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Abstract: Novel nanographenes were prepared by a photo-
chemical cyclodehydrochlorination (CDHC) reaction. Chlori-
nated precursors were irradiated in acetone in the presence of
a base or in pure benzene and underwent multiple (up to four)
regioselective cyclization reactions to provide rigid p-conju-
gated molecules. Pure compounds were recovered in good
yields by simple filtration at the end of the reaction. The CDHC
reaction showed compatibility with both electron-poor and
electron-rich substrates, thus allowing the synthesis of pyridine-
and thiophene-fused nanographenes. It also enabled the syn-
thesis of sterically hindered contorted p-conjugated molecules
without causing full aromatization. A kinetic study showed that
the CDHC reaction under the conditions used is a very fast
process, and some reactions are completed within minutes. The
CDHC reaction thus shows great potential as an alternative to
other reactions involving harsher conditions for the prepara-
tion of nanographenes.

Bottom-up, solution-phase synthesis is arguably one of the
most promising strategies for obtaining well-defined nano-
graphenes and graphene nanoribbons (GNRs) with tunable
electronic and optical properties.[1] Unlike well-known phys-
ical top-down methods in which
GNRs are obtained by “unzipping”
carbon nanotubes[2] or cutting
stripes from graphene sheets,[3]

bottom-up approaches enable pre-
cise control of the widths and edge
configurations of nanographenes
and GNRs. In their seminal studies,
the Mîllen group showed that it is
possible to obtain nanographenes
and GNRs with different widths
and edge configurations through
multiple Lewis acid catalyzed cyclo-
dehydrogenation reactions, known
as the Scholl reaction,[4] on poly-
phenylene precursors.[1] Although
the usefulness of the Scholl reaction
is widely acknowledged, it pos-
sesses some serious drawbacks that
limit the structural diversity of the

nanographenes and GNRs that can be prepared.[5] One of its
most detrimental features is its poor regioselectivity, which
results in structural defaults that affect the properties of the
resulting materials. Other disadvantages include the forma-
tion of by-products by undesired rearrangements and the use
of a metal-based catalyst.[5d] To overcome these problems,
other techniques, such as palladium-catalyzed direct C¢H
arylation,[6] Al2O3-mediated HF elimination,[7] Yamamoto
cyclotrimerization,[8] palladium-catalyzed [2++2++2] cycloaddi-
tion,[9] sequential I¢Cl-induced cyclization and Mizoroki–
Heck coupling,[10] and the Katz-modified Mallory reaction,[11]

have been used for the cycloaromatization of the polyphen-
ylene precursor. However, these methods may suffer from
modest yields, lead to a significant amount of side products, or
require a high metal-catalyst loading.

Herein we report a new solution-phase strategy for the
preparation of novel nanographenes and GNR fragments by
the photochemical cyclodehydrochlorination (CDHC) of
various aryl chlorides (Scheme 1). The optical properties of
the new nanographenes are also reported, along with the
results of DFT and TD-DFT calculations.

The first reports of the formation of simple polycyclic
aromatic hydrocarbons (PAHs) by the use of the CDHC
reaction appeared in the early 1970s.[12] Surprisingly, very few
articles have mentioned the use of this reaction for the
synthesis of PAHs, as the Scholl reaction is seen as the “go-to”
reaction for the synthesis of such compounds. Recently,

Scheme 1. Different reaction paths for the CDHC (X =Cl) and Scholl (X =H) reactions. Newly formed
bonds are shown in red.
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Hartley and co-workers used this reaction to prepare simple
PAHs with liquid-crystal properties,[13, 14] whereas Schnapper-
elle and Bach employed it to prepare phenanthro[9,10-
c]thiophenes.[15] A similar photochemical cyclodehydrofluori-
nation reaction of aryl fluorides was also reported recently for
the preparation of triphenylene and phenanthrene deriva-
tives, but good yields were observed for the cyclization of
polyfluorinated precursors only.[16]

The CDHC reaction is very attractive for the synthesis of
nanographenes for several reasons: 1) It is regioselective,
meaning that new well-defined architectures that were not
accessible with the Scholl reaction could potentially be
prepared; 2) it provides better control over the edge config-
urations of the nanographenes; 3) it proceeds without the use
of a metal catalyst, which is particularly important if
electronic applications are targeted; 4) it proceeds cleanly
without rearrangement or the formation of side products
under appropriate conditions; 5) chlorine atoms can be
introduced into polyphenylene precursors by careful design
of the monomers; and 6) it is conducted under very mild
conditions, thus enabling the introduction of different func-
tional groups onto the nanographenes to modulate their
properties. Scheme 1 highlights the difference in regioselec-
tivity between the CDHC reaction and the oxidative cyclo-
dehydrogenation (Scholl) reaction.

To investigate the usefulness of the CDHC reaction for
the preparation of nanographenes, we undertook the syn-
thesis of compounds 1–7 from their chlorinated precursors
(Table 1; see the Supporting Information for synthetic
details). The triphenylene 1 was prepared as a model com-
pound, whereas the small nanographenes 2 and 3 were
prepared to demonstrate the regioselectivity of the photo-
chemical CDHC reaction. Nanographenes 4 and 5 were
synthesized to assess the usefulness of the CDHC reaction in
multiple cyclization processes and to evaluate its efficiency
for the preparation of large nanographenes. Finally, molecules
6 and 7 were targeted to show the versatility of the CDHC
reaction for the preparation of nanographenes fused with
either electron-rich (thiophene, 6) or electron-poor (pyridine,
7) moieties.

The common building blocks for all these molecules are
dichlorobenzene derivatives that are either commercially
available (2,3-dichloroaniline) or can be synthesized on
a gram scale in a few straightforward synthetic steps. 1,2-
Dichloro-3,6-diiodobenzene was prepared from commercially
available 2,3-dichloroaniline according to a reported proce-
dure,[17] whereas 1,4-diiodo-2,5-dichlorobenzene was pre-
pared in two steps from 2,5-dichloroaniline (see the Support-
ing Information). 1,2-Dichloro-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane)benzene was prepared in one step from the
corresponding commercially available iodo derivative. A wide
variety of nanographene precursors can be prepared from
these building blocks by Suzuki–Miyaura coupling. All nano-
graphenes are presented with the corresponding chlorinated
precursor in Table 1.

In a typical photochemical CDHC reaction, a solution of
the chlorinated precursor at a concentration of 5 × 10¢5m in
acetone and aqueous Na2CO3 (0.1m, 1 equiv per CDHC
reaction) was prepared. This solvent system, which was

reported for the formation of indole derivatives through
cyclodehydrohalogenation,[18] was used as an alternative to
benzene. We hypothesized that the sensitization effect of
acetone as well as the presence of a base to quench the HCl
formed during this reaction could be beneficial for this
reaction. The solution was irradiated at room temperature
with a medium-pressure 450 W Hg lamp for 2–5 h, depending
on the substrate. Even under the conditions of relatively high
dilution used, the desired products gradually precipitated
from the solution, thus allowing the recovery of nanogra-
phenes 1–6 through simple filtration. In the case of compound
7, a standard workup and column chromatography were
necessary to isolate the product, as no precipitation was
observed during the course of the reaction. In all other cases,
simple filtration was enough to obtain the nanographenes in
their pure form. A photoreactor equipped with 16 300 nm UV
lamps (7.2 W) could also be used successfully for the CDHC
reaction of our chlorinated precursors. When the photo-
reactor was used, the yields of formation for nanographenes
1–7 were very similar to those observed with the medium-
pressure Hg lamp, although the reactions were generally
slower. The all-benzene products 1–5 of the CDHC reaction

Table 1: Synthesis of nanographenes 1–7 by the CDHC reaction.[a]

[a] Reaction conditions for the synthesis of nanographenes 1, 2, 3, and 7:
0.01m, acetone, 0.1m aqueous Na2CO3, 16 Ö 7.2 W lamps @300 nm,
48 h, room temperature. For compounds 4–6, a 450 W medium-pressure
mercury lamp was used instead, and the concentration of the reaction
mixture was 5 Ö 10¢5 m. [b] The yield per cyclization reaction is given in
parentheses.
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were isolated in relatively high yields of 79–95%. Unfortu-
nately, the lack of solubility of these nanographenes did not
enable us to perform HPLC experiments to determine the
precise conversion of the precursors into the desired products.
Nonetheless, monitoring of the reactions by thin-layer
chromatography suggested that the chlorinated precursors
reacted quickly.

We conducted a kinetic study of the CDHC reaction by
monitoring the fluorescence of 5 as a function of the
irradiation time of the corresponding chlorinated precursor.
The experiment performed in an acetone/Na2CO3 mixture at
300 nm suggests that the CDHC reaction behaves like a zero-
order process at the beginning of the reaction, as the emission
intensity increased linearly with irradiation time from t = 0 to
t = 50 s with a slope (k value) of 21.4 s¢1 (Figure 1a; see also
the Supporting Information).[19] After only 1 min, a significant
decrease in the emission intensity was observed. This change
can be attributed to the rapid precipitation of 5 and,
hypothetically, to some degradation due to the light-induced
formation of acetone radicals.[20] Interestingly, the CDHC
reaction in the same solvent system was much faster at 300 nm
than at 254 nm (k = 4.6 s¢1). When benzene was used as the
solvent at 300 nm, the reaction proceeded at a slower rate
with k = 12.2 s¢1 (Figure 1b), although a higher yield was
observed (96% isolated, 99 % per CDHC reaction). Unlike
that in acetone, the reaction in benzene did not lead to
a decrease in the emission intensity, as compound 5 remained
soluble. Also, degradation induced by benzene by-products is
presumably less likely, since benzene is stable upon UV
irradiation.[21] Nonetheless, we believe that side reactions
involving acetone are negligible, since the desired nano-
graphenes precipitated out of the solution quite rapidly, and
the yields were generally good. None of the kinetic experi-
ments showed distinct emission bands that could be associ-
ated with reaction intermediates. This result suggests that
once a first CDHC reaction had occurred, the second was very
fast and happened almost instantly in the time frame of our
experiments.

To understand the role of the solvent in the CDHC
reaction, we performed the synthesis of compound 2 in pure
acetonitrile (without a base), which is known as a transparent,
nonsensitizing solvent (see Table S1 in the Supporting Infor-
mation). Interestingly, the yield was similar to that observed
in pure acetone (87 versus 92%; see Table S1), thus indicating
that the presence of a photosensitizer might not be necessary
for the CDHC reaction. However, the formation of a small
amount of polar by-products was observed when acetonitrile
was used. Furthermore, the yield observed in pure acetone
(92 %) is comparable to that observed in the presence of
Na2CO3 (85%), thus indicating that the presence of a base is
neither necessary for nor detrimental to the success of the
reaction. This feature is a significant advantage, since a base
could be used to quench the HCl produced during the CDHC
reaction of compounds bearing acid-sensitive moieties. Tri-
ethylamine was also tested as a base, but the yield was much
lower (62 %; see Table S1) as several by-products were
formed, as observed by TLC analysis.

Previous mechanistic studies on chloro derivatives sug-
gested that the CDHC reaction proceeds through a photo-

Figure 1. Photoluminescence kinetic study for the formation of nano-
graphene 5 under irradiation at 300 nm in a) an acetone/Na2CO3

mixture and b) pure benzene. c,d) Plots showing the variation of
emission intensity at 446 nm as function of time. The k values in (c,d)
indicate the slope of the linear region of the plot for the reaction
conducted in acetone/Na2CO3 and pure benzene, respectively.
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chemical conrotatory (4n++2)p electrocyclization, followed by
the elimination of HCl.[12b, 15, 22] The other plausible mecha-
nism involves the photolysis of the C¢Cl bond to generate
a phenyl radical intermediate, as observed for the corre-
sponding bromo and iodo derivatives.[23] However, such
a mechanism would also involve intermolecular side reactions
with the solvent (e.g. hydrogen abstraction), which was not
observed in any of our reactions. The greater strength of the
C¢Cl bond as compared to C¢Br and C¢I could also explain
the nonradical mechanism of the CDHC reaction.[24] The very
low amount of side products also points towards a non-
radical-based mechanism.

As well as being a powerful tool to prepare planar
nanographenes, such as 4 and 5, the CDHC reaction is very
efficient at forming sterically hindered, contorted nanogra-
phenes, such as 2, which was prepared in 85 % yield through
two CDHC reactions (92 % per CDHC reaction). Contorted
polycyclic aromatic compounds are particularly interesting
for organic electronics and supramolecular chemistry, since
their twisted conformation can yield concave p surfaces and
chiral materials, besides increasing their solubility in organic
solvents.[25] The synthesis of nanographene 2 also demon-
strates that the photochemical CDHC reaction enables
improved control over the edge configurations of nano-
graphenes as compared to that observed with the Scholl
reaction, which converted the same precursor (without the
chlorine atoms) exclusively into the completely cyclized
compound.[1a] The synthesis of nanographene 3, a structural
isomer of 2, demonstrates that the CDHC reaction is
regioselective and that a simple change in the position of
the chlorine atoms on the precursor can lead to different
isomers.

The yield of the thiophene-containing compound 6 was
much lower at 21%, which corresponds to 68% per CDHC
reaction. This lower yield can be attributed to the various
rearrangement reactions that can occur upon the irradiation
of phenyl-appended thiophene derivatives.[26] We could not
determine the exact nature of the side products, as they were
not isolated. Although the efficiency of this reaction needs to
be further optimized, the result demonstrates that substituted
thiophenes are compatible with the photochemical cyclization
process, which shows the versatility of the CDHC reaction.
Likewise, compound 7 with an electron-poor fused pyridine
unit was prepared in 76% yield.

The optical properties of nanographenes 1–6 were studied
by UV/Vis absorption and emission spectroscopy, and the
spectra of nanographenes 4–6 are shown in Figure 2a. As
usually observed for very rigid p-conjugated molecules, the
UV/Vis spectra of nanographenes 4–6 exhibit a highly defined
vibronic structure, within which the b-bands are the most
intense.[27] For nanographene 5, a set of three bands between
405 and 430 nm, associated with the a-bands in the Clar
nomenclature,[28] were found with e values below
3000m¢1 cm¢1 (Figure 2, inset). As expected, the absorption
spectrum of nanographene 6, containing two electron-rich
fused thiophene units, is red-shifted (25 nm) relative to that of
its phenyl analogue 4, thus resulting in a lower optical band
gap (2.82 eV) as compared to that of compound 4 (3.00 eV).

To further study the electronic properties of nanogra-
phenes 4–6, we performed DFT and time-dependent DFT
(TD-DFT) calculations at the commonly used B3LYP/6-
311G(d,p) level of theory (see Figure S4 in the Supporting
Information).[29] The optimized structures of nanographenes
4–6 show a highly planar conformation with HOMO and
LUMO frontier orbitals delocalized over the entire molecule.
For compound 4, the calculated electronic transitions are in
good agreement with those observed experimentally (see the
Supporting Information). The HOMO–LUMO transition
occurs at 404 nm (oscillator strength, f = 0.68) versus 406 nm
in the experimental spectrum, whereas the second-lowest
energy transition, corresponding to a combination of the
HOMO¢1 to LUMO (54 %) and HOMO to LUMO++2
transitions (43 %), occurs at 380 nm (f = 0.01). For compound
6, the TD-DFT calculations are in good agreement with the
experimental data for the lowest-energy transition, with
a value of 431 nm (f = 0.71), whereas slight discrepancies
appeared at higher energy, as the second-lowest energy
transition appeared at 390 nm (versus 405 nm in the absorp-
tion spectrum).

In conclusion, we have prepared several nanographenes
by a photochemical cyclodehydrochlorination (CDHC) reac-

Figure 2. a) UV/Vis absorption spectra of nanographenes 4–6 in
chloroform. The inset is a zoom of the 400–440 nm region of the
spectrum of 5. b) Photoluminescence spectra of nanographenes 4–6 in
chloroform (solid lines) and in the solid state.
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tion. The reaction is efficient, even when multiple cyclization
steps are necessary to provide the desired product. Unlike
other aromatization methods, photochemical CDHC is com-
patible with both electron-rich and electron-poor moieties.
Most importantly, this reaction is regioselective and allows
the preparation of nanographenes with different edge con-
figurations, including sterically demanding contorted PAHs.
Our attention is now focused on the use of this reaction to
prepare soluble graphene nanoribbons with well-defined edge
configurations.

Acknowledgements

This research was supported by the NSERC through a Dis-
covery Grant. M.D. thanks the FRQ-NT for a PhD scholar-
ship.

Keywords: aromatization · carbon materials · nanographenes ·
photochemistry · polycycles

How to cite: Angew. Chem. Int. Ed. 2016, 55, 2042–2047
Angew. Chem. 2016, 128, 2082–2087

[1] a) L. Dçssel, L. Gherghel, X. Feng, K. Mîllen, Angew. Chem.
Int. Ed. 2011, 50, 2540; Angew. Chem. 2011, 123, 2588; b) L.
Chen, Y. Hernandez, X. Feng, K. Mîllen, Angew. Chem. Int. Ed.
2012, 51, 7640; Angew. Chem. 2012, 124, 7758; c) T. H. Vo, M.
Shekhirev, D. A. Kunkel, F. Orange, M. J. J.-F. Guinel, A.
Enders, A. Sinitskii, Chem. Commun. 2014, 50, 4172; d) J. Liu,
B.-W. Li, Y.-Z. Tan, A. Giannakopoulos, C. Sanchez-Sanchez, D.
Beljonne, P. Ruffieux, R. Fasel, X. Feng, K. Mîllen, J. Am.
Chem. Soc. 2015, 137, 6097; e) X. Yang, X. Dou, A. Rouhani-
pour, L. Zhi, H. J. R�der, K. Mîllen, J. Am. Chem. Soc. 2008,
130, 4216; f) M. G. Schwab, A. Narita, Y. Hernandez, T.
Balandina, K. S. Mali, S. De Feyter, X. Feng, K. Mîllen, J. Am.
Chem. Soc. 2012, 134, 18169; g) J. Wu, L. Gherghel, M. D.
Watson, J. Li, Z. Wang, C. D. Simpson, U. Kolb, K. Mîllen,
Macromolecules 2003, 36, 7982; h) Y. Fogel, L. Zhi, A. Rouha-
nipour, D. Andrienko, H. J. R�der, K. Mîllen, Macromolecules
2009, 42, 6878; i) A. Narita, X. Feng, Y. Hernandez, S. A. Jensen,
M. Bonn, H. Yang, I. A. Verzhbitskiy, C. Casiraghi, M. R.
Hansen, A. H. R. Koch, G. Fytas, O. Ivasenko, B. Li, K. S. Mali,
T. Balandina, S. Mahesh, S. De Feyter, K. Mîllen, Nat. Chem.
2014, 6, 126; j) T. H. Vo, M. Shekhirev, D. A. Kunkel, M. D.
Morton, E. Berglund, L. Kong, P. M. Wilson, P. A. Dowben, A.
Enders, A. Sinitskii, Nat. Commun. 2014, 5, 1; k) A. Narita, X.-Y.
Wang, X. Feng, K. Mîllen, Chem. Soc. Rev. 2015, 44, 6616.

[2] a) D. V. Kosynkin, A. L. Higginbotham, A. Sinitskii, J. R.
Lomeda, A. Dimiev, B. K. Price, J. M. Tour, Nature 2009, 458,
872; b) L. Y. Jiao, L. Zhang, X. R. Wang, G. Diankov, H. J. Dai,
Nature 2009, 458, 877; c) A. L. Higginbotham, D. V. Kosynkin,
A. Sinitskii, Z. Z. Sun, J. M. Tour, ACS Nano 2010, 4, 2059; d) L.
Jiao, X. Wang, G. Diankov, H. Wang, H. Dai, Nat. Nanotechnol.
2011, 6, 132.

[3] For representative examples, see: a) M. Y. Han, B. Ozyilmaz,
Y. B. Zhang, P. Kim, Phys. Rev. Lett. 2007, 98, 206805; b) X. L.
Li, X. R. Wang, L. Zhang, S. W. Lee, H. J. Dai, Science 2008, 319,
1229; c) X. R. Wang, H. J. Dai, Nat. Chem. 2010, 2, 661; d) J. W.
Bai, X. F. Duan, Y. Huang, Nano Lett. 2009, 9, 2083.

[4] a) A. T. Balaban, C. D. Nenitzescu, Friedel – Crafts and Related
Reactions, Vol. 2 (Ed.: G. Olah), Wiley, New-York, 1964, pp. 979;
b) M. Grzybowski, K. Skonieczny, H. Butenschçn, D. T. Gryko,

Angew. Chem. Int. Ed. 2013, 52, 9900; Angew. Chem. 2013, 125,
10084.

[5] a) P. Rempala, J. Kroulik, B. T. King, J. Org. Chem. 2006, 71,
5067; b) B. T. King, J. Kroul�k, C. R. Robertson, P. Rempala,
C. L. Hilton, J. D. Korinek, L. M. Gortari, J. Org. Chem. 2007, 72,
2279; c) X. Dou, X. Yang, G. J. Bodwell, M. Wagner, V.
Enkelmann, K. Mîllen, Org. Lett. 2007, 9, 2485; d) K. Ozaki,
K. Kawasumi, M. Shibata, H. Ito, K. Itami, Nat. Commun. 2015,
6, 6251.

[6] For a review on direct C¢H arylation for the preparation of
polycyclic aromatics, see: T. Jin, J. Zhao, N. Asao, Y. Yamamoto,
Chem. Eur. J. 2014, 20, 3554.

[7] a) K. Y. Amsharov, M. A. Kabdulov, M. Jansen, Angew. Chem.
Int. Ed. 2012, 51, 4594; Angew. Chem. 2012, 124, 4672; b) K. Y.
Amsharov, P. Merz, J. Org. Chem. 2012, 77, 5445.

[8] E. C. Rîdiger, M. Porz, M. Schaffroth, F. Rominger, U. H. F.
Bunz, Chem. Eur. J. 2014, 20, 12725.

[9] B. Schuler, S. Collazos, L. Gross, G. Meyer, D. P¦rez, E. Guiti�n,
D. PeÇa, Angew. Chem. Int. Ed. 2014, 53, 9004; Angew. Chem.
2014, 126, 9150.

[10] a) C.-W. Li, C.-I. Wang, H.-Y. Liao, R. Chaudhuri, R.-S. Liu, J.
Org. Chem. 2007, 72, 9203; b) T.-A. Chen, R.-S. Liu, Org. Lett.
2011, 13, 4644.

[11] a) S. Xiao, M. Myers, Q. Miao, S. Sanaur, K. Pang, M. L.
Steigerwald, C. Nuckolls, Angew. Chem. Int. Ed. 2005, 44, 7390;
Angew. Chem. 2005, 117, 7556; b) S. Xiao, J. Tang, T. Beetz, X.
Guo, N. Tremblay, T. Siegrist, Y. Zhu, M. Steigerwald, C.
Nuckolls, J. Am. Chem. Soc. 2006, 128, 10700.

[12] a) T. Sato, S. Shimada, K. Hata, J. Chem. Soc. Chem. Commun.
1970, 766; b) T. Sato, S. Shimada, K. Hata, Bull. Chem. Soc. Jpn.
1971, 44, 2484.

[13] J. He, D. M. Agra-Kooijman, G. Singh, C. Wang, C. Dugger, J.
Zeng, L. Zang, S. Kumar, C. S. Hartley, J. Mater. Chem. C 2013,
1, 5833.

[14] J. He, S. Mathew, Z. J. Kinney, R. M. Warrell, J. S. Molina, C. S.
Hartley, Chem. Commun. 2015, 51, 7245.

[15] I. Schnapperelle, T. Bach, Chem. Eur. J. 2014, 20, 9725.
[16] Z. Li, R. J. Twieg, Chem. Eur. J. 2015, 21, 15534.
[17] H. Shen, K. P. C. Vollhardt, Synlett 2012, 23, 208.
[18] S. C. Lu, X.-X. Zhang, Z.-J. Shi, Y.-W. Ren, B. Li, W. Zhang, Adv.

Synth. Catal. 2009, 351, 2839.
[19] The kinetic order for a photochemical reaction is still under

debate, but is assumed to be different at the beginning (zero-
order) and end (first-order) of the reaction; see: a) S. Toby, J.
Chem. Educ. 2005, 82, 37; b) S. Toby, J. Chem. Educ. 2000, 77,
188.

[20] Y. Haas, Photochem. Photobiol. Sci. 2004, 3, 6.
[21] B. Long, J. Huang, X. Wang, Prog. Nat. Sci. 2012, 22, 644.
[22] a) R. B. Woodward, R. Hoffmann, Angew. Chem. Int. Ed. Engl.

1969, 8, 781; Angew. Chem. 1969, 81, 797; b) M. P. Cava, M. J.
Mitchell, S. C. Havlicek, A. Lindert, R. J. Spangler, J. Org.
Chem. 1970, 35, 175; c) J. Grimshaw, A. P. de Silva, J. Chem. Soc.
Chem. Commun. 1980, 302; d) J. Grimshaw, A. P. de Silva, Can.
J. Chem. 1980, 58, 1880.

[23] a) W. A. Henderson, R. Lopresti, A. Zweig, J. Am. Chem. Soc.
1969, 91, 6049; b) R. S. Davidson, J. W. Goodin, G. Kemp, Adv.
Phys. Org. Chem. 1984, 20, 191.

[24] M. Szwarc, D. Williams, J. Chem. Phys. 1952, 20, 1171.
[25] M. Ball, Y. Zhong, Y. Wu, C. Schenck, F. Ng, M. Steigerwald, S.

Xiao, C. Nuckolls, Acc. Chem. Res. 2015, 48, 267.
[26] A. Lablache, Chemistry of Heterocyclic Compounds, Vol. 44,

Wiley, New York, 1985.
[27] E. Clar, C. T. Ironside, M. Zander, J. Chem. Soc. 1959, 142.
[28] E. Clar, Polycyclic Hydrocarbons, Vol. 1, Academic Press, New

York, 1964.
[29] Gaussian 09, RevisionA.02, M. J. Frisch, G. W. Trucks, H. B.

Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.

Angewandte
ChemieZuschriften

2086 www.angewandte.de Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 2082 –2087

http://dx.doi.org/10.1002/anie.201006593
http://dx.doi.org/10.1002/anie.201006593
http://dx.doi.org/10.1002/ange.201006593
http://dx.doi.org/10.1002/anie.201201084
http://dx.doi.org/10.1002/anie.201201084
http://dx.doi.org/10.1002/ange.201201084
http://dx.doi.org/10.1039/c4cc00885e
http://dx.doi.org/10.1021/jacs.5b03017
http://dx.doi.org/10.1021/jacs.5b03017
http://dx.doi.org/10.1021/ja710234t
http://dx.doi.org/10.1021/ja710234t
http://dx.doi.org/10.1021/ja307697j
http://dx.doi.org/10.1021/ja307697j
http://dx.doi.org/10.1021/ma901142g
http://dx.doi.org/10.1021/ma901142g
http://dx.doi.org/10.1039/C5CS00183H
http://dx.doi.org/10.1038/nature07872
http://dx.doi.org/10.1038/nature07872
http://dx.doi.org/10.1038/nature07919
http://dx.doi.org/10.1021/nn100118m
http://dx.doi.org/10.1038/nnano.2011.2
http://dx.doi.org/10.1038/nnano.2011.2
http://dx.doi.org/10.1126/science.1150878
http://dx.doi.org/10.1126/science.1150878
http://dx.doi.org/10.1038/nchem.719
http://dx.doi.org/10.1021/nl900531n
http://dx.doi.org/10.1002/anie.201210238
http://dx.doi.org/10.1002/ange.201210238
http://dx.doi.org/10.1002/ange.201210238
http://dx.doi.org/10.1021/jo0526744
http://dx.doi.org/10.1021/jo0526744
http://dx.doi.org/10.1021/jo061515x
http://dx.doi.org/10.1021/jo061515x
http://dx.doi.org/10.1021/ol0708018
http://dx.doi.org/10.1038/ncomms7251
http://dx.doi.org/10.1038/ncomms7251
http://dx.doi.org/10.1002/chem.201304640
http://dx.doi.org/10.1002/anie.201200516
http://dx.doi.org/10.1002/anie.201200516
http://dx.doi.org/10.1002/ange.201200516
http://dx.doi.org/10.1021/jo300783y
http://dx.doi.org/10.1002/chem.201403697
http://dx.doi.org/10.1002/anie.201403707
http://dx.doi.org/10.1002/ange.201403707
http://dx.doi.org/10.1002/ange.201403707
http://dx.doi.org/10.1021/jo701504m
http://dx.doi.org/10.1021/jo701504m
http://dx.doi.org/10.1021/ol201854g
http://dx.doi.org/10.1021/ol201854g
http://dx.doi.org/10.1002/anie.200502142
http://dx.doi.org/10.1002/ange.200502142
http://dx.doi.org/10.1021/ja0642360
http://dx.doi.org/10.1039/c29700000766
http://dx.doi.org/10.1039/c29700000766
http://dx.doi.org/10.1246/bcsj.44.2484
http://dx.doi.org/10.1246/bcsj.44.2484
http://dx.doi.org/10.1039/c3tc31353k
http://dx.doi.org/10.1039/c3tc31353k
http://dx.doi.org/10.1039/C5CC00826C
http://dx.doi.org/10.1002/chem.201402765
http://dx.doi.org/10.1002/chem.201502473
http://dx.doi.org/10.1002/adsc.200900540
http://dx.doi.org/10.1002/adsc.200900540
http://dx.doi.org/10.1021/ed082p37.2
http://dx.doi.org/10.1021/ed082p37.2
http://dx.doi.org/10.1021/ed077p188
http://dx.doi.org/10.1021/ed077p188
http://dx.doi.org/10.1039/b307997j
http://dx.doi.org/10.1016/j.pnsc.2012.11.007
http://dx.doi.org/10.1002/anie.196907811
http://dx.doi.org/10.1002/anie.196907811
http://dx.doi.org/10.1002/ange.19690812102
http://dx.doi.org/10.1021/jo00826a038
http://dx.doi.org/10.1021/jo00826a038
http://dx.doi.org/10.1039/c39800000302
http://dx.doi.org/10.1039/c39800000302
http://dx.doi.org/10.1139/v80-297
http://dx.doi.org/10.1139/v80-297
http://dx.doi.org/10.1021/ja01050a020
http://dx.doi.org/10.1021/ja01050a020
http://dx.doi.org/10.1063/1.1700688
http://dx.doi.org/10.1021/ar500355d
http://dx.doi.org/10.1039/jr9590000142
http://www.angewandte.de


Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakat-
suji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J.
Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr.,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,
K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,
M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.

Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A.
Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox,
Gaussian, Inc., Wallingford CT, 2009.

Received: September 29, 2015
Published online: December 22, 2015

Angewandte
ChemieZuschriften

2087Angew. Chem. 2016, 128, 2082 –2087 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de

