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One-pot synthesis of dicyclopenta-fused peropyrene via a
fourfold alkyne annulation
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Abstract
A novel dicyclopenta-fused peropyrene derivative 1 was synthesized via a palladium-catalyzed four-fold alkyne annulation of
1,3,6,8-tetrabromo-2,7-diphenylpyrene (5) with diphenylacetylene. The annulative π-extension reaction toward 1 involved a
twofold [3 + 2] cyclopentannulation and subsequent twofold [4 + 2] benzannulation. The structure of 1 is unambiguously con-
firmed by X-ray crystallography; 1 adopted a twisted geometry due to the steric hindrance of the phenyl rings and the hydrogen
substituents at the bay regions. Notably, compound 1 exhibits a narrow energy gap (1.78 eV) and a lower LUMO energy level than
the parent peropyrene without the fusion of the five-membered rings. In addition, the effects of the peri-fused pentagons on the
aromaticity and molecular orbitals of 1 were evaluated by theoretical calculations. This work presents an efficient method to
develop π-extended aromatic hydrocarbons with cyclopenta moieties.
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Introduction
Significant efforts have been recently devoted to the synthesis
of nonalternant cyclopenta-fused polycyclic aromatic hydro-
carbons (CP-PAHs), which represent the topological subunits of
fullerenes and exhibit high chemical, physical and biological
activities [1-10]. Thanks to development in organic synthetic
methodology, CP-PAHs with peripheral pentagons could be
realized [11-17]. Among them, the cyclopenta-fused pyrenes

are an important class of CP-PAHs owing to their unique physi-
cal and photophysical properties, such as high electron affini-
ties and anomalous fluorescence [17-20]. However, the re-
ported synthetic methods towards the (di-)cyclopenta-fused
pyrene congeners (i–iii, Scheme 1) have mainly been reliant on
the flash vacuum pyrolysis of suitable precursors under harsh
conditions (T ≥ 900 °C), which resulted in relatively low yields
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Scheme 2: Synthetic route towards compound 1. a) B2pin2, dtbpy, [Ir(OMe)cod]2, cyclohexane, 70 °C, 20 h, 67%; b) Pd(PPh3)4, bromobenzene,
Na2CO3, toluene/EtOH/H2O, Aliquit 336, 90 °C, 48 h, 77%; c) Br2, nitrobenzene, 120 °C, 5 h, 86%; d) 1,2-diphenylethyne, Pd2(dba)3, P(o-tol)3,
KOAc, LiCl, DMF, 130 °C, microwave, 6 h, 5%.

[21-24]. Palladium-catalyzed annulation has been recently
proven as an efficient route to get access to aromatic hydro-
carbons with peri-fused five-membered rings [25-27]. For
instance, the dicyclopenta-fused pyrene derivatives ii and iii
(Scheme 1) were successfully synthesized through palladium-
catalyzed carbannulation of brominated pyrene with arylacet-
ylenes in good yield [28,29]. However, the larger CP-PAHs
beyond the pyrene core, or its extended analogs [30] remain
elusive. Peropyrene (Scheme 1), as the higher homolog of
pyrene, has recently attracted attention because of its promising
applications in optoelectronics, e.g., for singlet fission materi-
als [31-33]. However, the synthesis of cyclopenta-fused
aromatics based on peropyrene has never been achieved due to
the lack of suitable synthetic protocols.

In this work, while aiming at the synthesis of the novel tetracy-
clopenta-fused pyrene derivative 2 through the quadruple annu-
lation of 1,3,6,8-tetrabromo-2,7-diphenylpyrene (5) with 1,2-
diphenylethyne, an unprecedent dicyclopenta-fused peropyrene
congener 1 was obtained (Scheme 2). Interestingly, from the
single-crystal analysis, compound 1 shows slight twisting of the

Scheme 1: Chemical structures of dicyclopenta-fused pyrene deriva-
tives i–iii, peropyrene and the dicyclopenta-fused peropyrene re-
ported in this work.
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peropyrene core with an overall end-to-end twist angle of 21.4°
as a result of the steric repulsion at the bay positions. Com-
pared to the parent peropyrene, the pentagon-annulated deriva-
tive 1 possesses a narrow optical energy gap (1.78 eV) and
displays an efficient highest occupied molecular orbital
(HOMO)–lowest unoccupied molecular orbital (LUMO) sepa-
ration.

Results and Discussion
The synthesis of compound 1 is depicted in Scheme 2. Firstly,
2,7-bis(Bpin)pyrene (3) was prepared using an iridium-
catalyzed borylation of pyrene (67% yield). Then, 2,7-
diphenylpyrene (4) was obtained by Suzuki cross-coupling of 3
and bromobenzene in 77% yield. After that, the selective bromi-
nation of 4 with 4.4 equiv of bromine in nitrobenzene solution
at 120 °C afforded 1,3,6,8-tetrabromo-2,7-diphenylpyrene (5) in
excellent yield (86%). Compared to insoluble 1,3,6,8-tetra-
bromopyrene [34], the diphenyl-substituted compound 5 exhib-
ited excellent solubility in common organic solvents, such as
dichloromethane, chloroform, tetrahydrofuran and toluene,
allowing a full characterization by NMR analyses. Finally, the
palladium-catalyzed cyclopentannulation of compound 5 with
1,2-diphenylethyne under microwave conditions using the cata-
lyst system of [Pd2(dba)3] and P(o-tol)3 afforded a dark red
solid in 5% yield after purification. The obtained product
showed an intense peak at 1058.3910 during MALDI–TOF
mass analysis (positive mode, dithranol as the matrix) that
matched well with the expected molecular mass of m/z
1058.3913 (calcd for C84H50: [M]+) for dicyclopenta-fused
peropyrene 1. Furthermore, the observed isotopic distribution
was fully consistent with its simulated spectrum (Figure 1).
Characterization of the resultant product by single crystal X-ray
analysis unambiguously revealed the selective formation of 1
through twofold [3 + 2] pentannulation and sequent twofold
[4 + 2] benzannulation, instead of the desired tetracyclo-
penta[cd,fg,jk,mn]pyrene (2). The selective formation of 1 could
be rationalized by the steric hindrance of the phenyl rings after
the twofold [3 + 2] alkyne pentannulated intermediate (Scheme
S2, Supporting Information File 1), and the sequent annulation
was favorable for the formation of six-membered rings. Never-
theless, the existence of several rotamers of 1 derived from the
restricted rotation of the peripheral phenyl ring substituents and
its nonplanar geometry prevented the structure elucidation by
proton NMR analysis [35].

Single crystals of 1 were obtained by slow evaporation from a
carbon disulfide solution, allowing us to disclose the molecular
structure by X-ray crystallography (Figure 2a). As shown in
Figure 2a, the crystal structure of 1 clearly displayed a
nonplanar conformation, resulting from steric repulsion be-
tween the phenyl groups and the hydrogen atoms at the bay po-

Figure 1: High-resolution MALDI-TOF mass spectrum of 1. Inset:
isotopic distribution compared to mass spectrum simulated for C84H50.

sitions. Interestingly, the splay angle of each bay position
showed slight differences with a value of 17° and 21°, respec-
tively. This contortion resulted in a molecular backbone with an
overall end-to-end twist angle of 21.4° (Figure 2b), which is
slightly larger than that of the reported 5,13-diphenylperopy-
rene derivative (18°) [32]. The twisted carbon skeleton of 1
makes it a chiral molecule with enantiomers (P,P) and (M,M)
configuration in the packing mode through a face-to-face slip-
stacking arrangement, with a minimum interplanar spacing of
6.84 Å (Figure 2c). In addition, the C–C bond lengths in 1 are
shown in Figure 2d. The short lengths of the black bold bonds
(1.368–1.392 Å) in 1 suggested their double bond character
(C=C is typically 1.337 Å). These results are in good agree-
ment with the resonance structure of 1 that is assigned by Clar’s
aromatic sextet theory (Figure 2e). Interestingly, the long bond
length of a, b, c, and d (1.471–1.504 Å) indicated that the
double bonds on the five-membered rings have a small contri-
bution to the overall aromatic delocalization of the carbon
framework [26]. In order to evaluate the aromaticity of 1, a
nucleus-independent chemical shift (NICS) calculation was
conducted. As shown in Figure 2d, the positive NICS(1) values
of the five-membered rings A and C reveal the slightly anti-aro-
matic feature. The rings B, F and I appear to have more aromat-
ic character, while the rings D, E, G and H become less aromat-
ic, which is in accordance with the resonance structure of 1 as
shown in Figure 2e.

The UV–vis absorption spectra of compounds 5 and 1 in DCM
are compared in Figure 3a. The maximum absorption peak of 1
is significantly red-shifted compared to that of precursor 5,
which can be attributed to the extended conjugation of 1 after
the annulation. Compound 1 shows a broad absorption band in
the range of 449–690 nm with the absorption maximum at
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Figure 2: Single-crystal X-ray structure of 1. (a) Top view and (b) side view of the (P,P) isomer. c) Crystal packing of the enantiomer pairs (P,P and
M,M) of 1. Hydrogen atoms and solvent molecules are omitted for clarity. (d) Selected bond lengths (from the crystal structure) and calculated
NICS(1) values of rings A–I in 1. (e) Clar valence structure representation of 1 with three benzeneoid rings.

Figure 3: (a) UV–vis absorption spectra of precursor 5 and 1 in CH2Cl2 solution (10−5 M). Inset: photograph of a CH2Cl2 solution of 1. (b) Cyclic
voltammogram of 1 (0.1 M n-Bu4NPF6 in DCM) at a scan rate of 50 mV s−1.

537 nm, which also displays a large red-shift (70 nm) com-
pared with the reported peropyrene derivative [32]. The optical
energy gap of 1 is determined to be 1.78 eV from the onset of
its UV–vis absorption spectrum. Similar to the cyclopenta-fused

pyrene derivatives [28,29], compound 1 does not show
detectable fluorescence emission. Furthermore, the electro-
chemical properties of 1 was probed by cyclic voltammetry
(CV) in DCM (Figure 3b). According to the CV analysis, com-
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Figure 4: Molecular orbitals of peropyrene derivative 6 and the dicyclopenta-fused peropyrene 1.

pound 1 exhibits one reversible oxidation wave with half-wave
potentials (E1/2

ox) at 1.12 V and four reduction waves with half-
wave potentials (E1/2

red) at −0.65, −0.92, −1.15, and −1.37 V
(vs Ag/AgCl). The HOMO/LUMO energy levels are estimated
to be −5.37 /−3.80 eV, respectively, based on the onset poten-
tials of the first oxidation/reduction waves. Accordingly, the
corresponding electrochemical energy gap (Eg

EC) of 1 is
derived to be 1.57 eV, which is slightly smaller than the optical
energy gap (1.78 eV).

In order to gain a deeper insight into the effects of the fused
5-membered rings on the peropyrene core, the electronic struc-
tures and the frontier orbitals of the peropyrene derivative 6
without pentagons and of compound 1 are compared by DFT
calculations at the B3LYP/6-311++G(d,p) level. As shown in
Figure 4, the LUMO and HOMO of 6 are both delocalized over
the aromatic core. In contrast to 6, compound 1 presents a sig-
nificant difference in the shape of its molecular orbitals. The
LUMO of 1 is mainly localized on the core, whereas the

HOMO keeps a line of high electron density along the fused
five-membered rings (rings A and C in Figure 2d) and the
central six-membered ring B. The large difference between the
LUMO and HOMO leads to an intramolecular charge transfer,
resulting in broad absorption bands in the UV–vis spectrum
(Figure 3a) [36]. In addition, the LUMO energy of 1 (−2.98 eV)
is significantly lower than that of 6 (−2.38 eV), which is respon-
sible for the narrower energy gap of 1 (2.24 eV).

Conclusion
In summary, we demonstrated the first synthesis and characteri-
zation of a dicyclopenta-fused peropyrene 1 starting from
pyrene in four steps in which the twofold pentannulation and
subsequent twofold benzannulation based on 1,3,6,8-tetra-
bromo-2,7-diphenylpyrene is the key step. The single crystal
X-ray diffraction analysis revealed a twisted structure of 1 due
to the steric hindrance at the bay positions. From the bond
length analysis and DFT calculations, CP-PAH 1 consists of the
aromatic peropyrene core with two slightly antiaromatic peri-
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fused five-membered rings. In addition, dicyclopenta-fused
peropyrene 1 possesses a decreased LUMO energy level com-
pared to the parent peropyrene without five-membered rings,
which is responsible for the resultant low energy gap (1.78 eV).
This work report herein paves the way toward the synthesis of
novel cyclopenta-fused PAHs in large π-systems.

Supporting Information
Supporting Information File 1
Experimental details, synthetic procedures, single crystal
X-ray data for 1, detailed theoretical calculations, and
analytical data for the compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-72-S1.pdf]

Acknowledgements
We thank Dr. Hartmut Komber (Leibniz-Institut für Polymer-
forschung Dresden e.V., Germany) for the high-temperature
NMR measurement. We thank the Center for Information
Services and High Performance Computing (ZIH) at TU
Dresden for generous allocations of compute resources.

Funding
We thank the European Union’s Horizon 2020 research and
innovation program under grant agreement No 696656
(Graphene Flagship Core2), ERC Grant on T2DCP, the German
Research Foundation (DFG) within the Cluster of Excellence
“Center for Advancing Electronics Dresden (cfaed)” and
EnhanceNano (No. 391979941) as well as the European Social
Fund and the Federal State of Saxony (ESFProject “GRAPHD”,
TU Dresden) for financial support. J. Liu is grateful for the
startup funding from The University of Hong Kong and the
funding support from ITC to the SKL.

ORCID® iDs
Ji Ma - https://orcid.org/0000-0003-4418-2339
Yubin Fu - https://orcid.org/0000-0002-2613-394X

References
1. Diederich, F.; Rubin, Y. Angew. Chem., Int. Ed. Engl. 1992, 31,

1101–1123. doi:10.1002/anie.199211013
2. Plunkett, K. N. Synlett 2013, 24, 898–902.

doi:10.1055/s-0032-1318434
3. Trost, B. M.; Bright, G. M. J. Am. Chem. Soc. 1967, 89, 4244–4245.

doi:10.1021/ja00992a064
4. Wegner, H. A.; Scott, L. T.; de Meijere, A. J. Org. Chem. 2003, 68,

883–887. doi:10.1021/jo020367h

5. Wegner, H. A.; Reisch, H.; Rauch, K.; Demeter, A.; Zachariasse, K. A.;
de Meijere, A.; Scott, L. T. J. Org. Chem. 2006, 71, 9080–9087.
doi:10.1021/jo0613939

6. Chase, D. T.; Rose, B. D.; McClintock, S. P.; Zakharov, L. N.;
Haley, M. M. Angew. Chem., Int. Ed. 2011, 50, 1127–1130.
doi:10.1002/anie.201006312

7. Ma, J.; Liu, J.; Baumgarten, M.; Fu, Y.; Tan, Y.-Z.;
Schellhammer, K. S.; Ortmann, F.; Cuniberti, G.; Komber, H.;
Berger, R.; Müllen, K.; Feng, X. Angew. Chem., Int. Ed. 2017, 56,
3280–3284. doi:10.1002/anie.201611689

8. Naibi Lakshminarayana, A.; Chang, J.; Luo, J.; Zheng, B.;
Huang, K.-W.; Chi, C. Chem. Commun. 2015, 51, 3604–3607.
doi:10.1039/c4cc09812a

9. Scott, L. T.; Jackson, E. A.; Zhang, Q.; Steinberg, B. D.; Bancu, M.;
Li, B. J. Am. Chem. Soc. 2012, 134, 107–110. doi:10.1021/ja209461g

10. Ma, J.; Zhang, K.; Schellhammer, K. S.; Fu, Y.; Komber, H.; Xu, C.;
Popov, A. A.; Hennersdorf, F.; Weigand, J. J.; Zhou, S.; Pisula, W.;
Ortmann, F.; Berger, R.; Liu, J.; Feng, X. Chem. Sci. 2019, 10,
4025–4031. doi:10.1039/c8sc05416a

11. Koper, C.; Jenneskens, L. W.; Sarobe, M. Tetrahedron Lett. 2002, 43,
3833–3836. doi:10.1016/s0040-4039(02)00683-4

12. Wood, J. D.; Jellison, J. L.; Finke, A. D.; Wang, L.; Plunkett, K. N.
J. Am. Chem. Soc. 2012, 134, 15783–15789. doi:10.1021/ja304602t

13. Xia, H.; Liu, D.; Xu, X.; Miao, Q. Chem. Commun. 2013, 49,
4301–4303. doi:10.1039/c2cc34992b

14. Choi, Y.; Chatterjee, T.; Kim, J.; Kim, J. S.; Cho, E. J.
Org. Biomol. Chem. 2016, 14, 6804–6810. doi:10.1039/c6ob01235c

15. Bheemireddy, S. R.; Ubaldo, P. C.; Rose, P. W.; Finke, A. D.;
Zhuang, J.; Wang, L.; Plunkett, K. N. Angew. Chem., Int. Ed. 2015, 54,
15762–15766. doi:10.1002/anie.201508650

16. Dyker, G.; Merz, K.; Oppel, I. M.; Muth, E. Synlett 2007, 0897–0900.
doi:10.1055/s-2007-970785

17. Havenith, R. W. A.; Jiao, H.; Jenneskens, L. W.; van Lenthe, J. H.;
Sarobe, M.; Schleyer, P. v. R.; Kataoka, M.; Necula, A.; Scott, L. T.
J. Am. Chem. Soc. 2002, 124, 2363–2370. doi:10.1021/ja011538n

18. Steiner, E.; Fowler, P. W.; Jenneskens, L. W.; Havenith, R. W. A.
Eur. J. Org. Chem. 2002, 163–169.
doi:10.1002/1099-0690(20021)2002:1<163::aid-ejoc163>3.0.co;2-3

19. Gooijer, C.; Kozin, I.; Velthorst, N. H.; Sarobe, M.; Jenneskens, L. W.;
Vlietstra, E. J. Spectrochim. Acta, Part A 1998, 54, 1443–1449.
doi:10.1016/s1386-1425(98)00045-6

20. Koper, C.; Sarobe, M.; Jenneskens, L. W. Phys. Chem. Chem. Phys.
2004, 6, 319–327. doi:10.1039/b312234d

21. Otero-Lobato, M. J.; van Walree, C. A.; Havenith, R. W. A.;
Jenneskens, L. W.; Fowler, P. W.; Steiner, E. Tetrahedron 2006, 62,
5510–5518. doi:10.1016/j.tet.2006.03.033

22. Sarobe, M.; Jenneskens, L. W.; Kleij, A.; Petroutsa, M.
Tetrahedron Lett. 1997, 38, 7255–7258.
doi:10.1016/s0040-4039(97)01685-7

23. Sarobe, M.; Havenith, R. W. A.; Jenneskens, L. W. Chem. Commun.
1999, 1021–1022. doi:10.1039/a901717h

24. Scott, L. T.; Necula, A. J. Org. Chem. 1996, 61, 386–388.
doi:10.1021/jo9516087

25. Dang, H.; Garcia-Garibay, M. A. J. Am. Chem. Soc. 2001, 123,
355–356. doi:10.1021/ja002329q

26. Dang, H.; Levitus, M.; Garcia-Garibay, M. A. J. Am. Chem. Soc. 2002,
124, 136–143. doi:10.1021/ja016189b

27. Liu, E.-C.; Chen, M.-K.; Li, J.-Y.; Wu, Y.-T. Chem. – Eur. J. 2015, 21,
4755–4761. doi:10.1002/chem.201405763

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-72-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-72-S1.pdf
https://orcid.org/0000-0003-4418-2339
https://orcid.org/0000-0002-2613-394X
https://doi.org/10.1002%2Fanie.199211013
https://doi.org/10.1055%2Fs-0032-1318434
https://doi.org/10.1021%2Fja00992a064
https://doi.org/10.1021%2Fjo020367h
https://doi.org/10.1021%2Fjo0613939
https://doi.org/10.1002%2Fanie.201006312
https://doi.org/10.1002%2Fanie.201611689
https://doi.org/10.1039%2Fc4cc09812a
https://doi.org/10.1021%2Fja209461g
https://doi.org/10.1039%2Fc8sc05416a
https://doi.org/10.1016%2Fs0040-4039%2802%2900683-4
https://doi.org/10.1021%2Fja304602t
https://doi.org/10.1039%2Fc2cc34992b
https://doi.org/10.1039%2Fc6ob01235c
https://doi.org/10.1002%2Fanie.201508650
https://doi.org/10.1055%2Fs-2007-970785
https://doi.org/10.1021%2Fja011538n
https://doi.org/10.1002%2F1099-0690%2820021%292002%3A1%3C163%3A%3Aaid-ejoc163%3E3.0.co%3B2-3
https://doi.org/10.1016%2Fs1386-1425%2898%2900045-6
https://doi.org/10.1039%2Fb312234d
https://doi.org/10.1016%2Fj.tet.2006.03.033
https://doi.org/10.1016%2Fs0040-4039%2897%2901685-7
https://doi.org/10.1039%2Fa901717h
https://doi.org/10.1021%2Fjo9516087
https://doi.org/10.1021%2Fja002329q
https://doi.org/10.1021%2Fja016189b
https://doi.org/10.1002%2Fchem.201405763


Beilstein J. Org. Chem. 2020, 16, 791–797.

797

28. Lütke Eversloh, C.; Avlasevich, Y.; Li, C.; Müllen, K. Chem. – Eur. J.
2011, 17, 12756–12762. doi:10.1002/chem.201101126

29. Bheemireddy, S. R.; Ubaldo, P. C.; Finke, A. D.; Wang, L.;
Plunkett, K. N. J. Mater. Chem. C 2016, 4, 3963–3969.
doi:10.1039/c5tc02305j

30. Yang, W.; Chalifoux, W. A. Synlett 2017, 28, 625–632.
doi:10.1055/s-0036-1588688

31. Nichols, V. M.; Rodriguez, M. T.; Piland, G. B.; Tham, F.;
Nesterov, V. N.; Youngblood, W. J.; Bardeen, C. J. J. Phys. Chem. C
2013, 117, 16802–16810. doi:10.1021/jp4051116

32. Yang, W.; Monteiro, J. H. S. K.; de Bettencourt-Dias, A.;
Catalano, V. J.; Chalifoux, W. A. Angew. Chem., Int. Ed. 2016, 55,
10427–10430. doi:10.1002/anie.201604741

33. Yang, W.; Longhi, G.; Abbate, S.; Lucotti, A.; Tommasini, M.;
Villani, C.; Catalano, V. J.; Lykhin, A. O.; Varganov, S. A.;
Chalifoux, W. A. J. Am. Chem. Soc. 2017, 139, 13102–13109.
doi:10.1021/jacs.7b06848

34. Venkataramana, G.; Sankararaman, S. Eur. J. Org. Chem. 2005,
4162–4166. doi:10.1002/ejoc.200500222

35. Ackermann, M.; Freudenberg, J.; Jänsch, D.; Rominger, F.;
Bunz, U. H. F.; Müllen, K. Org. Lett. 2018, 20, 3758–3761.
doi:10.1021/acs.orglett.8b01334

36. Ganschow, M.; Koser, S.; Hodecker, M.; Rominger, F.;
Freudenberg, J.; Dreuw, A.; Bunz, U. H. F. Chem. – Eur. J. 2018, 24,
13667–13675. doi:10.1002/chem.201802900

License and Terms
This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note
that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.16.72

https://doi.org/10.1002%2Fchem.201101126
https://doi.org/10.1039%2Fc5tc02305j
https://doi.org/10.1055%2Fs-0036-1588688
https://doi.org/10.1021%2Fjp4051116
https://doi.org/10.1002%2Fanie.201604741
https://doi.org/10.1021%2Fjacs.7b06848
https://doi.org/10.1002%2Fejoc.200500222
https://doi.org/10.1021%2Facs.orglett.8b01334
https://doi.org/10.1002%2Fchem.201802900
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.16.72

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	References

