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ABSTRACT: Cycloparaphenylenes (CPPs) and their derivatives
are unique conjugated macrocycles with novel optoelectronic and
host—guest properties. A better understanding of their reactivity is
essential for creating new functional materials utilizing these strained
aromatic molecules as building blocks. 1,4-Anthracene-incorporated
CPP 1 was synthesized and exhibited Diels—Alder reactivity but was
unable to photodimerize. Comparison studies with cyclophane 2 and

v CPP dimeric
structure

unstrained 3 indicated that the distorted anthracene geometry is

likely the major contributor to the anomalous reactivity of 1.

he development of novel synthetic porous materials has a

direct impact on a variety of technologies such as catalysis,
separation, gas storage, and electronics.' These porous materials
are commonly prepared by linking organic building units
through covalent bonds (covalent organic frameworks and
porous polymers),” metal coordination (metal organic frame-
works),” or noncovalent interactions (porous molecular solids).*
In addition to the collective effects of the entire building
components, porous materials also inherit the intrinsic proper-
ties of their organic building blocks." Therefore, developing
novel molecular building blocks with unique properties is
beneficial in expanding the applications of porous materials.

Cycloparaphenylenes (CPPs) are conjugated molecules with
hoop-shaped backbones comprised of 1,4-connected benzene
rings.” These strained aromatics and their related macrocyclic
structures have potential materials applications owing to their
ring-size dependent optoelectronic properties,6 selective host—
guest properties,”” as well as scalable gram-scale syntheses.Sf’j’1
We have been interested in utilizing CPPs as building blocks to
construct new carbon materials, which would potentially
preserve the useful properties of CPPs including discrete
porosity and tunable electronic behavior.” Herein, we report
the synthesis, characterization, and reactivity study of 1,4-
anthracene-incorporated [12]JCPP 1 (Figure 1), in order to
evaluate the practicality of utilizing anthracene as the reactive
functional handle for cross-linking CPP-related molecules.
Additionally, compounds 2 and 3 were prepared and studied
to further elucidate the structural influence on the reactivity of
the 1,4-diphenylanthracene (DPA) core.

The versatility and adaptability of anthracene chemistry have
enabled chemists to create sophisticated architectures from
complex molecules® to functional polymeric materials.” Recently,
two-dimensional polymers (2DPs) were successfully prepared
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Figure 1. Structures of 1-3.

from the cycloaddition reactions of anthracene-containing
monomers.'” We envisioned that CPP structures with multiple
1,4-anthracene subunits could potentially be cross-linked to
produce new types of network structures in a similar fashion as
the case of 2DPs. However, previous seminal works on
anthracenophanes suggest that the strained anthracene unit of
1 might have different reactivity compared to the planar
counterparts.'' Moreover, the substituent effect from the
neighboring bent oligophenylene fragment might also impact
the reactivity of the anthracene in 1. Thus, we designed a strained
cyclophane structure 2 that is free from the influence of this
substituent effect, as well as a planar 1,4-DPA molecule 3, in
order to determine the key factors (bent geometry or substituent
effect) that governs the reactivity of 1. In this paper, we surveyed
the reactivity of 1-3 in photoinduced [4 + 4]-cycloaddition
reactions and thermal Diels—Alder (DA) reactions, in
combination with theoretical analyses to rationalize the
structure—reactivity relationships.

In planning the synthesis of macrocyclic structures 1 and 2, we
adapted the generic strategy of CPP chemistry,” which takes
advantage of the curved cyclohexadiene building units to
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Scheme 1. Synthesis of 1 and 2 from 9,10-Dihydroanthryl Intermediates; X-ray Single Crystal Structures of 1 and 3 (ORTEP)
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assemble a less strained macrocyclic precursor which can be later
aromatized to produce the target molecular skeleton. However,
our initial synthetic attempt using anthryl intermediates failed to
deliver isolable final products 1 and 2 (Scheme S1). We
discovered that compounds 1 and 2 are unstable in the presence
of light and oxygen, presumably due to the formation of labile
endoperoxides.' "> Inspired by Miller’s works on hydrogen-
protected acenes,'” we developed a two-step aromatization
strategy employing intermediates with a 9,10-dihydroanthryl
moiety, which allowed for the purification and subsequent
characterization of 1 and 2 in a glovebox with a chemically inert
N, atmosphere. Depicted in Scheme 1, the synthesis of
macrocycles 8 and 9 was achieved by applyin§ a Suzuki coupling
condition using a S-Phos Gen II precatalyst'* from correspond-
ing coupling partners in 30% and 27% yield, respectively.
Treating 8 and 9 with single electron reductant sodium
naphthalenide at —78 °C followed by quenching the reaction
with I, gave the corresponding dihydroanthryl precursors 10
(71%) and 11 (50%). Finally, heating 10 or 11 with Pd/C in
degassed toluene successfully yielded respective target molecule
1 (47%) or 2 (67%). Additionally, compound 3 and key
intermediates 4—7 were easily prepared, and the synthetic details
are provided in the Supporting Information (SI). The structures
of 1-3 were confirmed by NMR ('H, "*C), IR, and mass
spectrometry (SI).

With these compounds in hand, we first investigated their
electronic structures utilizing cyclic voltammetry and theoretical
calculations. The first oxidation peaks for 1—3 are reversible with
respective half wave potentials at 0.65, 0.60, and 0.72 V (vs Fc/
Fc*) (SI). As Density Functional Theory (DFT, B3LYP/6-
31G*)"® calculations predicted that the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) mainly delocalize on the DPA
cores for compounds 1—3 (SI), we confirmed that the measured
first oxidation potentials truly represent the HOMO energy
levels of the DPA segments. This observation of higher-lying
HOMO energy levels in 1 and 2 compared to 3 is consistent with
our previous finding that bending destabilizes the HOMO of the
polycyclic aromatic hydrocarbons (PAHs).'® We also observed
an increasing calculated HOMO/LUMO energy gap from 1
(3.06 €V) to 2 (322 €V) to 3 (3.42 eV).

Next, we characterized the photophysical properties of 1—3
(Figure 2). The UV—vis spectra of 1 exhibit an intense [12]CPP
backbone absorption band (A, = 338 nm),>* as well as
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Figure 2. UV—vis absorption and fluorescence data of 1—3 (measured
in DCM solutions).

anthracene absorption bands (., = 268 nm and the broad band
from 400 to 460 nm). Similarly, 2 displays both the p-terphenyl
absorption (A,,,, = 285 nm) and the anthracene absorption (4,,,,,
=268 nm and the broad band from 370 to 450 nm). For 3, the
UV—vis spectra feature a characteristic anthracene absorption
structure with well resolved vibrational bands (4,,,, = 363 nm)
and a high energy band at 263 nm."” From the onset absorption
data, we calculated the optical band gaps to be 2.72 eV (1), 2.78
eV (2), and 2.98 eV (3), which is consistent with the trend of
theoretical HOMO/LUMO energy gaps (SI). Furthermore, TD-
DFT calculations (B3LYP/6-31G*)"” predicted that the lowest
energy absorptions of 1—3 can be assigned to the HOMO/
LUMO transitions of the DPA cores (SI). The fluorescence
spectra were also recorded, where the emissions exhibit a
hypsochromic shift from 1 (487 nm), to 2 (463 nm), to 3 (442
nm).

We were able to obtain single crystals of 1 and 3 suitable for X-
ray crystallography (Scheme 1 and Figures S9—S10). For
comparison, DFT calculations (B3LYP/6-31G*)"® were also
performed to optimize the molecular geometries. Notably, the
calculated molecular structures of 1 and 3 are in good agreement
with the empirical X-ray crystal structures (Table S1). By
analyzing the calculated structural data (Table 1), we found that
the DPA cores of 1 and 2 have similar deformation angles a (7.4°,
9.5°), bent angles 8 (6.7°, 8.9°), and torsional angles 6 (42.8°,
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Table 1. Calculated Structural Properties of 1—3 (DFT,
B3LYP/6-31%)

—/

Dihedral Angle 6 Bending Angles o,

entry 0, deg” a, deg p, deg
1 42.8 7.4 6.7
2 43.0 9.5 8.9
3 54.5 4.5 0.7

“Dihedral angles shown are average values.

43.0°). By comparing 2 to 3, it can be seen that the ring strain
causes a decrease in torsional angles and an increase in the bent
and deformation angles, which agrees with the observed trend
when comparing CPPs to linear oligoparaphenylenes
(LPPs).°>'® Additionally, the calculated strain energies19 on
the DPA cores of 1—3 were 56.34, 62.04, and 4.78 kcal/mol,
respectively. Interestingly, the strain energy trend correlates well
with the experimental trend of HOMO energy levels determined
from the cyclic voltammetry. Overall, our electrochemical,
photophysical, and theoretical studies demonstrated that the
DPA cores in 1 and 2 share similar electronic and geometric
characters that are distinct from those of 3.

With this information in hand, we examined the photo-
dimerization and DA reactions of these anthracene-containing
compounds. Upon UV irradiation, 3 undergoes [4 + 4]-
cycloaddition to generate the head-to-tail photodimer 12 in
quantitative yield (Scheme 2). In contrast, no reactions were
observed for 1 and 2 when similar conditions were applied.
Changing the light source to a different wavelength or altering
solvent polarity still produced no photodimer products for 1 and
2. We also attempted crossover experiments by mixing excess 3
with either 1 or 2 only to observe photodimer 12 and unreacted 1

Scheme 2. Photodimerization of 1—3; DA-Adducts of 1-3
with Tetracyanoethylene (13—15) and with Diethyl
Acetylenedicarboxylate (16—18)“
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“Isolated yield (%) shown in parentheses.

or 2. As for DA reactions, 1—3 readily reacted with dienophiles
tetracyanoethylene (TCNE) and diethyl acetylenedicarboxylate
to produce the corresponding DA-adducts 13—18, of which the
new bonds form at the 9,10-position of the anthracene core
(Scheme 2). As 1 and 2 have higher-lying HOMO levels
compared to 3, it is expected that 1 and 2 should be more reactive
with dienophiles than 3.”° Surprisingly, 1 and 2 show no DA
reactivity with Cg, while the DA-adduct of 3 with Cg, was
observed under similar and less energetic conditions (SI).
Additionally, we synthesized 1,4-anthracene incorporated
[10]CPP, which is also unreactive with Cy, though the host—
guest complex was observed as expected (SI). These reaction
studies clearly indicated that compound 2 exhibits identical
reactivity as 1, from which we conclude that the distorted
anthracene geometry is likely the main contributor to the
anomalous photochemical and DA reactivity of 1 compared to
unstrained 3.

In order to rationalize the relationship between the distorted
anthracene geometry and the observed anomalous reactivity, we
conducted theoretical calculations at the @B97XD/6-31G**>*!
level of theory to analyze the reaction free energies and the
transition state energy barriers. Since our calculations omitted
the configurational entropic factors (AS), the actual free energy
(AG = AH — TAS) is higher than the calculated values (TAS >
0).>> We found that the reaction free energy for dimerization of 1
is endergonic (1.2 kcal/mol), which alone indicates that the
dimerization is not favored in terms of thermodynamics. The free
energies for the dimerization of 2 and 3 are exergonic with
respective values of —1.6 and —6.7 kcal/mol. It is possible the
change of the entropy for the dimerization of 2 is pronounced
enough that the reversed dissociation reaction is favored.”* We
also calculated the reaction barriers for each of the cases but
found that the transition state structures exhibited broken-
symmetry and multireference effects which are beyond the scope
of the single-reference DFT approach used here.”* Additionally,
the reaction free energies for DA reactions of C4, with 1—3 are all
calculated to be exergonic (1, —16.0 kcal/mol; 2, —15.6 kcal/
mol; 3, —20.9 kcal/mol) and the activation free energies for 1—3
are determined to be 17.9, 16.9, and 12.7 kcal/mol, respectively.
Though no definitive conclusion could be made regarding the
reaction outcomes from these data, the DA reaction of C4, with 3
is suggested to be both kinetically and thermodynamically
favored. Likewise, the configurational entropy (i.e., the number
of possible molecular configurations increases in the order of 3, 2,
and 1) could play an important role in differentiating the DA
reaction outcome between 1 (2) and 3. Thus, our theoretical
analysis seemed to suggest that the bent geometry influences the
reactivity by elevating the transition energy barriers and by
destabilizing the products.

In conclusion, we have synthesized and characterized 1,4-
anthracene incorporated [12]JCPP 1 and two reference
compounds 2 and 3. We discovered that 1, though unable to
photodimerize, can still react with certain dienophiles. Therefore,
the DA reaction is a potential strategy to construct new carbon
materials from anthracene-incorporated CPPs. Additionally,
through the comparison studies with reference compounds 2
and 3, we determined that the unusual reactivity of 1 is likely to
originate from the bent and distorted geometry, rather than the
substituent effect from the backbone. Importantly, our work
suggests that the change in the reactivity of strained PAHs should
be taken into consideration when planning cross-linking
strategies.
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