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Internally substituted m-systems have remained somewhat underexplored in contrast to their peripherally functionalized
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counterparts. In this study, we compare a bowl-shaped aromatic hydrocarbon with internal methoxy groups to related

derivatives with hydrogen, methyl, and anisyl groups, evaluating their electron-accepting properties, electronic absorption

spectra, and fullerene-binding behavior. The methoxy-substituted derivative exhibits enhanced electron-accepting

properties and positively shifted electrostatic potential map on its concave surface due to the inductive effect of the oxygen

atoms. The o* orbitals of the internal C—O bonds participate in rt-conjugation to change the absorption properties of the

bowl-shaped ni-skeleton. As hydrocarbons internally substituted with oxygen are key fragments of graphene oxide, these

results can be expected to aid the understanding of the structure—property relationships in graphene oxide. Furthermore,

internal substitution with oxygen atoms decreases the efficiency of fullerene-binding, thus affording fundamental insights

into the design of advanced fullerene-receptors.

Introduction

The functionalization of m-conjugated molecules is a powerful
strategy for tuning their structural and electronic properties that is
frequently applied in the design of advanced functional materials.
Consequently, fundamental research with the aim of understanding
the effects of functionalization is essential (Fig. 1). The structure-
property relationships upon peripherally functionalizing n-
conjugated molecules have been thoroughly investigated and
comprehensively understood. In contrast, the effects arising from
the functionalization of the internal areas of m-systems have been
investigated significantly less due to the small number of internally
functionalized m-systems where sp3 carbon atoms are surrounded
by sp? carbon atoms.’ Previously reported examples include
pyrene 1, coronene 2, diindenochrysene 3, and corannulene
derivatives 4 (Fig. 2).#'®8 During the synthesis of as-
indacenoterrylene, our group synthesized intermediates 5and 6, an
internally substituted methoxy-as-indacenoterrylene derivative
and a hydrogen-substituted derivative, respectively.’® In 2011,
Petrukhina and co-workers demonstrated that the absorption
maxima of CH,Cls_,-substituted corannulenium cations 4a—4d are
bathochromically shifted with increasing number of chlorine
atoms.3 However, with the exception of this pioneering work, the
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influence of the internal substituents of m-conjugated molecules on
their properties remains unclear.

Peripheral functionalization Internal functionalization

Thoroughly explored

Underexplored

Fig. 1 Peripheral functionalization and internal functionalization
of m-conjugated molecules.

Internally functionalized aromatic hydrocarbons can be
considered as the fragments of covalently functionalized graphene
(CFG).2% A comprehensive understanding of the impact of internal
substituents on the properties of m-conjugated molecules can be
expected to aid the design and evaluation of novel CFG-based
materials. Of particular interest is the effect of internally
substituted oxygen atoms, as hydrocarbons internally substituted
with oxygen are key fragments of graphene oxide. Graphene oxide
is a typical CFG with numerous applications in e.g., catalysis, visible-
light emitting materials, battery electrodes, and
(semi)conductors.?1-23

Moreover, internally functionalized as-indacenoterrylene
derivatives such as 5 and 6 are ideal for understanding the
fundamental structural features that promote fullerene recognition
as bowl-shaped n-systems, which often capture fullerene Cgg on
their concave surfaces.?*34 The peripheral substitution of bowl-
shaped m-conjugated cores with electron-donating substituents
enhances the association constants for fullerene binding. This

behavior had been considered due to increased charge-transfer
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interactions.3®> However, a theoretical study predicted that
peripheral substitution with electron-withdrawing cyano groups
would also promote fullerene-binding.3¢ This study highlights the
substantial contribution of direct dispersion interactions between
peripheral substituents and the fullerene to binding the latter,
which is consistent with the recent controversy on the nature of n—
Tt interactions.3’#% A nitrogen-doped bowl-shaped hydrocarbon
with tert-butyl substituents on its periphery effectively captures
fullerene with a high association constant of 3800 M=%, which is
approximately ten times larger than association constants for
typical corannulene derivatives.*! Nevertheless, it remains difficult
to distinguish the contributions to binding from (i) charge-transfer
interactions between the electron-rich m-core and fullerene and (ii)
dispersion interactions*?#3® between the bulky tert-butyl
substituents and the fullerene. Compared to the peripheral
functionalization and element-doping strategies, the internal
substitution strategy should be advantageous because it enables,
via changing the internal substituents, the systematic investigation
of the relationship between the electronic structures of the bowl-
shaped m-cores and their fullerene binding abilities. Given that the
classical Sanders—Hunter model* predicts that a decrease of
intermolecular electrostatic repulsion between m-electron clouds
promotes m-stacking, it is a significant question as to whether or not
increasing the electron-donating ability of the bowl-shaped m-core
promotes or suppresses fullerene-binding due to competition
between the increased charge-transfer interactions and enhanced
electronic repulsion.

()
=SREOs

HeC 1 2
CI s OéQ N
HyC CHg . 4b (R = CH,CI)
O. ,a 4c (R = CHCIy)
3 ® 4d (R = CCly)
5 (R = OCHj)
6 (R = H)
7 (R = CH,)
8 (R = CSH4OCH3)

Fig. 2 Internally functionalized m-conjugated molecules.

Results and discussion

Synthesis. We synthesized methyl-substituted derivative 7 and
4-methoxyphenyl-substituted derivative 8 to expand the structural
diversity of known as-indacenoterrylene derivatives (Scheme 1).
Treatment of hydrogen-substituted 6 with butyllithium in THF
caused the reaction solution to change from colorless to red,

2| J. Name., 2012, 00, 1-3

indicating the formation of a lithiated intermediate via
deprotonation. The subsequent addition of an excess of
iodomethane to the solution afforded methyl-substituted 7 in 51%
yield. The molecular structure of 7 was confirmed via a single-
crystal X-ray diffraction analysis (Fig. 3). The bowl! depth of 7 (2.05
AR) is comparable to those of 5 (1.99 A) and 6 (1.98 A) (Fig. S12).
Treatment of methoxy-substituted 5 with trifluoromethanesulfonic
acid (TfOH) in anisole furnished 4-methoxyphenyl-substituted 8 in
30% yield.

1) BuLi (10 eq.)
Et,0, 0 °C, 30 min

2) Mel (excess)
RT, 30 min

TIOH (4 eq.)

CHCly/anisole (v/v = 1/5)
RT,1.5h

Scheme. 1 Synthesis of methyl-substituted as-indacenoterrylene 7
and 4-methoxyphenyl-substituted as-indacenoterrylene 8.

Fig. 3 X-ray crystal structure of 7 with thermal ellipsoids at 50%
probability; all hydrogen atoms are omitted for clarity.

Effect of Internal Substituents on the Electronic Properties. The
redox potentials of 5-8 were measured using cyclic voltammetry in
anhydrous CH,Cl, with 0.1 M [BusN][PFs] as the supporting
electrolyte and the Ag/AgNO; couple as the reference electrode
(Fig. S15). The ferrocene/ferrocenium ion couple was used as an
internal reference. Compounds 5-8 all exhibited one oxidation
wave. The oxidation potentials of hydrogen-substituted 6 (0.57 V),
methyl-substituted 7 (0.56 V), and 4-methoxyphenyl-substituted 8
(0.61V) are comparable. On the other hand, the oxygen-substituted
methoxy derivative 5 exhibits a significantly higher oxidation
potential (0.75 V). These results indicate that internal oxygen-based
substituents act as electron-withdrawing groups.

This journal is © The Royal Society of Chemistry 20xx
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The UV/vis absorption spectra of 5-8 were measured in CH,Cl,
(Fig. 4). The tails of the absorption spectra extend to approximately
520 nm, indicating that the HOMO-LUMO gaps of 5-8 are also
comparable. However, the spectral shapes in the 300-450 nm
range differ. Hydrogen-substituted 6 and methyl-substituted 7
exhibit intense absorptions with vibrational bands, while the
absorption band of 4-methoxyphenyl-substituted 8 is relatively
broad. Importantly, methoxy-substituted 5 displays two peaks at
313 and 339 nm, which originate from extended conjugation
through the o* orbitals of the C—O bonds (vide infra).

To gain further insight into the electronic properties of 5-8,
density-functional-theory (DFT) calculations were performed at the
B3LYP/6-31G(d) level. The optimized structures of 5-8 are similar,
indicating that any structural changes caused by the internal
substituents are negligible (Fig. $20). As shown in Fig. 5a, the
HOMO-LUMO gaps of 5-8 are comparable (3.00-3.05 eV), and
these values are in good agreement with the optical HOMO-LUMO
gaps estimated from the UV/vis absorption spectra. The
distribution of these orbitals is similar regardless of the internal
substituents, except for the HOMO-1 in 8, which is localized on the
electron-rich 4-methoxyphenyl group (Fig. S19).

8.0
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550+ 0.4 7
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1.0

0 T T I 1 1
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Fig. 4 UV/vis absorption spectra of 5-8 in CH,Cl,; A = wavelength;
€ = extinction coefficient.

In sharp contrast to the HOMO-LUMO gaps, we found a
difference between the energy levels of the molecular orbitals of
methoxy-substituted 5 and 6-8. The energy levels of the frontier
orbitals of methoxy-substituted 5 are by 0.13—0.19 eV lower than
those of 6—8, which agrees well with their observed redox behavior.
The enhanced electron-accepting ability of 5 can be attributed to
the inductive effect of the oxygen atoms. Furthermore, the
LUMO+1 level of 5 is by 0.34—0.38 eV more stable than those of 6—
8. The orbital distributions on the concave surfaces of 5 and 6 are
shown in Fig. 5b. In the case of the hydrogen-substituted 6, the -
conjugation is disrupted at the internal sp3 carbons. On the other
hand, the LUMO+1 of methoxy-substituted 5 exhibits substantial
orbital coefficients at the internal sp3 carbons due to the C-O o*
orbitals. These results indicate that the presence of internal oxygen-
based substituents in m-conjugated molecules results in enhanced
electron-accepting ability, firstly via an inductive effect and
secondly via m-extension through the C-O o* orbitals. This
conclusion stands in sharp contrast to the effect that peripheral

This journal is © The Royal Society of Chemistry 20xx
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oxygen-based substituents on m-conjugated systems often act as
electron-donating groups due to the dominance of the mesomeric
effect.

EleV

—~
5 6
(Concave surfaces of LUMO+1)

Fig. 5 (a) Energy diagrams for 5-8. (b) Orbital distributions on the
concave surfaces of the LUMO+1 of 5 and 6. DFT calculations were
performed at the B3LYP/6-31G(d) level; isovalue = 0.03.

The electrostatic potential maps of the internally functionalized
as-indacenoterrylene derivatives 5-8 and the peripherally
functionalized benzene derivatives CgHsR (R = H, CHs, OCH3, F, and
CN) are shown in Fig. 6. Methoxy-substituted 5 has a less negative
concave surface than 6-8. This trend stands in contrast with that
observed for the peripherally functionalized benzene molecules,
where anisole has a more negative m-surface than benzene. The
electrostatic potential of the concave surface of 5 is comparable to
that of fluorobenzene. The relatively positive concave surface of 5
can be attributed to the dominance of the inductive effect of the
oxygen atoms.

Time-dependent DFT (TD-DFT) calculations performed on 5-8 at
the B3LYP/6-31G(d) level were able to reproduce their
experimentally obtained absorption spectra (Figs. S22-S25). The
simulated absorption spectrum of methoxy-substituted 5 exhibited
two allowed transitions at 309 and 339 nm with oscillator strengths
of 0.59 and 0.27, respectively. A natural-transition-orbital (NTO)
analysis of 5 suggested that: (1) the orbital contribution in the
absorption band at 339 nm is the same as that of hydrogen-
substituted 6 at 326 nm; and (2) the absorption band at 309 nm
contains the contribution of the transition to the LUMO+1 (Figs. 522
and S23). In the case of 6-8, the oscillator strengths of the
absorption bands with contributions to the transition to LUMO+1

J. Name., 2013, 00, 1-3 | 3



oNOYTULT D WN =

—_ = 0
- O

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Organic:Chemistry-Frontiers

ARTICLE

are lower than 0.15. These results indicate that the emergence of a
new absorption band in the electronic spectrum of 5 should be
attributed to m-extension through the o* orbitals of the C—O bonds.

(a)5 (b)6

©7

(e) Substituted benzene derivatives (CgHsR)

33808 .

Hy OCH,

(i CT «cal mol-t

-16 16

Fig. 6 Electrostatic potential maps of (a) 5, (b) 6, (c) 7, (d) 8, and
(e) the peripherally substituted benzene derivatives. The concave
surfaces of as-indacenoterrylene derivatives 5-8 are shown.
Calculations were conducted at the B3LYP/6-31G(d) level.

Effect of the Internal Substituents on Fullerene-Binding. We
conducted fullerene-binding experiments on hydrogen-substituted
6 in toluene-dg at 303 K. The addition of Cgy to the solution of 6
resulted in changes of the 'H NMR chemical shifts, indicating the
formation of a host—guest complex (Fig. 7a). The signals for the
peripheral protons (a, f, and g) and the internally substituted
hydrogens (h) were down-field shifted upon addition of Cgo. A Job's
plot analysis confirmed the formation of a 1:1 complex (Fig. 7b). Co-
crystallization of 6 with Cgo produced single crystals consisting of a
1:1 ratio of 6 and Cg, in which Cg is located on both the concave
and convex surfaces of 6 (Fig. 7d). The interplanar distances
between 6 and Cg are 3.18 A for the concave surface and 3.27 A for
the convex surface.

To determine the structure of the host—guest complex C¢o@6 in
solution, we used DFT calculations to simulate the 'H NMR signals
of two possible arrangements (concave—Cgy and convex—Cgg) (Table
S8). These calculations predicted that the signal of proton (g) would
shift down-field in the concave—Cgg arrangement and up-field in the
convex—Cgy arrangement. Consequently, we concluded that 6
captures Cgp on the concave surface, as is typically seen in bowl-
shaped m-systems.

We measured the H NMR spectra of 6 in the presence of Cgp
while varying the amount of Cg, added (Fig. S27). The curve fitting

4| J. Name., 2012, 00, 1-3
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yielded an association constant of 918 + 72 M~ (Fig. 7c), which is
higher than that of 1,3,5,7,9-pentakis(4-
methoxyphenylthio)corannulene (454 + 72 M™).2 We also
determined association constants at different temperatures (313 K:
713 £ 60 M%; 323 K: 606 + 56 M~2; 333 K: 518 + 55 M~1; 343 K: 425
+ 51 M%; Table $10). These values were plotted using the Eyring
equation to provide an enthalpy change (AH) of —16.1 k) mol~* and
an entropy change (AS) of 3.5 J K™ mol™ (Fig. S30).

(@)
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74 73 72 71 70 69 638 55 5.4 Ippm
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0 02040608101.214
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Fig. 7 (a) 'H NMR spectra of 6 and [6 + Cg] in toluene-ds ([6]p =
0.16 mM). (b) Job's plot of Ad at position g versus the molar ratio of
Cgo in toluene-dg at 303 K ([6]y + [Ceolo = 0.6 mM). (c) Plot of Aé at
position g versus [Cgo] at 303 K ([6]o = 1.6 x 10™* M). (d) Crystal
packing of Cgo@6 with thermal ellipsoids at 50% probability.

The binding properties of 5, 7, and 8 with Cgq were also
investigated (Figs. 526, S28, S29 and Tables S9, S11, S12). An X-ray
diffraction analysis of Cso@5 indicated that 5 captures Cgo On the
concave surface (Fig. $13). The thermodynamic parameters AH and
AS were obtained from *H NMR titrations (Table 1). The AH values
all lie within a range of 3.6 kJ mol™® of one another. Nevertheless,

This journal is © The Royal Society of Chemistry 20xx
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the AH value of methoxy-substituted 5 is approximately 3 kJ mol—
higher than those of 6-8.

Table 1. Thermodynamic parameters for the binding of fullerene with 5-8.

K [M-2]e@] AH [kJ mol™] AS [J KT mol™?]
5 884 + 46 -13.6 11.6
6 918+ 72 -16.1 3.5
7 865+ 15 -16.5 1.4
8 964 + 14 -17.2 0.3

[a] Association constant in toluene-ds at 303 K.

We also conducted a second-generation energy decomposition
analysis on Cgo@5 and Cso@6 at the wB97M-V/def2-TZVPPD level
using absolutely localized molecular orbitals (ALMO-EDA)*> (Table
2).%6 The total energy gains upon fullerene-binding were found to
be —121.85 kJ mol* for Cgo@5 and —123.39 k) mol= for C¢o@6. The
difference between these total energies (1.5 kJ mol™) nicely
accords with the experimental results. The electrostatic interaction
(AEgiec), Pauli repulsion (AEp,), and dispersion force (AEgisp)
mutually offset each other, resulting in comparable frozen
interaction values (AEejec + AEpay; + AEgis, = —94.13 kI mol™ for
Ceo@5; —94.80 kJ mol™ for Cso@6). The polarization energies (AE,q)
of Ceo@5 (—13.30 k) mol™?) and Ceo@6 (—13.46 kJ mol?) are also
similar. Conversely, the stabilization by charge-transfer interactions
(AEct) in Coo@6 is 2.06 k) mol™ higher than that in Cgo@5.

The AEp,,; value of Ce@5 is smaller than that of Cqo@86, which
accords with the expectation given by the Sanders—Hunter model:*
the decreased electron density on the concave surface of an as-
indacenoterrylene core suppresses the repulsion between m-
electrons. The decreased electron repulsion also enhances the
solvation with toluene before complexation with Cgo, which nicely
accords with the observed tendency that methoxy-substituted 5
exhibited a larger AS value than those of 6, 7, and 8. However, in
the point of enthalpy upon fullerene recognition, the energetical
advantage due to the decrease of electronic repulsion has been
offset by other interactions (AEgjec, AEgisp, AEct). Consequently, the
introduction of electron-withdrawing oxygen atoms in a bowl-
shaped as-indacenoterrylene core slightly hampers the fullerene
recognition.

Table 2. Energy decomposition analysis for Cso@5 and Cq@86.1!

Organic:Chemistry-Frontiers

We have investigated the impact of internal substituents in four
internally functionalized as-indacenoterrylene derivatives (5—8) on
their electron-accepting properties, electronic absorption spectra,
and fullerene-binding behavior. Methoxy-substituted 5 was found
to be a stronger electron acceptor than the other derivatives due to
the inductive effect of the oxygen atoms. m-Conjugation in 5 is
facilitated through the o* orbitals of the internal C—-O bonds,
resulting in the emergence of a new absorption band in the UV/vis
spectrum. As hydrocarbons internally substituted with oxygen are
key fragments of graphene oxide, these results improve our
understanding of the structure—property relationships of graphene
oxide. We have furthermore demonstrated that 5 exhibits a
positively shifted electrostatic potentials on its concave surface due
to internal oxygen substitution. The fullerene-binding of 5 has been
energetically unfavorable compared to 6, 7, and 8, as a result of
complex compensation among AEiec, AEpayii, AEgisp, and AEcr. These
results afford fundamental insights that can be expected to aid the
design of advanced fullerene receptors.
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