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Abstract:

Nanographenes (NGs) have attracted continuous attention in recent years owing to their opened bandgaps and optoelectronic
applications. Especially, nonbenzenoid NGs containing non-six-membered rings have been developed rapidly due to their uni-
que structures and properties. In this work, we employ nonbenzenoid acepleiadylene (APD) and the cyclooctatetraene (COT)
moiety to construct the first three-dimensional (3D) NG containing 5/6/7/8-membered rings in one molecule (COT-APD). The
calculated results prove that COT-APD has a saddle-like configuration similar to that of other COT-type molecules. Each APD
segment in COT-APD keeps the inherent aromaticity of APD moiety. Compared with other COT-type molecules, COT-APD shows
a narrower bandgap, which indicates the superiority of APD in bandgap regulation. Furthermore, four reversible reductive wa-
ves are observed in electrochemical characterizations, demonstrating the excellent electron-accepting capability of COT-APD.
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Abstract Nanographenes (NGs) have attracted continuous attention in recent
years owing to their opened bandgaps and optoelectronic applications.
Especially, nonbenzenoid NGs containing non-six-membered rings have been
developed rapidly due to their unique structures and properties. In this work,
we employ nonbenzenoid acepleiadylene (APD) and the cyclooctatetraene
(COT) moiety to construct the first three-dimensional (3D) NG containing
5/6/7/8-membered rings in one molecule (COT-APD). The calculated results
prove that COT-APD has a saddle-like configuration similar to that of other
COT-type molecules. Each APD segment in COT-APD keeps the inherent
aromaticity of APD moiety. Compared with other COT-type molecules, COT-
APD shows a narrower bandgap, which indicates the superiority of APD in
bandgap regulation. Furthermore, four reversible reductive waves are
observed in electrochemical characterizations, demonstrating the excellent
electron-accepting capability of COT-APD.

Key words Nanographene, Nonbenzenoid arene, Cyclooctatetraene,
Acepleiadylene

Introduction

Nanographenes (NGs) with opened bandgaps have played a
significant role in the development of next-generation
semiconductors.! The bottom-up chemical syntheses of NGs have
not only provided atomically precise structures,? but also
enabled the creation of NGs with novel topologies.3 For example,
nonbenzenoid NGs with non-six-membered rings have been
extensively developed* in recent years, showing intriguing
properties and applications.> However, the reported ring
topologies have still been limited. An intriguing type of
nonbenzenoid NGs with multiple different rings (e.g. 5/6/7/8-
membered rings) merged in a single molecule has remained
elusive.

Acepleiadylene (APD) is a nonbenzenoid arene containing 5/6/7-
membered rings, and has been employed as a unique building
block for NGs and optoelectronic materials.6 On the other hand,
cyclooctatetraene (COT), an 8n nonaromatic ring, has often been

used for the construction of 3D saddle-shaped conjugated
molecules.” Nevertheless, only very few examples of COT-based
NGs have been reported, such as the acenaphthylene-fused COT
(COT-AC) by Whalley et al. and its imide-functionalized
derivatives (COT-ACI) by Stepien et al. (Figure 1), as well as the
hexa-peri-hexabenzocoronene-fused COT by Martin et al.8 Thus,
COT-based 3D NGs, especially nonbenzenoid NGs, have been
largely underexplored.

Herein, we report the synthesis and characterizations of a new
COT-APD hybrid as a Nonbenzenoid 3D NG, which represents the
first NG bearing 5/6/7/8-membered rings in the same backbone
(Figure 1). Compared with COT-AC, COT-APD has a larger n
system and a narrower bandgap. Furthermore, as a pure
hydrocarbon molecule, COT-APD exhibits four reversible
reductive waves in cyclic voltammetry (CV) characterizations,
indicating its strong electron-accepting capability.

COT-AC
Whalley, 2016

COT-ACI
Stepien, 2022

COT-APD
This work

Figure 1 Previously reported COT-cored 3D NGs based on acenaphthylene and
the new COT-APD hybrid containing 5/6/7/8-membered rings in this work.

Results and Discussion

The synthetic route to COT-APD is shown in Scheme 1. A
Yamamoto coupling of monobrominated APD 1 gave APD dimer
2 in 91% yield, which was subsequently brominated on the two
five-membered rings to afford compound 3 in 68% yield. Another
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Yamamoto coupling of two brominated APD dimer achieved the
target molecule in 44% yield.” The three-step route realized the
synthesis of the nonbenzenoid 3D NG in a 27% overall yield. All
compounds were characterized by nuclear magnetic resonance
(NMR) and high-resolution mass spectrometry (HRMS) to verify
their chemical structures. The solubility of COT-APD in common
organic solvents is relatively low (e.g.,, 0.26 mg mL" in toluene),
which hampered the growth of single crystals for X-ray analysis.

g i i
[ o =L SUTN O
dioxane, 100 °C NBS, THF Br  dioxane, 100 °C
N e
O 91% d 68% ﬁ Br 44%
2 3

1

COT-APD

27% yield in 3 steps

Scheme 1 Synthetic route to COT-APD.

As shown in Figure 2a, COT-APD exhibits similar 1H NMR
chemical shifts compared with its monomer APD, which implies
that the chemical environment of each APD moiety in COT-APD is
similar to that of the monomer. The slight upfield shift of all
proton signals in COT-APD results from the stronger electron-
donating effect of the sp? carbon in the COT ring than hydrogen
in APD. The HRMS spectrum of COT-APD shows a molecular ion
signal at m/z = 800.2488 Da, in good agreement with the
expected molecular mass of 800.2499 Da for CesH3z with the
relative error of 1.4 ppm. The experimental isotopic distribution
also matches well with the simulated pattern, clearly proving the
chemical identity of COT-APD (Figure 2b).

(b) 800.2488

|
v

s
V simulation
800.2499

8583 8179 77 7.5 7.3 7.1 69 800 801 802 803 804
Chemical shift miz

Figure 2 Partial *H NMR spectra of COT-APD and APD with a mark indicating

the residual solvent CHCls. (b) HRMS spectrum of COT-APD showing the
experimental and simulated isotopic distributions.

In order to further understand the configuration and properties
of COT-APD, density functional theory (DFT) calculations in the
gas phase were performed (Figure 3). The optimized geometry
suggests that the molecular size of COT-APD is in nanoscale.
Furthermore, COT-APD distorts apparently with a dihedral angle
of 103.3° between the two opposite APD moieties. It shows a
saddle-like configuration, and belongs to D24 point group. The
harmonic oscillator model of aromaticity (HOMA) values!? were
calculated according to the optimized structure. The positive
values (Figure 3b) of the rings in the APD moiety proves that the
aromaticity of APD is kept in COT-APD. The anisotropy of the
induced current density (ACID) plot!! (Figure 3c) of COT-APD
suggests that each APD segment maintains the intrinsic
aromaticity of its monomer with the clockwise ring current flow
in each segment, while the central COT ring does not display
continuous ring current flow, exhibiting nonaromaticity which is

-
@ (b)

a typical feature for COT. The 3D iso-chemical shift shielding
surface (ICSS)!? indicates that the space above and below each
APD segment is the shielding region (yellow isosurface), while
the space around each APD segment is the deshielding region
(blue isosurface).

Figure 3 DFT-calculated results of COT-APD. (a) Top view and (b) side view of
the optimized configuration of COT-APD. The blue numbers are the HOMA
values of different rings in the APD moiety. (c) The ACID plot of COT-APD. The
magnetic field is perpendicular to the XY plane and points out through the
paper. The red arrows indicate the clockwise (diamagnetic) current flow. (d)
The 3D-ICSS of COT-APD. The yellow color represents the shielding region and
the cyan color indicates the deshielding region.

In order to study the photophysical properties, the UV-Vis
absorption spectrum of COT-APD in a toluene solution was
recorded (Figure 4a). The absorption spectrum of COT-APD
features an absorption maximum at 386 nm with additional fine
structures at 474, 554, and 604 nm. The absorption onset of COT-
APD (639 nm) is red-shifted compared with that of its monomer
APD (565 nm), indicating a narrower optical gap upon COT fusion
(APD: 2.19 eV; COT-APD: 1.94 eV). Compared with other COT-
based molecules, COT-APD also exhibits an apparently narrower
optical gap (Table S1). The fluorescence spectrum shows an
emission maximum at 787 nm in the near-infrared region (Figure
S2).

To shed light on the absorption feature of COT-APD, time-
dependent (TD) DFT calculations were carried out. The
simulated spectrum resembles well the experimental result
(Figure 4b). The transition from So to S1 is forbidden with an
oscillator strength of 0. The So—S: and So—Ss excitations are
equal in energy and are mainly contributed by the transitions
from degenerate HOMO-1 and HOMO-2 to LUMO, respectively
(Table S2). Similarly, the So—Se and So—S7 excitations are mainly
contributed by the transitions from HOMO to degenerate
LUMO+1 and LUMO+2, respectively. The degenerate orbitals of
COT-APD stem from its high symmetry. Note that the HOMO is
mainly localized on the COT moiety, while the LUMO is
distributed over the whole backbone (Figure 4c). Therefore, the
COT ring has a significant contribution to the absorption feature
of COT-APD.
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extended m-conjugation in the tetramer (Figure 5b). Compared
with COT-AC, COT-APD shows a similar LUMO energy level (-3.22
eV for COT-APD, -3.26 eV for COT-AC), but a higher HOMO energy
level (-5.25 eV for COT-APD, -5.37 eV for COT-AC). As a result,
COT-APD displays a narrower HOMO-LUMO gap than COT-AC,
which is consistent with the optical gap results.

(a) (b)
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Figure 4 (a) The UV-Vis absorption spectrum of COT-APD in a 5 x 10°® M toluene
solution. (b) The simulated absorption spectrum calculated by the TD-DFT
method at the B3LYP/6-31G(d) level. The full-width at half maximum is set as
0.25 eV. (c) The orbital distributions and energy levels of COT-APD with the
enlarged view of the APD moieties shown in the boxes.

To characterize the redox properties of COT-APD, cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
measurements were conducted (Figure 5a). COT-APD exhibits an
irreversible oxidation wave with an onset at 0.47 V, which is
lower than that of APD (0.58 V) (Figure S3). Interestingly, the 3D
NG shows four reversible reductive waves with the half-wave
potentials at -1.65V, -1.84 V, -2.38 V, and -2.56 V, demonstrating
the excellent electron-accepting capability of COT-APD, which
may come from the electron-accepting capability of APD as
revealed by Miillen et al. in 1980.13 Four reductive peaks are also
observed in DPV measurement, in accordance with the CV result.
Because the oxidation is irreversible, the HOMO and LUMO
energy levels of COT-APD are determined by the onsets of
oxidative and reductive waves, respectively, with ferrocene as an
external standard. COT-APD exhibits a higher HOMO level and a
lower LUMO level than the monomer APD, indicating the

Figure 5 (a) The electrochemical reduction properties of COT-APD. (b) The
electrochemical energy gap of APD, COT-APD, and COT-AC.

Conclusions

In summary, the synthesis of the first NG containing 5/6/7/8-
membered rings in the same backbone has been achieved by
fusing the APD and COT moieties. Theoretical calculations reveal
that COT-APD displays a saddle-shaped configuration. The
absorption spectrum illustrates the narrow optical bandgap of
COT-APD, which is in accordance with the electrochemical
HOMO-LUMO gap. Furthermore, four reversible reductive waves
of COT-APD demonstrate its strong electron-accepting capability,
significantly different from the previously reported COT-based
NGs. This work not only provides a novel nonbenzenoid NG with
3D configuration, but also demonstrates the high potential of the
novel COT-APD hybrid as functional materials.
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1. General methods

All commercial reagents and solvents were used as received without further
purification unless otherwise mentioned. Anhydrous CH>Cl, toluene and
tetrahydrofuran (THF) were obtained from an Ultimate Solvent System 4S (USS-4S).
Column chromatography was performed with silica gel (particle size 0.063-0.200 mm)
and thin layer chromatography (TLC) was performed on silica gel with GF254 indicator.
All yields given referred to isolated yields unless otherwise noted. Nuclear magnetic
resonance (NMR) spectra were recorded on an AVANCE 400 MHz Bruker
spectrometer. Chemical shifts were reported in ppm. Coupling constants (J values) were
reported in Hertz. 'H NMR chemical shifts were referenced to CHCl; (7.260 ppm). 1*C
NMR chemical shifts were referenced to CDCIl3 (77.00 ppm). The following
abbreviations were used for multiplicities: s = singlet, d = doublet, m = multiplet. High-
resolution mass spectrometry (HRMS) was performed on a VG ZAB-HS MRMS by
matrix assisted laser desorption ionization (MALDI). UV-Vis absorption spectra were
recorded on an Analytikjena Specord 210 Plus UV-Vis spectrophotometer. Steady-state
fluorescence spectra were recorded on an Edinburgh FS5 Spectrofluorometer. The
electrochemical measurements were carried out in anhydrous THF containing 0.1 M n-
BusNPF; as supporting electrolyte (scan rate: 100 mV s '.) under an argon atmosphere
on a CHI 620E electrochemical analyzer. A three-electrode system with glassy carbon
as working electrode, Ag/AgCl as reference electrode, platinum wire as counter
electrode was applied. The potential was calibrated against ferrocene/ferrocenium

couple.
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2. Synthetic procedure

a Ni(cod),, cod, bipy Q

OO dioxane, 100 °C
Q 91% Og
@

1 2
1,1'-bi(cyclohepta|fg]lacenaphthylene) (2). To a Schlenk flask charged with
compound 1' (50.0 mg, 0.179 mmol), Ni(cod)z (98.5 mg, 0.358 mmol), 2,2"-bipyridine
(55.9 mg, 0.358 mmol), and 1,5-cyclooctadiene (38.7 mg, 0.358 mmol) was added
dioxane (2 mL) under argon. Then the mixture was heated to 100 °C for 16 h. After
cooling to room temperature, the mixture was filtrated under vacuum and washed by
CHCl,, and then the filtrate was collected. After removal of the solvent under reduced
pressure, the residue was purified by flash column chromatography over silica gel
(eluent: hexane/CH>Cl> =3 : 1) to afford 32.6 mg (yield: 91%) of 2 as a dark red solid.
"H NMR (400 MHz, CDCls, 297 K, ppm) J 8.839 (d, J= 7.4 Hz, 2H), 8.420 (d, J=7.3
Hz, 2H), 8.352 (s, 2H), 8.056 (d, /= 7.5 Hz, 2H), 7.992 (d, J = 7.4 Hz, 2H), 7.786 (d,
J=11.0 Hz, 4H), 6.995 — 6.879 (m, 4H). 3C NMR (101 MHz, CS»/CDCls, 297 K, ppm)
0 138.43, 137.74, 137.33, 136.65, 135.33, 134.73, 133.83, 127.77, 127.70, 127.50,
127.39, 126.66, 126.19, 125.26, 124.32. HRMS (MALDI) m/z: Caled. for C3Hs",
402.1403; Found: 402.1402 [M]".

() ()
& .

NBS, THF Br

‘ 68% 6
&

2,2'-dibromo-1,1'-bi(cyclohepta[fg]acenaphthylene) (3). To a flask charged with
compound 2 (32.6 mg, 0.0810 mmol) was added THF (8 mL). Then N-
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bromosuccinimide (31.7 mg, 0.178 mmol) was added portionwise. The mixture was
stirred at 25 °C for 12 h. After quenching with H>O, the reaction mixture was extracted
with CH2Cl; for three times. The combined organic layers were washed with water and
brine and dried over MgSOs. After removal of the solvent under reduced pressure, the
residue was purified by column chromatography over silica gel (eluent: hexane/ CH>Cl»
=3 : 1) and recrystallization from CH>Clo/MeOH to give 31.0 mg (yield: 68%) of 3 as
a black solid. '"H NMR (400 MHz, CDCls, 297 K, ppm) 6 8.512 (d, J = 7.5 Hz, 2H),
8.241 (d, J="17.5 Hz, 2H), 8.107 (d, J= 7.6 Hz, 2H), 7.954 (d, J= 7.6 Hz, 2H), 7.915 —
7.857 (m, 2H), 7.853 — 7.787 (m, 2H), 7.099 — 6.980 (m, 4H). The *C NMR spectrum
could not be obtained even with the number of scans over 10000 due to the poor
solubility of 3. HRMS (MALDI) m/z: Caled. for C32Hi6Br2', 557.9613; Found:
557.9612 [M]".

@Q Ni(cod),, cod, bipy

Br dioxane, 100 °C
— .

O‘ Br 44%

O@

3 COT-APD

Cyclooctatetraacepleiadylene (COT-APD). To a Schlenk flask charged with
compound 3 (50.4 mg, 0.0900 mmol), Ni(cod)> (49.5 mg, 0.180 mmol), 1,5-
cyclooctadiene (19.5 mg, 0.180 mmol) and 2,2'-bipyridine (28.1 mg, 0.180 mmol) was
added dioxane (4.5 mL) under argon. Then the mixture was heated to 100 °C for 16 h.
After cooling to room temperature, the mixture was filtrated and the residue was
sequentially washed by MeOH, HCI (2M), EtOH, and CH>Cl. The obtained solid was
dried in vacuo to afford 15.9 mg (yield: 44%) of COT-APD as a black solid. 'H NMR
(400 MHz, CS»/CDCls, 297 K, ppm) 6 8.300 (d, /= 7.5 Hz, 8H), 7.961 (d, J= 7.6 Hz,
8H), 7.793 — 7.710 (m, 8H), 6.958 — 6.881 (m, 8H). '3*C NMR (101 MHz, CS»/CDCl;,
297 K, ppm) 6 137.98, 136.96, 135.49, 127.54, 127.06, 126.68. HRMS (MALDI) m/z:
Calcd. for CeaH32", 800.2499; Found: 800.2488 [M]".
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3. Photophysical and electrochemical properties

300 400 500 600 700 800
Wavelength (nm)

Figure S1. The absorption spectra of COT-APD in toluene, CH>Cl>, CHCl3, and THF

solutions (5 x 107° M).

——APD

08 —COT-APD
e 06
(3]
=
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=
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0.0 1 It
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Figure S2. The absorption spectra of APD and COT-APD in toluene solutions (5 x
1076 M).
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Figure S3. The fluorescence spectrum of COT-APD in toluene solution (5 x 10°¢ M)

with the excitation wavelength of 385 nm.

— APD
—— COT-APD

Current

2 41 0 1
Potential (V) VS. Fc/Fc*

Figure S4. Cyclic voltammograms (CV) and differential pulse voltammograms (DPV)
of APD and COT-APD in THF with 0.1 M n-BusNPFs as supporting electrolyte and

ferrocene as an external standard.
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Table S1. Comparison of the properties of APD, COT-APD, and other reported COT-

type molecules.”

Aonset E  LUMO®Y HOMO®Y  E, Y
g g

Compound (nm) (V) (V) (V) (V) Ref.
APD 565 2.19 -2.80 -5.38 2.58 2
COT-APD 639 1.94 -3.22 -5.25 2.03  this work
COT-AC ~530° 2.34 -3.26 -5.37 2.11 3
COT-ACI ~600” 2.07 -3.92 —5.81 1.89 4
COT-HBC  ~460" 2.70 - -5.72 -- 5

Definition: “The Aot refers to the lowest energy absorption onset in the absorption
spectra. The E,°" is the optical energy gap calculated by the equation £, = 1240/ Aonset.
The LUMO®Y and HOMO®Y energy levels are calculated based on the onset potentials
of the first reductive and oxidative waves, respectively. “The Jonse: is estimated according

to the absorption spectra in the corresponding literature.
4. Theoretical calculations

Theoretical calculations were performed using the Gaussian 09 software package.®
All calculations were carried out using the density functional theory (DFT) or time-
dependent DFT (TD-DFT) method in the gas phase. The geometries were optimized
using DFT method at the B3LYP/6-31G(d) level. TD-DFT calculation based on the So
geometry was performed at the B3LYP/6-31G(d) level. Anisotropy of the induced
current density (ACID) plot was calculated by using the method developed by Herges.’
Nucleus-independent chemical shifts (NICS)® calculations were performed at the
B3LYP/6-311++G(2d,p) level. The isochemical shielding surface (ICSS) and the
harmonic oscillator model of aromaticity (HOMA)’ calculations were carried out by
using Multiwfn.!® Electron density of delocalized bond (EDDB)!! calculations were

carried out at the B3LYP/6-31G(d) level.
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Figure S5. NICS scan along the direction perpendicular to the COT ring.

(a)

EDDB;_APD

12.782 ¢ . 13.780 e
0.799 e/atom R APD: 0.861 efatom

Figure S6. Calculated HOMA values of (a) APD and (b) APD moiety in COT-APD.
The EDDB results of (¢) APD and (d) APD moiety in COT-APD. The EDDBg is the
delocalized electrons for the entire molecular system (excluding hydrogens), and the

EDDBEk is for the molecular fragment (including non-local effects).
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Table S2. Summary of the major excitations (oscillator strength > 0.05) of COT-APD

obtained by the TD-DFT calculation.

Excited
States

Energy

(eV)

Wavelength

(nm)

Oscillator

Strength

Major Contributions

S1
S2

S3

S4

S6

S7

S22

S23

524

S30

1.9752
2.2252

2.2253

23118

24716

24717

29115

29116

2.9462

3.0698

627.71
557.19

557.14

536.31

501.64

501.62

425.84

425.83

420.82

403.88

0.0000
0.0992

0.0992

0.0891

0.2440

0.2436

0.0670

0.0671

0.7990

0.1488

HOMO—LUMO(99%)

HOMO-1—LUMO(81%)
HOMO—LUMO+1(13%)

HOMO-2—LUMO (81%)
HOMO—LUMO+2(13%)

HOMO-3—LUMO (83%)
HOMO—LUMO+3(13%)

HOMO—2—LUMO+4 (2%)
HOMO-1—-LUMO (12%)
HOMO—LUMO+1 (80%)
HOMO—LUMO+6 (4%)

HOMO—2—LUMO (12%)
HOMO-1—LUMO+4 (2%)
HOMO—LUMO+2 (80%)
HOMO—LUMO+7 (4%)

HOMO-4—LUMO+1 (17%)
HOMO-2—LUMO+3 (11%)
HOMO-1—LUMO+4 (22%)
HOMO-1—-LUMO+5 (4%)
HOMO—LUMO+2 (3%)
HOMO—LUMO+7 (36%)

HOMO-4—LUMO+2 (17%)
HOMO-2—LUMO-+4 (22%)
HOMO-2—LUMO+5 (4%)
HOMO-1—-LUMO+3 (11%)
HOMO—LUMO+1 (3%)
HOMO—LUMO+6 (36%)

HOMO-4—LUMO+4 (5%)
HOMO-3—LUMO (7%)
HOMO-2—LUMO+2 (19%)
HOMO-1—LUMO+1 (19%)
HOMO—LUMO+3 (47%)

HOMO-5—LUMO (57%)
HOMO-4—LUMO+2 (22%)
HOMO-3—LUMO+1 (2%)
HOMO-2—LUMO+5 (9%)
HOMO—LUMO+6 (4%)
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Cartesian coordinate of COT-APD

E(B3LYP/6-31G*) =-2458.090471 Hartree

Tag Symbol X Y 4
1 C 4.29831 —5.25376 4.68256
2 C 5.30134 —4.23892 4.68285
3 C 3.11303 —5.28684 4.00503
4 C 5.32083 —-3.05315 4.00559
5 C 0.63169 -1.61004 0.38293
6 C 1.61641 —0.61423 0.38288
7 C 1.07468 —2.69299 1.25319
8 C 0.52354 —3.89468 1.67704
9 C 1.25307 —4.68835 2.57369
10 C 2.51916 —4.33942 3.09710
11 C 2.70426 —1.04488 1.25313
12 C 2.34838 —2.32266 1.77799
13 C 3.10480 —3.07046 2.68379
14 C 4.36690 —2.47032 3.09727
15 C 4.70132 -1.20031 2.57390
16 C 3.89960 —0.48005 1.67691
17 C 5.25427 4.29742 —4.68269
18 C 4.23968 5.30071 —4.68289
19 C 5.28711 3.11215 —4.00514

20 C 3.05394 5.32047 —4.00559
21 C 1.60973 0.63162 —0.38301
22 C 0.61423 1.61666 —0.38287
23 C 2.69279 1.07431 —-1.25328
24 C 3.89439 0.52297 -1.67714
25 C 4.68822 1.25234 —2.57376
26 C 4.33962 2.51856 -3.09711
27 C 1.04519 2.70443 -1.25309
28 C 2.32284 2.34819 -1.77799
29 C 3.07081 3.10448 —2.68375
30 C 2.47092 4.36670 -3.09724
31 C 1.20095 4.70137 —2.57393
32 C 0.48055 3.89982 -1.67690
33 H 4.51013 —6.11162 5.31094
34 H 6.16140 —4.44088 531145
35 H 2.50523 —6.17061 4.16896
36 H 6.19735 —2.43502 4.16986
37 H —0.44948 -4.22318 1.33785
38 H 0.82230 -5.62741 2.89699
39 H 5.63527 —0.75886 2.89750
40 H 4.21682 0.49665 1.33762
41 H 6.11213 4.50903 -5.31114
42 H 4.44185 6.16077 -5.31144
43 H 6.17077 2.50418 —4.16904
44 H 2.43606 6.19718 -4.16977
45 H 4.22266 —0.45015 —-1.33803
46 H 5.62717 0.82135 —2.89708
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

janiasiasasiiasiiiasilasiasilasifiasflasifasilasiias flasilas o O N o NoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNONONO N O MO N @R as iy

0.75969
—0.49611
—4.23980
—5.25440
-3.05403
—5.28722
—0.61425
—-1.60975
—1.04522
—0.48057
-1.20100
—2.47095
—2.69282
—2.32286
-3.07082
—4.33965
—4.68831
—-3.89447
-5.30121
—4.29818
—-5.32072
-3.11294
-1.61640
—0.63168
—2.70423
—3.89952
—4.70123
—4.36686
—1.07466
—2.34837
—-3.10479
—2.51913
—-1.25303
—0.52351
—4.44198
—6.11227
—2.43611
—6.17084

0.49606
—0.75975
-5.62730
—4.22277
—6.16126
—4.50999
—6.19728
—2.50518
-4.21671
—5.63513
—0.82223

0.44952

5.63539
4.21722
-5.30070
-4.29741
—5.32045
-3.11214
—-1.61670
—0.63166
—2.70444
—3.89982
—4.70136
—4.36665
—-1.07433
—2.34817
—3.10443
—2.51852
—1.25237
—0.52302
4.23892
5.25377
3.05315
5.28686
0.61418
1.61000
1.04486
0.48000
1.20027
2.47035
2.69298
2.32268
3.07051
4.33946
4.68836
3.89468
—6.16075
4.50902
—6.19712
—2.50413
4.21724
5.63539
—0.82141
0.45006
4.44089
6.11163
2.43506
6.17067
—0.49673
0.75879
5.62742
4.22315

—2.89757
—-1.33762
—4.68283
—4.68259
—4.00559
—4.00504
—0.38285
—0.38294
—-1.25309
-1.67695
—2.57398
-3.09729
—1.25322
—-1.77800
—2.68380
-3.09710
—2.57361
-1.67699
4.68296
4.68263
4.00570
4.00504
0.38294
0.38294
1.25319
1.67706
2.57405
3.09729
1.25318
1.77798
2.68374
3.09705
2.57365
1.67699
-5.31138
-5.31103
—4.16987
—4.16897
—-1.33764
—2.89762
—2.89685
—1.33781
5.31157
5.31101
4.16994
4.16887
1.33784
2.89774
2.89694
1.33782
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6. NMR spectra

866'9
Bm.wx
0869
EIOHD 092'2 —
€LLL
108 L~
86,
2008\
1v0'8F
9008
£5€'8
Zive~
oevg”/
e
568'9 6v8'8
G169
8669
196'9 7
owm.mw
EIDHO 0922
€L
LogL =
V86, 7
200°8
108
000°8
gse'g
Ziv'e
oer'g
Le8'8
688

Foov
€02
R

6l
0'¢

S0P
/€02
6l
0z
Fooz

45 40 35 30 25 20 15 1.0 05 0.0

5.0
f1 (ppm)

6.5 6.0 55
Figure S7. 'H NMR spectrum of compound 2 (400 MHz, CDCls, 298 K).
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Figure S9. 'H NMR spectrum of compound 3 (400 MHz, CDCls, 298 K).
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Figure S11. *C NMR spectrum of COT-APD (101 MHz, CS»/CDCls, 298 K, number
of scans: 18705).
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Figure S12. Comparison of *C NMR spectra of APD and COT-APD (101 MHz,
CS2/CDCls, 298 K).
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