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Treating diethynyl-substituted perylenediimides with ICI successfully induced an annulation reaction and generated a series of coronenediimide
derivatives. Instead of the expected iodine-substituted cyclization product, chlorine-substituted analogues were produced. The mechanism of this
annulation reaction thus necessarily involved a chlorine addition step prior to the aromatic substitution reaction. With facile subsequent
transformations, various tetraaryl coronenediimides could be obtained via the annulated chloro-substituted coronenediimide.

Large, electron-deficient polycyclic aromatic molecules
are attractive synthetic targets because of their unique
applications as electron-transport organic semiconductive
materials.! Perylenediimide (PDI) and its derivatives are
among the most intensively studied candidates for their
appealing optical properties, electron-accepting and -
transporting ability, self-assembly propensity, as well
as the ready availability of the synthetic raw material,
perylene tetracarboxylic dianhydride.>~> Moreover, PDI
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derivatives are also versatile synthetic precursors to larger
aromatic hydrocarbons, even graphene ribbons. Various
annulative transformations, such as the intramolecular
Heck reaction,® Diels—Alder addition,” Ullman reaction,®
and oxidative dehydrogenation, have been applied for such
purposes.” Coronene, a closely related structure to pery-
lene, with two additional annulated ethenylene units, has
also been widely investigated and exploited for its semi-
conductive and supramolecular capabilities.'® Despite the
structural correlation, methodologies for transforming
perylene derivatives to coronene analogues via annulation
processes are limited.®’ Synthetic protocols for attaining
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coronenediimide (CDI) from PDI are particularly meager.
One example was shown by Miillen and co-workers, who
carried out a DBU-induced cyclization reaction with a
dialkynyl PDI and obtained a dialkyl CDIL.'*® Here, we
present our recent investigation into an ICl-mediated cycli-
zation of diethynyl PDI derivatives. The reaction led to a
series of dichlorinated CDIs that could then be conveniently
transformed into various tetraaryl CDIs. The developed
methodology can be of great value for electron-transport
organic material syntheses, and the mechanism of the
reaction is rather intriguing.

IClis a widely employed latent [I*] reagent that has been
observed to induce iodocyclization of ethynyl groups with
a number of different substrates. For instance, Larock et
al. applied this iodocyclization strategy to prepare a num-
ber of polycyclic aromatic molecules such as benzofurans,
benzothiophenes, indoles, quinolines, isoquinolines, iso-
coumarins, a-pyrones, naphthalenes, etc.!' Using a differ-
ent form of [I'], Swager and co-workers accomplished
iodocyclization with a series of phenylethynyl-substituted
polyphenylenes and obtained unique ladder-type conju-
gated polymers.'? Similar methodologies were also used
for synthesizing dibenzo[g,p]chrysenes and dibenzo[a,j]-
anthracene.'*'* In these previous examples, only elec-
tron-rich aromatic systems were reported to be suitable
substrates for this cyclization transformation. To the best
of our knowledge, no previous example has shown this
methodology being successfully applied to electron-defi-
cient aromatic molecules. The challenge is understandable,
since the cyclization mechanism entails an electrophilic
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aromatic substitution (EAS) step, following an electrophi-
lic addition of [I'] to the carbon—carbon triple bond and
generation of an iodonium intermediate, which serves as
the electrophile in subsequent EAS.

Interested in new aromatic molecules with electron-
transport capacity, we examined the reaction between
ICl and a series of ethynyl-substituted PDIs. The results
showed that the cyclization was achievable with such
electron-deficient substrates. However, dichloro-substi-
tuted cyclization products instead of diiodo-substituted
analogues were obtained. The mechanism of this unex-
pected substitution is thus proposed to involve the addition
of the chloride anion to the iodonium intermediate. Evi-
dence suggested that the following elimination of a halogen
atom and annulative aromatic substitution likely pro-
ceeded via a radical-mediated mechanism. As a demon-
stration of the potential use of the obtained dichloro-CDI
in functional material syntheses, the molecule was subse-
quently converted into a series of tetraphenyl CDIs having
various side chains via facile transformations.

The syntheses of the CDI derivatives are depicted in
Scheme 1. Sonogashira coupling of isomeric mixture of
1,6- and 1,7-dibromo-PDI" with trimethylsilylacetylene
afforded corresponding isomer mixture of PDI derivative
1. Similar to previously reported analogues, the 1,7-iso-
mers of dibromo-PDI and 1 were the major components of
the mixtures.'® As the regioisomer separation procedure
was rather tedious and inefficient, we applied the mixture
of 1 to subsequent reactions without separation and
planned to eliminate the isomerism by further functiona-
lizing the products. Based on previous studies, exposing a
proper substrate containing 2-ethynylbiphenyl moiety to
ICI would first initiate an electrophilic addition of [I*] to
the triple bond, and the generated iodonium intermediate
would then undergo an EAS on the adjacent phenyl ring,
offering an iodine-substituted phenanthrene derivative.
With our current substrate of 1, we were hoping that in
addition to iodocyclization, in the presence of an excess
amount of ICI, further substitution of TMS by [I*] could
proceed with the cyclization product in one pot. Namely, if
the above-described iodocyclization were to take place,
diiodo-substituted CDI 2 or even the highly symmetric
tetraiodo-substituted CDI 3 was anticipated.

However, treating 1 with an excess amount of ICI did not
trigger the expected cascade reactions and furnish 3. Instead,
a pair of isomers of lower molecular symmetry emerged, and
the two TMS groups were still present in the products
according to the "H NMR spectrum. At first, we assumed
the only problem might be that the substitution of TMS by
iodine did not take place. Hence, a further reaction of the
isolated products was carried out with newly added ICI at
room temperature. Although the TMS groups were success-
fully removed upon further reaction with ICI as expected,
the resulting product still exhibited isomerism and a set of '"H
NMR resonances indicating a lower molecular symmetry
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Scheme 1. Syntheses of CDIs via ICl-Induced Cyclization of
Ethynyl-Substituted PDIs
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than that of expected 3. Even more surprisingly, subsequent
mass spectroscopy characterization revealed that the prod-
uct from two consecutive reactions with ICI was dichloro-
diiodo-substituted CDI 5. Naturally, we went back and
further examined the product from the first reaction of ICI
with 1. The structure was proven to be dichloro-substituted
CDI 4 rather than 2 by mass spectroscopy. These results
unambiguously indicated that the two chlorine atoms were
introduced to CDI derivatives during the reaction between
ethynyl-PDIs and ICIl. Importantly, exposing the mixture of
1 and ICl to sunlight irradiation could substantially improve
the yield of 4 from ca. 40% to 88%.

To find out whether such a peculiar chlorocyclization was
unique to 1 or if it also occurred with other ethynyl-
substituted PDIs, we carried out a reaction by subjecting
dialkylethynyl-PDI 6 to ICI. NMR and mass spectroscopies
confirmed that the major products from this reaction were
dichloro-CDI isomers 7 (Scheme 1). Notably, bearing 4-al-
koxyphenylethynyl groups, PDI 8 afforded both iodo- and
chloro-cyclization products under similar conditions. On the
basis of '"H NMR and mass spectroscopy, the product
mixture 9 was rather complex, comprising a number of
CDI analogues with three different molecular formulas,

(17) Based on the NMR spectrum and elemental analysis of the mixture,
chlorination and iodination took place at a ratio of approximately 1:3.
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corresponding to dichloro-, diiodo-, and monochloromo-
noiodo-CDIs (see the Supporting Information).'’

A possible mechanism for the above reaction was sug-
gested (Scheme 2). The reaction between ICl and the
carbon—carbon triple bond should have proceeded prop-
erly, producing the iodonium intermediate, just like in
conventional iodocyclization reactions with electron-rich
substrates.!' However, because of the electron-deficiency
of PDI moiety, this iodonium was not competent for
bringing about the intramolecular EAS reaction. Subse-
quently, the addition by chloride anion occurred. Since the
reaction yield was noticeably improved by sunlight irradia-
tion, it is highly possible that the subsequent elimination of
a halogen atom and the aromatic substitution steps in-
volved radical intermediates. The reason why iodo-cycli-
zation was only observed with substrate 8 was likely that
the alkoxyphenyl group facilitated the elimination of
chlorine atom, which is more inert than iodine and does
not leave in other cases. Nonetheless, although less plau-
sible, the possibility of EAS taking place with the halonium
intermediates'® could not be excluded completely.

Scheme 2. Proposed Mechanism of ICl-Induced Cyclization of
Ethynyl-PDI
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We later found that compound 5 could indeed be
directly obtained from 1 via a one-pot reaction, provided
alarge excess of ICl was supplied. Additional reaction time
was also necessary after the reaction mixture was warmed
to room temperature. Such a one-pot procedure afforded a
slightly lower yield of 5§ compared to the two-step process
with isolation of intermediate 4.

With compounds 4 and 5 available, we subsequently
demonstrated that other CDI derivatives can be prepared
from these precursors. Since aryl chlorides are competent
substrates for Suzuki coupling reaction, three phenylboro-
nic acids bearing substituents of different electronic char-
acteristics, i1.e., p-dodecyloxy, p-methyl, and 3,4,5-trifluoro
groups, were then examined for coupling with 4. All three
reactions proceeded smoothly, affording corresponding
diaryl-bisTMS-CDIs in high yields (Scheme 3). By reacting
with ICl, the TMS groups in these diaryl CDIs were
converted into iodide. Via another round of Suzuki
coupling with corresponding phenylboronic acids, three
different tetraphenyl CDIs (1la—c¢) were acquired.

(18) A chloronium might be formed if iodide acted as a leaving group
in the chloroiodovinyl substituted PDI derivative, possibly leading to
chloro-substituted CDIs via EAS.
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To eliminate the regioisomerism, we used the same boronic
acids in the two Suzuki couplings and prepared the highly
symmetrical tetraaryl CDIs. Apparently, if a pure regio-
isomer of 1 was used in prior reactions with ICl, with proper
installment of different boronic acids in separate steps, two
isomeric CDI molecules with controlled spatial arrange-
ment of two different aryl substituents can be attained,
exhibiting mirror plane or C, symmetry, respectively.
Obviously, a more efficient approach to obtaining CDIs
bearing identical aryl groups is through intermediate 5.
Directly treating 5 with 4 equiv of phenylboronic acids also
generated tetraaryl CDIs in optimal yields.

Scheme 3. Syntheses of Tetraphenyl CDIs
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The structures of all prepared tetraaryl CDIs were
characterized by NMR, mass spectroscopy, and elemental
analyses. As such CDI derivatives could potentially exhibit
useful electronic and/or photonic functions, we then char-
acterized their electronic properties, particularly with a
focus on the effect of the aryl substituents on the central
polycyclic structure. All of the CDI molecules manifested
three absorption bands between 300 and 550 nm in their
UV—uvis spectra (Figure 1). Their absorption features were
very similar to those of previously reported dialkyl CDI
analogues,'’ suggesting that all corresponding electronic
transitions mainly originated from the central CDI frame-
work. Nonetheless, substituents on the phenyl rings clearly
exerted pronounced influences over the electronic transi-
tions of CDI core, even though the four phenyl groups
adopted significant dihedral angles with respect to the CDI
skeleton (see Figure S9, Supporting Information, for the

(19) It was HOMO-2 to LUMO for 11a; see the Supporting Informa-
tion for details.
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nonplanar conformation of tetraaryl CDIs simulated by
DFT). As demonstrated in Figure 1, the So—S; transition
was the most sensitive to the electronic effect of the aryl
groups. As the substituents changed from an electron-
withdrawing 3,4,5-trifluoro to an electron-donating 4-do-
decyloxy group, the corresponding absorption peak red-
shifted from 500 to 526 nm. The Sy—S, transition energy
manifested a similar dependence on the substituent, but to
a less significant extent.

Absorption spectra simulated by TD-DFT were highly
agreeable to the experimental results. The So—S; and
So—S, transitions mainly corresponded to transitions from
HOMO and HOMO-1" to LUMO, respectively (Figures
S5—S8, Supporting Information). All relevant MOs fea-
tured predominant contributions from the CDI moiety,
with a minor influence from the aryl groups (Table S2,
Supporting Information).

—11c

1.0

u_o 1 1 |
400 500 600
Alnm

1
300

Figure 1. Absorption spectra of tetraaryl-CDIs 11a—c recorded
in CHoCly at 1.0 x 10> M.

In summary, coronenediimides of varied substitutions
were prepared through a facile synthetic protocol, i.e., an
ICl-induced cyclization of diethynyl-PDI derivatives. In-
stead of forming iodo-substituted products, such electron-
deficient substrates uniquely afforded chloro-substituted
CDls, indicating a reaction pathway altered from that of
electron-rich analogues. Subsequent transformation of
dichloro-bisTMS-CDI into tetraaryl CDIs bearing differ-
ent substituents demonstrated the great versatility of this
intermediate for syntheses of related functional molecules.
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