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Abstract: This work explores the syntheses, structures,
photophysical properties, and photostability of benzodi-

pyrenes (BDPs). BDPs were synthesized through an InCl3-
AgNTf2-catalyzed, four-fold alkyne benzannulation reac-

tion. The structures of BDP 4a and its corresponding en-
doperoxide product were unambiguously confirmed by X-

ray crystallography. The BDPs reported here can also be
recognized as peri- and cata-benzannulated pentacenes
with a non-functionalized central ring. Unlike the previous

reported pentacene-based polycyclic aromatic hydrocar-
bons, the absorbances of the BDPs were blueshifted by

ca. 40 nm relative to pentacene, even after extension of p-
conjugation. The newly synthesized BDP products exhibit
relatively good stability with half-lives as high as 4612 min

in THF.

Acenes, as a class of interesting polycyclic aromatic hydrocar-
bons (PAHs) made up of linearly fused benzene rings, have at-
tracted attention due to their semiconductor properties.[1]

Higher acenes, in contrast, are increasingly less stable and in-
soluble, which severely limits their utility.[2] Therefore, new
methods to prepare acenes or acene-based PAHs with in-

creased solubility and stability are desired.[3] Pentacene, con-
sisting of five linearly fused benzene rings, and its derivatives

have been widely investigated and applied in electronic devi-
ces.[4] Several strategies to make stabilized pentacene deriva-
tives or pentacene-based PAHs have been reported.[5] Sterically
blocking the most reactive positions of pentacene is one gen-

eral method.[6] For example, Anthony and co-workers reported
that introduction of bulky silylethyne groups at the 6,13-posi-
tions results in silylethynyl-functionalized pentacenes with
good stability and solubility (Figure 1a). Though pentannula-
tion (Figure 1b)[7] or benzannulation[8] (Figure 1c) of the central

ring can also stabilize PAHs, the resulting compounds lose
acene character due to electronic modulation. The introduction

of additional Clar sextets at the end of acenes is another
method to stabilize these compounds, as demonstrated re-
cently by Bunz and co-workers, who isolated (triisopropylsi-
lyl)ethynyl (TIPS) substituted tetrabenzopentacene with four

Clar sextets (Figure 1d).[9] All the methods mentioned above in-
dicate that functionalizing the central ring is necessary (Fig-
ure 1a–d) to stabilize the obtained PAHs, even after incorpora-
tion of additional Clar sextets (Figure 1d). To the best of our
knowledge, the synthesis of stabilized p-extended pentacene-

based PAHs with non-functionalized central rings through the
combination of both peri- and cata-benzannulation reactions

has never been reported. Herein, we describe new peri- and
cata-fused pentacene derivative, benzodipyrene (BDP) (Fig-
ure 1e), through an InCl3-AgNTf2-catalyzed four-fold alkyne

benzannulation reaction. Additionally, these BDPs exhibited
good stability even with a non-functionalized central ring.

Multi-fold alkyne benzannulation reactions have been widely
used in our group to make functionalized nanographenes as
well as graphene nanoribbons.[10] Herein, the stabilized BDPs,

4a and 4b, were obtained through an InCl3-AgNTf2-catalyzed
four-fold alkyne benzannulation reaction (Scheme 1). The key

precursors 3a,b were isolated in modest yields through a
double Suzuki cross-coupling reaction of 1 with 2,6-bis(trifluor-
omethanesulfonate) anthracene 2. Unlike our previous work
on the synthesis of peropyrenes and teropyrenes through an

Figure 1. Central ring-functionalized pentacene derivatives or pentacene-
based PAHs stabilized through a) bulky groups, b) cyclopentannulation,
c) peri-benzannulation, d) cata-benzannulation, and e) stabilized BDP (this
work).
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InCl3-catalyzed multifold alkyne benzannulation,[10d] InCl3 itself

failed to fully cyclize 3 to 4. Recently, we reported a domino
benzannulation reaction of buta-1,3-diynes to construct irregu-

lar nanographenes, in which the InCl3-AgNTf2 catalyst system

was used.[10f] Upon treating compound 3 with this system in
toluene at 100 8C for 24 hours, the BDP products 4a and 4b
were isolated in 66 and 61% yields, respectively.

A single crystal of 4a suitable for X-ray crystallographic anal-

ysis was grown by slowly diffusing methanol into the CDCl3 so-
lution. The structure of 4a is nearly flat with the aryl substitu-
ents twisted out of conjugation (Figure 2a). The distance be-

tween the central carbon atom and the aryl substituent is
around 3.49 a (Figure 2a). Alternating short and long bond-
length character near the terminal rings of the BDP core was
not observed, as compared to silylethynyl-functionalized pen-

tacene (Figure 2b).[6c] The smallest bond alternation is ob-
served within the central ring, and the bond length at the cen-

tral ring fusion (1.433 a) is shorter than that in the TIPS-func-
tionalized pentacene (1.449 a). Due to the perpendicularity be-
tween the backbone and side aryl chains, 4a packs in a slip-
stacked arrangement (Figure 2c) with a minimum interplanar
spacing of 4.28 a (Figure 2d). Deep-red single crystals of 4a
were grown under ambient light along with small amounts of
colorless single crystals that were attributed to the endoperox-

ide product 4a-O2. The structure of the endoperoxide adduct

unambiguously confirmed the [4++2] cycloaddition reaction of
4a with singlet oxygen (1O2) that occurred on the central ring

(Figure 2e).
The optical properties of BDP 4a and 4b were studied by

absorption (Figure S3 and S4) and emission spectroscopy
(Figure 3). It should be noted that BDP exhibited fine structure

in the absorption spectra that is significantly different from
other reported pentacene-based PAHs with peri-fusions[7a,b, 8a]

along the acene backbone. BDP displays a lmax that is blue-
shifted by ca. 40 nm relative to pentacene, even after extend-

ing p-conjugation along the short axis of the molecules. No
significant changes were observed in the absorption spectra of

4a when going from the solution to the solid state (Figure S5),

which indicated that there is no aggregation in the solid state
due to the bulky aryl substituents. The emission maximum of

the compound is in the yellow region of the visible spectrum
(~560 nm), and the emission band shows vibrational fine struc-

ture analogous to the excitation spectrum (Figures 3 and S6).
The observed emission spectrum is essentially the mirror

Scheme 1. Synthesis of BDPs 4a and 4b. Reaction conditions: a) [Pd(PPh3)4] ,
K2CO3, THF/H2O, 80 8C; b) InCl3, AgNTf2, toluene, 100 8C.

Figure 2. a) X-ray structure (ellipsoids at 50% probability, hydrogen atoms
removed for clarity) of 4a ; b) bond lengths of the BDP core; c,d) packing
structures (hydrogen atoms and side chains removed for clarity) of 4a ; e) X-
ray structure (ellipsoids at 50% probability, alkyl side chains removed for
clarity) of 4a-O2.

Figure 3. Excitation (left) and emission (right) spectra of BDP 4a in a) tolu-
ene (black line), b) CHCl3 (blue line), and c) THF (red line).
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image of the excitation spectrum, which indicates that the

same states are involved in excitation and emission. The fluo-
rescence quantum yields of both BDP derivatives (&60%) are

comparable with compounds used in visible light communica-
tions technology,[11] making them promising candidates for ap-

plications in photonics. As summarized in Table 1, the emission
lifetimes for 4a and 4b are ~6 ns, which correspond to an

emissive rate of ~0.154 ns@1 and are independent of the lateral

substituents in the core ring or the solvent used. All decay
curves were fit to a mono exponential (Figures S9 and S10) in-

dicating that emission occurs from one excited state. The X-ray
structure of the endoperoxide adduct 4a-O2 indicates that

BDP acts as a singlet oxygen (1O2) sensitizer, as seen by the
presence of the characteristic phosphorescence band at

~1272 nm (Figure S7). The quantum yields of 1O2 generation

(F1O2
) are 27:1, 70:2, and 4.9:1.6% in toluene, CHCl3, and

THF, respectively.

The utility of acene-based PAHs is strongly limited due to
their photochemical decomposition, particularly in the pres-

ence of O2 and light irradiation. Therefore, the key prerequisite
for using these newly synthesized BDP as sensitizers is improv-
ing their photostabilities. To test the photostability of BDP 4a,
we first looked at the photochemical reaction process in air-
equilibrated CDCl3 through

1H NMR spectroscopy (Figure 4). In

the aerated CDCl3 solution and under ambient light, the
sample decomposed slowly, and only a trace amount of 4a
could be detected after 48 h (Figure 4). The appearance of a
new signal at 5.95 ppm further indicated the formation of the

Table 1. Optical properties of 4a and 4b in different solvents.

Solvent lmax,abs

[nm][a]
lonset,abs
[nm]

lmax,em

[nm][b]
Stokes shift
[cm@1]

opt. gap [eV][c] F

[%]
F1O2

[%]
t

[ns][d]
t1/2
[min][e]

4a
toluene 541 558 561 659 2.22 65.7 27 6.5 583
CHCl3 542 561 563 688 2.21 57.1 70 6.2 58
THF 539 557 560 696 2.23 57.2 4.9 6.5 1894

4b
toluene 537 554 555 604 2.24 47.6 29 6.8 1176
CHCl3 538 554 559 698 2.24 48.1 74 5.9 154
THF 536 552 556 671 2.25 45.9 1.7 5.6 4612

[a] Longest wavelength absorption maximum peak. [b] Emission maximum. [c] Optical gap determined from the onset of the absorption band. [d] Emission
lifetimes (t). [e] Half-life.

Figure 4. Variable time 1H NMR spectra of 4a in air-equilibrated CDCl3 at
room temperature under ambient light.

Figure 5. Absorbance-time profiles for BDPs 4a,b in air-equilibrated toluene, THF, and CHCl3.
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endoperoxide 4a-O2. No decomposition was observed when a
solution of BDP 4a in CDCl3 was stored in the dark for 24 h

(Figure S15), which indicates increased stability when the pho-
tochemical decomposition pathway is blocked through exclu-

sion of light.
The photostabilities of compounds 4a and 4b in different

solvents were further monitored by the decrease in their ab-
sorbance under fluorescent white light (Figure 5 and Fig-

ure S14). From Figure 5 we find that both BDP molecules are

more stable in THF than in toluene or CHCl3, which is consis-
tent with decreasing yields of 1O2 generation in these solvents.
Though the lateral aryl substituents have only a small effect on
the photophysical properties of these compounds, they signifi-

cantly impact the photostabilities. Compound 4a showed a
decomposition half-life (t1/2) of 1894 min in THF. After modifica-

tion of the lateral aryl groups to increase their steric shielding,

the photostability of BDP 4b increased 2.5-fold to 4612 min in
THF, which is remarkably more stable than pentacene-based

PAHs[7a,d–g] and commercial chlorin-based compounds used in
photodynamic therapy.[12]

In conclusion, we have presented the synthesis of benzodi-
pyrene (BDP) derivatives through InCl3-AgNTf2-catalyzed four-

fold alkyne benzannulation reactions. The BDP scaffold consists

of a less common and difficult to synthesize benzo[a]pyrene[13]

substructure as compared to the more ubiquitous benzo[e]pyr-

ene.[13c] Both BDP molecules exhibited a blueshift in absorb-
ance by ca. 40 nm relative to pentacene. The structure of BDP

4a and its corresponding endoperoxide product 4a-O2 were
unambiguously confirmed by X-ray crystallography. Increasing

the size of the lateral aryl group dramatically improves the

photostability (t1/2 of 4612 min for 4b) in THF. We believe that
the described combination of cata- and peri-benzannulation

strategy is an effective way to access larger acene-based PAHs
with enhanced solubility and stability.
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