 showed other
exceptional optical behavior, i.e., a substantial bathochromically
shifted absorption together with a strong and narrow, but less
solvatochromic fluorescence, suggesting that the substitution
pattern in this molecule is important for the modulation of the
molecular band gap. Considering that all of the obtained
pyrenes can be further derivatized, this study is expected to
provide access to new research avenues to pyrene as a synthetic
building block for advanced optoelectronic materials.
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Scheme 1. Synthesis of PA1 and PA138
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B RESULTS AND DISCUSSION

Molecular Design and Synthetic Strategies. Initially we
aimed at the development of suitable synthetic routes for the
targeted pyrene-based D/A derivatives PAl, PA13, PAIlS6,
PA18, and PA138 (Figure 1c), which are labeled according to
the number and positions at which the formyl groups are
attached on the pyrene ring. Piperidine and formyl groups were
selected as substituents, as they have an established track record
as D and A groups, respectively.'®
formyl groups should be useful for future derivatization

purposes, as they can be easily modified, using several well-
20

Additionally, the presence of

established methods such as the Knoevenagel condensation
and the Wittig reaction, or converted into other functional

groups such as carboxylic acid, ester, ketone, alcohol, or halide
moieties.

All compounds were prepared in a uniform manner; i.e., the
intermediates possessing the aldehyde and bromide substitu-
ents corresponding to the target compounds were synthesized
initially to ensure that the 1-, 3-, 6-, or 8-positions were
correctly substituted. Subsequently, the piperidine substituents
were introduced by a Buchwald—Hartwig amination.””

Synthesis of PA1 and PA138. The synthetic routes to PA1
and PA138 are shown in Scheme 1. PA1 contains one formyl
group at the 1-position and three piperidyl groups at the 3, 6,
and 8-positions. Similarly, PA138 contains three formyl groups
at the 1-, 3-, and 8-positions and one piperidyl group at the 6-
position. Following the method reported by Korshun et al,”’

10796 DOI: 10.1021/acs.joc.5b01987
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Scheme 3. Synthetic Route to PA13 and PA16
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PA1 was synthesized in only two steps: the first involved the
tribromination of 1-formylpyrene, followed by a Buchwald—
Hartwig amination with piperidine. The yield of this amination
was relatively low (20%), possibly because intermediate 2
contained some impurities. In fact, the presence of more than
two bromide substituents drastically reduced the solubility of 1-
formylpyrene in most suitable solvents, thus complicating the
purification and detailed characterization of 2. PA138 was
synthesized starting from 1,6-dibromopyrene 3b, which was
dilithiated with n-BuLi and subsequently treated with DMF to
form 1,6-diformylpyrene (4b). This compound was subjected
to a one-pot dibromination and concomitant protection of the
two formyl groups as dimethyl acetals. The resulting derivative
Sb was lithiated using one equivalent of n-BuLi, before being
treated with DMF to afford 6, which was subsequently
deprotected to recover the less soluble intermediate 7 by
filtration. Target compound PA138 was obtained after a final
Buchwald—Hartwig amination.

Synthesis of PA13, PA16, and PA18. The synthetic routes
to PA13, PA16, and PA18 are outlined in Schemes 2—5. Each
compound contains two formyl and two piperidyl groups,
which differ in their arrangement with respect to each other on
the pyrene ring. PA16 and PA18 were efficiently prepared in a
manner similar to PA138, as 1,6- and 1,8-diformylpyrene were
obtained from the corresponding dibromopyrene, which is
available both synthetically and commercially (Scheme 4 and
5). However, this is certainly not the case for PA13, as an
efficient synthesis of 1,3-dibromopyrene has not be achieved so

Scheme 4. Large-Scale Synthesis of 1,6-, and 1,8-
Diformylpyrenes

Ry Br
O 1) n-BuLi
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far without using a tertiary alkyl group at the 7-position as a
protective group. Although the efficient synthesis of 1,3-
diformylpyrene has been the focus of some research effort,”* a
simple yet effective method remains elusive so far. However,
some reports have indicated the p0551b111ty of accessing 1,3-
disubstituted pyrenes as follows: Korshun® and Tsubota™

demonstrated a bromination at the 3-position in 1-acetylpyr-
ene; ie, they showed that the presence of an electron-
withdrawing group at the I-position enables electrophlhc
substitution at the 3-position. Similarly, Harvey”® and Scott”’

demonstrated that a Friedel—Crafts acylation provides access to
1,3-diacetylpyrene, where the first acetyl group should function
as an electron-withdrawing group. Encouraged by these reports,
we initially tested a corresponding Friedel—Crafts formylation.
However, the desired formylation could not be observed, which
is probably due to the stronger electron-withdrawing property
of the formyl group relative to the acetyl group. Therefore, we

DOI: 10.1021/acs.joc.5b01987
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Scheme 5. Large-Scale Synthesis of PA16 and PA18
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followed the method of Korshun and Tsubota, and used a
bromination of 1-formylpyrene (Scheme 2).

The bromination of 1-formylpyrene afforded three isomers
(8a—c), which were protected as dimethyl acetals (9a—c),
before the bromide moieties were converted into formyl groups
by lithiation with n-BuLi and treatment with DMF. The thus
obtained compounds (10a—c) were deprotected to produce
three diformylpyrene isomers (4a—c). Small amounts of each
isomer could be separated by column chromatography on silica
gel, followed by a subsequent fractional recrystallization from
chloroform, and allowed their characterization by 'H NMR
spectroscopy (Figure SS). Nevertheless, the separation of these
isomers at this stage proved to be impractical, because their R
values were too similar and the compounds showed similar
crystallization behavior. Therefore, the next reaction was carried
out without further separation (Scheme 3). The formyl groups
of 4a—c were converted to methylester groups using the zinc-
catalyzed oxidative esterification developed by Wu.** It is
noteworthy to consider two important aspects of this process
here. First, this esterification facilitated the removal of 11c by
column chromatography on silica gel, which is an absolutely
critical procedure, as PA13 cannot be separated from PA18 by
column chromatography on silica gel in the last step. Second,
unlike 4b and 4c, 4a could not be dibrominated efficiently in
the next step without esterification (Scheme S), which is
probably due to the reduced solubility of monobrominated 4a.
After the introduction of the piperidyl groups by Buchwald—
Hartwig amination, the ester groups of 12a—b were initially
reduced to the corresponding methyl alcohol groups using
diisobutylaluminum hydride (DIBAL-H), before being sub-
sequently converted to formyl groups under Dess—Martin
oxidation conditions. The thus obtained isomers PA13 and
PA16 could be easily separated by column chromatography on
silica gel. It should be noted that not only PA13, but also PA16
and even PA18 can be prepared simultaneously in the same
manner.

All the final products are soluble in common organic
solvents, and were characterized by high-resolution mass
spectroscopy as well as '"H and *C NMR spectroscopy (see
Supporting Information). Except for PAl, none of the
compounds showed a clear melting point before decomposing.

As previously mentioned, the synthetically asymmetric 1-, 3-,
6-, 8-tetrasubstituted pyrene derivatives presented herein have
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not been synthesized before. In particular, the achievement of a
successful synthetic route to PA13 should be considered as an
important breakthrough, because already the synthesis of a 1,3-
disubstituted pyrene was considered particularly challenging.
The synthetic routes described here might seem complicated
and inefficient, but each reaction step proceeds quite rapidly
and does not require complicated procedures. Therefore, we
believe that these schemes deserve merit for their practicality.
Considering that several other transition metal-catalyzed
reactions should be applicable, and that the formyl groups
could be easily converted to other functional groups, our
synthetic methodology should represent a new milestone for
researchers who want to use functionalized pyrene as a building
block for advanced materials.

Photophysical Properties. As an example for structure—
property relationships, we investigated the photophysical
properties of the new pyrene derivatives in organic solvents
of different polarity and compared them to those of NR, which
is a commonly used solvatochromic fluorophore. In addition,
the photostability of the new dyes was examined, because this
property often presents a crucial bottleneck for commercial
applications of solvatochromic fluorophores.'®! Furthermore,
we performed DFT/TD-DFT calculations on these pyrene
dyes in order to gain a better understanding of their
photophysical behavior.

Overview. The absorption and fluorescence spectra, as well
as other spectroscopic properties and the results of quantum-
chemical calculations for PA1, PA18, P16, PA13, and PA138
are summarized in the Supporting Information. In general, all
compounds showed maximum absorption peaks in the visible
region with absorption coeflicients of approximately 20 000, i.e.,
slightly higher than that of Prodan,'” which is another
commonly used solvatochromic fluorophore. Moreover, all
compounds exhibited high fluorescence quantum yields (®g >
0.90) in nonpolar solvents such as hexane and toluene, which
could be related to their remarkable photostability in solution
(vide infra). The sensitivity of the fluorescence wavelength to
the polarity of the solvent followed the order PA1 > PA18 =
P16 > PA13 > PA138.

The results of the DFT/TD-DFT calculations suggested for
all compounds a main Sy—S, transition with a transition
moment along the long axis of the pyrene ring, even though the
direction of the dipole moment strongly depends on the

DOI: 10.1021/acs.joc.5b01987
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particular DA substitution. Moreover, in the vacuum phase, all
compounds possess a—7x* first singlet excited states
(Si(mz—7*)), and no clear singlet and/or triplet n—z* excited
states were observed near S,(z—n*) (Figure S$20—S29 and
Table S13—S17).

Below, the photophysical properties of PA1 and PA13 are
discussed in detail as these exhibited exceptional behavior.

Photophysical Properties of PA1. As shown in Figure 2 and
Table 1, PA1 exhibited a fluorescence that changed from green

1.04 —— Hexane
—— Toluene

— EtOAc

NR

0.8
0.6
0.4-
0.2

PA1

%1 pA13

Fluorescence intensity [a.u.]
o
»
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Figure 2. Absorption and fluorescence spectra of NR, PAl, and PA13
in organic solvents of different polarity (5 uM, Au= Aupoma)-
Absorption extinction coefficients of 42000, 21000, and 20 000
were measured for ethanol solutions of NR, PAl, and PA1l3,
respectively.

(Aem = 520 nm) in hexane to red (4., = 643 nm) in methanol
with high @ values (hexane: 0.90; methanol: 0.55). Among
PAIl, PA18, P16, PA13, and PA138, PA1 exhibited the most
intense brightness and sensitivity to solvent polarity.
Interestingly, PA1 maintained high ®; values for all solvents
tested. This behavior is unusual for solvatochromic fluoro-
phores, because the ®p of solvatochromic dyes typically

decreases in nonpolar and/or highly polar solvents.”” This
finding can be explained by our previous discussion regarding
the simple D—z—A-shaped pyrene PA:'’ the results of the
DFT/TD-DFT calculations imply that the S, of PA1 maintains
pure (7—z*) character and is removed from the T,(n—x*)
state even in nonpolar solvents, which decreases the energy gap
between (7—z*) and (n—z*) (Figure S20, S21 and Table S13).
This suggests that the intersystem crossing (ISC) based on El-
Sayed’s rule®® is inefficient, and therefore, PA1 exhibits a high
@, in apolar solvents. This discussion should equally apply to
the other new dyes (Figure $S22—S29 and Table S17-S17).
The reason for the high ®g; of PAl in polar solvents is the
moderate change in the dipole moment (Ay) of PA1 between
the ground and excited states (Au = 6.6 D, estimated by the
Lippert—Mataga equation;31 see Figure S12), relative to those
of solvatochromic dyes such as the fluorene analogue of Prodan
(Ap = 12 D), whose @y is known to decrease with increasing
solvent polarity.”” This indicates that the thermal deactivation
(internal conversion) based on the energy-gap rule® is also
inefficient, which means that PA1 is able to maintain a high ®g;
in polar and nonpolar solvents. On the basis of this notion, PA1
might be regarded as a “modified” PA, owing to the
introduction of donors at the 3- and 8-positions that shift the
absorption and fluorescence wavelength bathochromically.
Another interesting feature of PALl is its similar fluorescence
wavelength and sensitivity to polarity when compared to NR.
Even though the ®g; values of both are comparable, the
absorption coeflicient of PA1 is only approximately half of that
of NR; hence, the brightness of PA1 is also ca. half of that of
NR. However, taking into account that PA1 exhibits a larger
Stokes shift and that its photostability in toluene is eight times
higher than that of NR (vide infra), PAl might find
applications as an environmentally sensitive fluorescent probe.
Photophysical Properties of PA13. Interestingly, PA13
exhibited an absorption wavelength around 520 nm, which is
significantly red-shifted (~40 nm) relative to the other pyrene
derivatives. According to the results of the DFT/TD-DFT
calculations, only PA13 exhibits a dipole moment along the
transition moment of the new dyes (Figure S22 and S23),
suggesting that a relatively strong charge transfer (CT)
characteristic should appeared on the red-shifted S,—S,;
transition. In fact, PA18, which exhibits a dipole moment
perpendicular to a transition moment, showed both exper-
imentally and theoretically a relatively short absorption
wavelength (Figure S11, S26 and S27). The results of the
DFT/TD-DFT calculations furthermore imply that PAI13

Table 1. Spectroscopic Properties of NR, PAl, and PA13

Aabs,max [nm] lem,max [nm] Dy,
solvent ET(30)“ NR PA1 PA13 NR PA1 PA13 NR PA1 PA13
hexane 31 508 466 498 532 520 557 0.55 0.94 0.93
toluene 339 524 478 516 572 554 582 0.84 0.96 0.94
dioxane 36 519 476 512 582 557 585 0.86 0.96 0.92
EtOAC 38.1 524 475 514 594 562 587 0.88 0.94 0.93
DCM 40.7 539 489 534 608 597 602 0.88 0.93 091
acetone 422 533 477 521 614 581 598 0.88 0.95 0.90
DMSO 45.1 552 490 535 635 601 609 0.80 091 0.75
CH;CN 45.6 535 482 525 620 596 602 0.85 0.93 0.88
EtOH S1.9 549 480 522 638 635 609 0.62 0.64 0.87
MeOH 55.4 5583 480 523 643 643 613 0.46 0.50 0.83
“The values for the polarity index, E1(30), were obtained from ref 36.
10799 DOI: 10.1021/acs.joc.5b01987
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Figure 3. Photodegradation of PA1, PA13, PA18, and PA138 (blue lines) and NR (red lines) in toluene. Excitation wavelengths (4,,) were obtained
from the cross point of the absorption spectra between each of the new dyes and NR in S M solution. The curves for PA1 and PA13 were fitted
with a single exponential decay function (green lines): I = y, + exp(—t/Tp), where y, = 0 (final intensity after total photobleaching), 7, is the
degradation constant, I the measured fluorescence intensity, and ¢ the time of experiment.

contains a large Au. However, the spectroscopic measurement
showed an opposite behavior, ie., a less prominent
solvatochromic behavior of PA13. This observation contra-
dicted our expectations, and the detailed fluorescence
mechanism of PA13 still remains unclear. Importantly, the
observed results indicated that the structure of PA13 should be
capable to efficiently decrease the optical band gap of pyrene.
Such information would be highly useful for energy-gap
engineering purposes, which is reflected in the fact that several
researchers have investigated the relationship between structure
and optoelectronic properties of pyrene derivatives.'
Another interesting characteristic of PA13 is that its
fluorescence is accompanied by a high @y value and a
relatively narrow band in all the solvents tested. The observed
narrow fluorescence band might be related to the small Stokes
shift of PA13.>* The results of the DET/TD-DFT calculations
indicated that PA13 exhibits a particularly low intramolecular
reorganization energy (0.26, 0.42, 0.42, and 0.46 eV for PA13,
PA1, PA138, and PAL1S, respectively) (Table S13—S17). One
of the reasons why PA13 has a high @, value should be related
to its moderate solvatochromic behavior. As previously
discussed, PA13 should have a small Ay value, and the internal
conversion quenching based on the energy-gap rule should
accordingly be inefficient. From a functional materials
perspective, such properties present two possibilities for
PA13. The first is that PA13 could be applied as a FRET
donor, which would require a stable fluorescence position. In
fact, only a limited number of dyes exist that exhibit an
excitation around 500 nm and simultaneously an emission
around 600 nm. Second, the structure of PA13 should be useful
for the development of a two photon-active fluorophore.
Although such dyes are required to exhibit efficient two-photon
absorption and subsequent fluorescence in the longer wave-
length region, ie., in the optical tissue window (650—1100
nm),” the currently applied D/A concept often causes the
fluorescence to broaden and become thus inefficient. As this is
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not the case for PA13, this pyrene derivative may help to
address this problem.

Photophysical Properties of PA16, PA18, and PA138.
PA16 and PA18 exhibited similar ®p; and fluorescence
behavior in terms of sensitivity to solvent polarity (Figure
S11 and Table S1). Both of them showed an intermediate
solvatochromic response relative to PA1 and PA13. The
solvatochromism of PA16, despite its electronically symmetric
structure, should most likely be attributed to the “symmetry
breaking” of quadrupole molecules.”” In highly polar solvents,
including hydrogen-bond acceptor solvents such as dimethyl
sulfoxide (DMSO), PA16 and PA18 suffered from drastic
fluorescence deactivation. Their solvatochromic behavior
suggested that the Ay values of PA16 and PA18 should be
smaller than that of PA1. Therefore, the observed fluorescence
quenching in highly polar solvents should not be derived from
typical dipole—dipole interactions, but from other specific
solvent—solute interactions (vide infra). Moreover, a clear
solvatochromic fluorescence could not be observed for PA138.
In general, the sensitivity of the fluorescence wavelength of D/
A pyrene derivatives to the polarity of the solvent decreased
with increasing number of acceptor groups on the pyrene core.
Except for PA13, the brightness of the D/A pyrene derivatives
also decreased with increasing number of acceptor groups on
the pyrene. This is probably related to the potential role of a
formyl group might play in the context of quenching. Certain
molecules that contain a formyl group have shown that the
formyl group may cause intramolecular rotation and sub-
sequent internal conversion quenching.”® Such a behavior
might be promoted in DMSO, as DMSO is able the cleave
and/or prevent inherent hydrogen bonding between pyrene
and each formyl group and thus accelerate intramolecular
rotation.”” Regardless, the exact reasons why the substitution
with acceptor groups renders D/A pyrene derivatives less
sensitive to solvent polarity and why PA13 is so bright in
contrast to PA16, PA18 and PA138 still remain unclear.
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However, the above discussion suggests that PA16, PA18, and
PA138 should be, at least at the moment, less attractive
emitting materials. Nevertheless, considering the facile
preparation of PA16 and PA1S, they should be expected to
constitute useful building blocks for future derivatizations.
Photostability. The photostability of the new dyes was
evaluated by recording their photodegradation curves in
toluene and comparing them to that of NR, which is considered
to be a highly photostable solvatochromic fluorophore.*
Toluene was selected as a solvent, as the photostability of
solvatochromic dyes usually decreases in apolar solvents.*” This
is a crucial problem especially for applications in apolar media,
e.g., in lipid membranes of living cells.'*" In these photostability
measurements, different excitation wavelengths were used.
These corresponded to a cross point between the absorption
spectra of each new dye and that of NR at the same
concentration, in order to enable direct comparison between
each dye and NR. Surprisingly, all compounds exhibited a
higher photostability than NR under continuous photo-
excitation for 3 h (Figure 3 and Table 2). For example, when

Table 2. Photostability of PA1, PA13, PA18, and PA138 and
NR in Toluene (rt, 5 uM)

dye Aex [nm] 0.D.* 7, [min] R [%]”
PA1 6395 97
PA138 479 0.12 N.D. 9
NR 777 79
PA13 557 0.053 5852 97
NR 2231 91
PAl6 475 0.11 N.D. 99
NR 813 80
PA18 484 0.13 N.D. 29
NR 850 81

“O.D. refers to the optical density. bR is the remaining fluorescence
intensity after 3 h of excitation. “Not determined due to little
photodegradation.

PA1 and NR were excited at 479 nm, PA1 lost only 3% of its
initial fluorescence intensity, while NR lost more than 20%.
The values of the time constant of photodegradation (z,) for
PA1 (7, = 6395 min) and NR (7, = 777 min) were estimated
by fitting a single exponential decay function, and indicated that
the photostability of PA1 is eight times higher than that of NR.
According to a recent report by Blanchard et al,** photo-
bleaching is mainly caused by reactive species such as singlet
oxygen, which are generated by energy and/or electron transfer
from the excited triplet state of the dye to molecular oxygen.
This means that dyes with lower ISC rate constants tend to be
photostable, unless they show photoisomerization or un-
expected multiphoton absorption. Considering that PAl,
PA13, PA18, and PA138 show high @y values (>0.90 even
in nonpolar solvents), which generally induce a higher degree
of ISC compared to NR (@ = 0.55 in hexane), they might
have lower ISC rate constants and therefore be much more
photostable than NR. In fact, a correlation between high ®g;
values in nonpolar solvents and photostability can be found in a
report by Klymchenko et al.*” It is worth pointing out that the
above discussion should be very important in order to
understand the advantage of using pyrene as a building block
for optoelectronic materials, which would help to overcome
crucial drawbacks of existing fluorophores with a D—z—A
structure.
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Single-Molecule Characterization of PA1. As PA1 showed
the most promise as a fluorescent probe among all the new
dyes, we tested the photophysical properties of PAl on the
single-molecule level. We also compared the single-molecule
characteristics of PA1 with those of NR, as the latter has been
employed as an environmentally sensitive single-molecule
fluorophore.*'

As shown in Figure 44, single molecules of PA1 dispersed in
thin poly(methyl methacrylate) (PMMA) films were readily
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Figure 4. Single-molecule characterization of PA1 in a PMMA matrix.
(a) Fluorescence image of single PAl molecules (sum of 300
consecutive frames); the color bar shows the total number of photons
(X107%) detected for each pixel in 30 s. The scale bar represents 4 um.
(b) Representative fluorescence intensity traces for six individual
molecules, showing fluorescence intermittency (blinking) and single-
step photobleaching. (c) Distribution of the total number of photons
emitted before photobleaching; N, ., was obtained from the analysis
of 416 molecules. The solid line represents the corresponding single-
exponential fitting.

detectable in an epifluorescence image, showing good contrast
and signal-to-noise ratio. Figure 4b shows representative
fluorescence intensity traces for six individual molecules
undergoing fluorescence intermittency (blinking) and single-
step photobleaching. For comparison, intensity traces for single
molecules of NR are shown in Figure S14. The comparison
revealed that single molecules of PA1 appear to be more stable
and less susceptible to blinking than single molecules of NR. A
statistical estimate on an ensemble of single molecules showed
that ca. 28% of PA1 molecules underwent blinking in the first
100 s of the measurement, compared to 37% of the NR
molecules. The overall photostability on the single-molecule
level was analyzed by measuring the total number of photons
emitted before the photobleaching for each molecule was
studied, and by plotting a distribution of the number of emitted
photons for a statistical ensemble of 416 PAl molecules
(Figure 4c). Assuming that the photobleaching event is a
photochemical reaction of first order, the distribution curve was
fitted by a single-exponential function to obtain the average
value for the total number of photons emitted (Ni,.). The
same analysis was carried out for single molecules of NR
(Figure S14). N, values of 250000 and 190000 photons
were obtained for PA1 and NR, respectively, showing that the
photostability of PA1 on the single-molecule level in a solid
polymer matrix is 1.3 times higher than that of NR. The
difference in photostability between a single molecule and a
solution of the dye can be derived from the quantity and/or
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diffusion rate of oxygen in the system, or from the different
mechanisms (photochemical reactions) in solution and the
polymer solid-state. It may be concluded that PA1 exhibits the
highest N, value and photostability on the single-molecule
level in this class of reported solvatochromic fluorophores,
which provides further motivation to develop better fluoro-
phores based on pyrene.

H CONCLUSION

We demonstrated the first systematic and eflicient synthesis of
five 1-, 3-, 6-, and 8-tetrasubstituted pyrene derivatives with
asymmetric D/A patterns (PAl, PA18, P16, PA13, and
PA138). The successful synthesis of PA13 is an important
achievement, as even simple modifications of substituents at the
1- and 3-positions are nontrivial without protecting the 7-
position. We also examined the photophysical properties of
PA1, PA1S, P16, PA13, and PA138 in order to understand the
relationship between their structure and electronic properties.
We found that PA1 shows promising fluorescence properties: it
exhibited strong and bright solvatochromic fluorescence over a
wide polarity range and displayed higher photostability than
NR. In addition, we showed that PA13 exhibits an absorption
band with an exceptionally large red shift, together with bright
and narrow, but less solvatochromic fluorescence. This
information should be very important for the development of
materials with engineered energy gaps and nonlinear optical
materials such as two photon-active fluorophores. Remarkably,
we found that all new pyrene derivatives exhibited much higher
photostability than NR, which rationalized in terms of the
specific inefficiency of their ISC. This highlights a further
advantage of these new dyes and also provides important
information in order to overcome the limited photostability of
existing dipole fluorophores.

It is possible to further derivatize and modify PAl, PA1S,
P16, PA13, and PA138, as they, or their synthetic
intermediates, are able to participate in several reactions,
including transition metal-mediated catalysis and functional
group transformations. This should be useful for the develop-
ment of functionalized pyrene-based D/A derivatives that may
be used as synthons for a broad variety of new materials.
Although several phenomena, especially with respect to the
photophysical properties of PA13, remain to be clarified we
believe that the results presented here should be of great
interest to the wider materials science community.

B EXPERIMENTAL SECTION

Synthesis of 3,6,8-Tri(piperidin-1-yl)pyrene-1-carbaldehyde
(PA1). Over a period of 15 min, bromine (32 g 20 mmol) was added
dropwise under vigorous stirring to a solution of 1-formylpyrene (1.2
g, 5.1 mmol) in nitrobenzene (30 mL) at 120 °C. The mixture was
kept at 120 °C for 4 h, before being allowed to cool to room
temperature. The precipitate was filtered off, washed with ethanol and
chloroform, and dried in vacuo to afford 2 as a yellow powder (2.3 g,
95%). Because of its low solubility, the product was used in the next
step without further purification or characterization. Subsequently, a
mixture of 2 (0.70 g, 1.5 mmol), cesium carbonate (2.1 g, 6.3 mmol),
Pd(OAc), (50 mg, 0.23 mmol), RuPhos (021 g 0.45 mmol) in
toluene (25 mL) was stirred for 15 min at 100 °C under an
atmosphere of argon. Then, piperidine (0.53 mL, 5.4 mmol) was
added to the solution and the resulting mixture was stirred for 6 h.
After the mixture was cooled to room temperature, chloroform was
added and the insoluble parts were removed by filtration. The resulting
solution was washed with brine, dried over MgSO,, and filtered. All
volatiles were removed in vacuo and the residue was subjected to

column chromatography on silica gel using chloroform, followed by a
recrystallization from methanol to afford PA1 as a red powder (150
mg, 20%): mp 198.5-200.5 °C; "H NMR (400 MHz, CDCL,) & 10.79
(s, 1H), 9.05 (d, ] = 9.5 Hz, 1H), 8.46 (d, ] = 9.4 Hz, 1H), 8.40 (d, ] =
9.5 Hz, 1H), 826 (d, ] = 9.4 Hz, 1H), 8.10 (s, 1H), 7.43 (s, 1H),
3.31-3.09 (m, 12H), 1.99—1.84 (m, 12H), 1.79—1.64 (m, 6H); *C
NMR (100 MHz, CDCl;) § 192.8, 151.9, 151.6, 147.6, 131.6, 129.6,
127.8, 127.7, 126.5, 126.3, 1254, 121.0, 120.8, 120.5, 1202, 119.4,
109.2, 55.6, 55.5, 55.0, 27.1, 27.0, 25.0, 24.9; HRMS (FAB) Calcd for
CyHy/N;O 479.2937, found 479.2935 ([M]*).

General Procedure for a Gram-Scale Synthesis of Pyrene-
1,6-dicarbaldehyde (4b), and Pyrene-1,8-dicarbaldehyde (4c).
A solution of n-butyllithium in hexane (2.6 M, 6 equiv) was added
dropwise to a solution of 1,6- or 1,8-dibromopyrene in anhydrous
THEF under an atmosphere of argon at 0 °C. After the reaction mixture
was stirred for 1 h at this temperature, DMF (6 equiv) was added
dropwise to the solution. The mixture was stirred at room temperature
for 1 h before water was added. The resulting precipitation was filtered
off and washed consecutively with water, methanol, and warm toluene
to afford the targeted diformylpyrenes 4b (2.3 g, 66%) and 4c (1.9 g,
55%), respectively.

4b: "H NMR (300 MHz, CDCL,) & 10.84 (s, 2H), 9.62 (d, ] = 9.4
Hz, 2H), 8.57 (d, ] = 7.9 Hz, 2H), 8.54 (d, ] = 7.9 Hz, 2H), 828 (d, |
= 9.4 Hz, 2H).

4c: '"H NMR (300 MHz, CDCl,) 6 10.87 (s, 2H), 9.62 (s, 2H), 8.56
(d, J = 7.4 Hz, 2H), 8.40 (d, ] = 7.9 Hz, 2H), 8.26 (s, 2H).

Large-Scale Synthesis of 3,8-Di(piperidin-1-yl)pyrene-1,6-
dicarbaldehyde (PA16) and 1,8-Di(piperidin-1-yl)pyrene-3,6-
dicarbaldehyde (PA18). General Dibromination Procedure for 4b
and 4c and Subsequent Protection of the Formyl Groups As
Dimethylacetals (Synthesis of 5b and 5c). Over a period of 15 min
and under vigorous stirring, bromine (4 equiv) was added dropwise to
a solution of 4b or 4c (1 g, 4.0 mmol) in 100 mL of dichloromethane
at 40 °C. The mixture was kept at 40 °C for 2 h, before 100 mL of
methanol were added and heating to reflux was maintained for 1 h.
After cooling, the resulting precipitate was collected by filtration,
washed with methanol, and dried in vacuo to afford the targeted
diformylpyrenes Sb (1.1 g, 54%) and Sc (1.3 g, 64%), respectively.

1,6-Dibromo-3,8-bis(dimethoxymethyl)pyrene (5b). '"H NMR
(300 MHz, CDCl,) & 8.60 (s, 2H), 8.58 (d, ] = 9.6 Hz, 2H), 8.53
(d, J = 9.6 Hz, 2H), 6.23 (s, 2H), 3.50 (s, 12H); LRMS (FAB) Calcd
for Cp,H,oBr,0, 505.9728, found 506 ([M]*).

1,8-Dibromo-3,6-bis(dimethoxymethyl)pyrene (5¢). '"H NMR
(300 MHz, CDCl,) § 8.39 (s, 2H), 8.36 (s, 2H), 6.64 (s, 2H), 5.89
(s, 2H), 3.56 (s, 6H), 3.34 (s, 6H); LRMS (FAB) Calcd for
Cy,H,Br,0, 505.9728, found 506 ([M]*).

Synthesis of PA16 and PA18: General Procedure for the
Buchwald—Hartwig Amination of 5b and 5¢ and the Subsequent
Deprotection of the Dimethylacetal Moieties. A mixture of 5b or Sc,
sodium tert-butoxide (2.8 equiv), Pd(OAc), (10 mol %), and BINAP
(20 mol %) in toluene was stirred for 15 min at 100 °C under an
atmosphere of argon. Subsequently, piperidine (2.4 equiv) was added
to the solution and the resulting mixture was stirred for 12 h. After the
mixture was cooled to room temperature, chloroform was added to the
mixture and the insoluble parts were removed by filtration. The
solution thus obtained was washed with brine, dried over MgSO,, and
filtered. The solvents were removed in vacuo and the residue was
dissolved in THF/H,0 (S:1, v/v), before 10 mol % of p-
toluenesulfonic acid monohydrate were added to this solution. The
mixture was stirred at 70 °C for 2 h, before being extracted with
chloroform, washed with brine, dried over MgSO,, and filtered. The
solvents were evaporated in vacuo, before the resulting residue was
purified by column chromatography on silica gel (chloroform:hexane =
2:1) and a subsequent recrystallization from hexane/dichloromethane
to afford diformylpyrenes PA16 (0.17 g, 41%) and PA18 (0.29 g,
58%), respectively.

PA16: Reddish solid; mp decomposed at T > 300 °C; 'H NMR
(300 MHz, CDCl;) 6 10.86 (s, 2H), 9.36 (d, ] = 9.5 Hz, 2H), 8.54 (d,
J = 9.5 Hz, 2H), 8.20 (s, 2H), 3.29 (brs, 8H), 2.02—1.95 (brs, 8H),
1.77 (brs, 4H); C NMR (100 MHz, CDCl;) § 192.9, 150.1, 129.5,
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128.9, 127.7, 126.9, 124.9, 124.7, 121.7, 55.3, 27.0, 24.8; HRMS (FAB)
Calcd for C,gHygN,0, 424.2151, found 424.2157 ([M]*).

PA18: Reddish solid; mp decomposed at T > 300 °C; '"H NMR
(300 MHz, CDCl,;) § 10.87 (s, 2H), 9.18 (s, 2H), 8.54 (s, 2H), 8.18
(s, 2H), 3.27 (brs, 8H), 2.03—1.96 (brs, 8H), 1.78 (brs, 4H); *C
NMR (100 MHz, CDCL,) 6 192.6, 150.3, 130.0, 128.6, 127.3, 126.9,
125.5, 123.6, 120.8, 55.3, 27.0, 24.9; HRMS (FAB) Calcd for
CysH,N,0, 4242151, found 424.2157 ([M]*).

Synthesis of 8-Bromopyrene-1,3,6-tricarbaldehyde (7). A 2.6
M solution of n-butyllithium in hexane (1.3 mL, 3.4 mmol) was added
dropwise to a solution of Sb (1.45 g, 2.85 mmol) in anhydrous THF
(30 mL) at —50 °C under an atmosphere of argon. After the reaction
mixture was stirred for 30 min at this temperature, DMF (0.34 mL, 3.4
mmol) was added dropwise to the solution. The mixture was warmed
to room temperature and stirred for 30 min. After adding water to
quench the reaction, the organic layer was extracted with chloroform,
washed with brine, dried over MgSO,, and filtered. Subsequently, the
methyl acetal groups of Sb were directly deprotected. After the
solvents were removed in vacuo, the resulting residue was dissolved in
THF/H,0 (5:1, v/v), before 10 mol % of p-toluenesulfonic acid
monohydrate were added to the solution. The mixture was stirred at
70 °C for 2 h. The obtained precipitate was filtered, washed with THF,
and dried in vacuo to afford 7 (0.38 g, 37%), which was, on account of
its low solubility, used in the next step without further purification or
characterization. Orange powder; LRMS (FAB) Calcd for C,oHoBrO,
363.9735, found 365 ([M + H]*).

Synthesis of 8-(Piperidin-1-yl)pyrene-1,3,6-tricarbaldehyde
(PA138). A mixture of 7 (0.30 g, 0.82 mmol), cesium carbonate (0.38
g, 1.2 mmol), Pd(OAc), (9.2 mg, 0.041 mmol), and RuPhos (57 mg,
0.12 mmol) in toluene (5 mL) was stirred for 15 min at 100 °C under
an atmosphere of argon. Subsequently, piperidine (0.097 mL, 0.99
mmol) was added to the solution and the resulting mixture was stirred
for 2 h. After the mixture was cooled to room temperature, chloroform
was added to the mixture and the insoluble parts were removed by
filtration. The obtained solution was washed with brine, dried over
MgSO,, and filtered. All volatiles were removed in vacuo and the
obtained residue was subjected to column chromatography on silica
gel using chloroform/hexane (5:1, v/v), followed by recrystallization
from ethanol to afford PA138 (120 mg, 40%). Violet powder; mp
decomposed at T > 300 °C; 'H NMR (400 MHz, CDCl;) § 10.95 (s,
1H), 10.86 (s, 1H), 10.80 (s, 1H), 9.63 (d, ] = 9.5 Hz, 1H), 9.55 (s,
2H), 8.92 (s, 1H), 8.82 (d, J = 9.5 Hz, 1H), 8.29 (s, 1H), 3.39 (brs,
4H), 2.01 (m, 4H), 1.80 (m, 2H); *C NMR (100 MHz, CDCL,) §
192.5, 19222, 152.7, 1382, 135.0, 134.5, 130.8, 129.9, 129.0, 127.8,
127.5, 127.3, 1259, 125.8, 125.5, 124.7, 123.6, 121.8, 55.6, 26.8, 24.7;
HRMS (FAB) Caled for C,,H,,NO, 369.1365, found 369.1360
(IM]).

Synthesis of 3-Bromopyrene-1-carbaldehyde (8a), 6-Bromo-
pyrene-1-carbaldehyde (8b), and 3-Bromopyrene-1-carbalde-
hyde (8c). N-bromosuccinimide (8.5 g, 47.8 mmol) was added to a
solution of 1-formylpyrene (10 g, 43.4 mmol) in 150 mL of DMF. The
mixture was heated to reflux for 3 h, before 200 mL of water were
added. The resulting precipitate was collected by filtration, washed
with methanol, and dried in vacuo to afford a mixture of 8a, 8b, and 8c
(13 g, 97%). These crude products were used in next step without
further purification. The reaction progress was monitored by '"H NMR
spectroscopy of the mixture, measuring the integration ratio between
hydrogen resonances derived from the formyl groups at 10.8 ppm and
resonances from aromatic hydrogens (Figure S4). Yellow solid; LRMS
(EI) Calcd for C;,HyBrO 307.9837, found 308 ([M]*).

Synthesis of 1-Bromo-3-(dimethoxymethyl)pyrene (9a), 1-
Bromo-6-(dimethoxymethyl)pyrene (9b), and 1-Bromo-8-
(dimethoxymethyl)pyrene (9¢c). A solution of 8a—c (13 g, 42.1
mmol) in 250 mL of chloroform/methanol (1:1, v/v) was treated with
p-toluenesulfonic acid monohydrate (0.80 g, 4.2 mmol). After the
mixture was heated to reflux for 2 h, potassium carbonate (10 g) was
added to the mixture and stirring was continued for 30 min. After
cooling, all solvents were removed in vacuo, before the resulting
residue was dissolved in chloroform and filtered. The solvent was
removed in vacuo and the resulting residue was passed through a short

plug of silica (chloroform) to afford a mixture of 2a, 2b, and 2c (13.1
g, 88%). Reaction progress was confirmed by "H NMR spectroscopy
of the mixture, measuring the integration ratio between hydrogen
resonances derived from the benzyl moiety (~6 ppm) and aromatic
hydrogen resonances, as well as from the disappearance of the peak
associated with the formyl groups (Figure S4). Yellow solid; LRMS
(FAB) Calcd for C,oH,;sBrO, 354.0255, found 354 ([M]*).

Synthesis of Pyrene-1,3-dicarbaldehyde (4a), Pyrene-1,6-
dicarbaldehyde (4b), and Pyrene-1,8-dicarbaldehyde (4c). A
2.6 M solution of n-butyllithium in hexane (27.7 mL, 72.0 mmol) was
added dropwise to a mixture of 9a—c (12.8 g 36.0 mmol) in
anhydrous THF (200 mL) at —50 °C under an argon atmosphere.
After the reaction mixture was stirred for 1 h at this temperature, DMF
(5.6 mL, 72.0 mmol) was added dropwise. The mixture was warmed
to room temperature, where stirring was continued for 1 h. After
adding water, the mixture was extracted with chloroform, washed with
water, dried over MgSO,, and filtered. All volatiles were removed in
vacuo to afford 10a—c. Subsequently, a mixture of 3a—c was dissolved
in 200 mL of THF/H,0 (5:1, v/v), before p-toluenesulfonic acid
monohydrate (0.68 g, 3.6 mmol) was added. The mixture was stirred
at 70 °C for 2 h, extracted with chloroform, washed with brine, dried
over MgSO,, and filtered. The solvents were evaporated in vacuo, and
the resulting residue was purified by column chromatography on silica
gel (chloroform) to afford 4a—c as yellow solids in a combined yield of
28%. The yield of 4a (1.48 g, 16%), 4b (4%), and 4c (0.79 g, 8%) was
estimated by "H NMR spectroscopy. Note on the separation of three
structural isomers: The R; values of 4a—c in the column
chromatography on silica gel (chloroform) decrease in the order 4b
> 4a > 4c, albeit that the differences are very small. Therefore, silica
column chromatography serves only to roughly separate 4a—c into
two groups; one is the mixture of 4a and 4b, while the other consists
of a mixture of 4a and 4c. However, an ensuing fractional
recrystallization from chloroform was able to afford pure 4a—c
(Figure SS).

4a: 'H NMR (300 MHz, CDCl,) 6 10.83 (s, 2H), 9.57 (d, ] = 9.4
Hz, 2H), 8.91 (s, 1H), 8.53 (d, ] = 9.4 Hz, 2H), 8.48 (d, ] = 7.7 Hz,
2H), 8.23 (t, ] = 7.7 Hz, 1H).

Synthesis of Dimethyl pyrene-1,3-dicarboxylate (11a),
Dimethyl pyrene-1,6-dicarboxylate (11b), and Dimethyl
pyrene-1,8-dicarboxylate (11c). A solution of a mixture of 4a—c
(1.1 g, 43 mmol) in 70 mL of methanol/THF/chloroform (3:2:2, v/
v/v) was treated with zinc bromide (0.19 g, 0.85 mmol) and hydrogen
peroxide (35%, v/v, 3.3 g 34.1 mmol). The mixture was heated to
reflux for 12 h, before solvents were evaporated in vacuo. The resulting
residue was dissolved in chloroform, washed with water, dried over
MgSO,, and filtered. All volatiles were evaporated in vacuo, before the
residue was purified by column chromatography on silica gel
(chloroform) to afford a mixture of 1la—c (0.59 g total yield:
44%). Reaction progress was monitored by 'H NMR spectroscopy of
the mixture, measuring the integration ratio between resonances
derived from OMe (~4.1 ppm) and aromatic resonances, as well as
the disappearance of the peak associated with the formyl groups
(Figure S6). Yellow solid; LRMS (FAB) Caled for C,,H,,0,
318.0892, found 341 ([M + Na]*). Note on the separation of three
structural isomers: The R; values of 1la—c in the column
chromatography on silica gel (chloroform) decrease in the order
11b > 11a > 11c. Importantly, the isolation of 11¢ from the mixture of
11a—c by column chromatography on silica is much easier relative to
the separation of 4a—c.

Synthesis of Dimethyl 6,8-dibromopyrene-1,3-dicarboxy-
late (12a) and Dimethyl 3,8-dibromopyrene-1,6-dicarboxylate
(12b). Under vigorous stirring, bromine (0.13 mL, 0.40 g, 2.5 mmol)
was added dropwise over a period of 1S min to a solution of 11a and
11b (0.20 g, 0.63 mmol) in 20 mL of dichloromethane at 40 °C. The
mixture was kept at 40 °C for 2 h, before 50 mL of methanol was
added and the reaction mixture was heated to reflux for 1 h. After
cooling, the resulting precipitation was collected by filtration, washed
with methanol, and dried in vacuo to afford a mixture of 12a and 12b
(0.19 g; total yield: 64%) The reaction progress was monitored by 'H
NMR spectroscopy of the mixture, measuring the integration ratio
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between the signals arising from OMe (~4.1 ppm) and the aromatic
resonances (Figure S7). Yellow solid; LRMS (FAB) Calcd for
CyoH,Br,0, 473.9102, found 474 ([M]*).

Synthesis of Dimethyl 6,8-di(piperidin-1-yl)pyrene-1,3-di-
carboxylate (13a) and Dimethyl 3,8-di(piperidin-1-yl)pyrene-
1,6-dicarboxylate (13b). A mixture of 12a and 12b (0.11 g, 0.23
mmol), cesium carbonate (0.21 g, 0.64 mmol), Pd(OAc), (5.2 mg,
0.023 mmol), and RuPhos (21 mg, 0.046 mmol) in toluene was stirred
for 15 min at 100 °C under an atmosphere of argon. Then, piperidine
(55 pL, 0.55 mmol) was added and the resulting mixture was stirred
for 6 h at this temperature. After the mixture was cooled to room
temperature, chloroform was added and insoluble parts were removed
by filtration. All solvents were evaporated in vacuo, before the resulting
residue was purified by column chromatography on silica gel
(chloroform) to afford a mixture of 13a and 13b (74 mg; combined
yield: 66%) The reaction progress was monitored by 'H NMR
spectroscopy of the mixture, measuring the integration ratio between
the resonances associated with OMe (~4.1 ppm), NCH,— (~3.6
ppm), and the aromatic resonances (Figure S8). Orange solid; LRMS
(FAB) Calcd for C40H3,N,0, 484.2362, found 507 ([M + Na]*).

Synthesis of 6,8-Di(piperidin-1-yl)pyrene-1,3-dicarbalde-
hyde (PA13) and 3,8-Di(piperidin-1-yl)pyrene-1,6-dicarbalde-
hyde (PA16). A 1.0 M solution of DIBAL-H in toluene (0.60 mL,
0.60 mmol) was added dropwise to a mixture of 8a and 8b (71 mg,
0.15 mmol) in anhydrous THF (30 mL) at 0 °C under an atmosphere
of argon. The reaction mixture was stirred for 1 h and the progress of
the reaction was confirmed by TLC, before water was added. The
mixture was carefully extracted with chloroform, washed with brine,
dried over MgSO,, and filtered. All solvents were evaporated in vacuo,
and the resulting residue was dissolved in dichloromethane. This
solution was treated with Dess—Martin periodinane (0.25 g, 0.60
mmol) and the mixture was stirred for 2 h at room temperature. After
adding water, the mixture was extracted with chloroform, washed by
water, dried over MgSO,, and filtered. All solvents were removed in
vacuo, and the resulting residue was purified by column chromatog-
raphy on silica (chloroform) to afford a mixture of PA13 and PA16
(53 mg; combined yield: 85%). After separation of the structural
isomers, each compound was purified by recrystallization from hexane.
The '"H NMR spectrum of PA13 and PA16 are shown in Figure S9.
Note on the separation of three structural isomers: The order of the Ry
values for PA13 and PA16 in the column chromatography on silica
(chloroform) decreased in the order PA16 > PA13, and AR was
sufficient for the separation of the isomers.

PA13: Violet solid; mp decomposed at T > 300 °C; '"H NMR (300
MHz, CDCl,) 6 10.65 (s, 2H), 9.35 (d, ] = 9.4 Hz, 2H), 8.70 (s, 1H),
8.67 (d, ] = 9.4 Hz, 2H), 7.40 (s, 2H), 3.34 (brs, 8H), 2.02—1.95 (brs,
8H), 1.77 (brs, 4H); 3C NMR (100 MHz, CDCl;) § 192.7, 155.2,
140.9, 136.5, 130.8, 127.0, 125.2, 119.7, 119.5, 109.3, 55.8, 26.9, 24.9;
HRMS (FAB) Caled for C,gH,gN,O, 4242151, found 424.2156
(IM]).
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