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In addition to diamond and graphite, traditional carbon
allotropes in our old high-school textbook, new types of carbon
allotropes, molecular carbons, were discovered in the last
decades. These include fullerenes (1985) [1], carbon nanotubes
(1991) [2], and graphene (2004) [3]. Due to their unique elec-
tronic and photophysical properties, research in the area of car-
bon-rich molecules and polyaromatic molecules became explo-
sive in their activity and a numerous new studies and directions
have emerged. Because of dramatic expansion and develop-
ment of these research areas, these molecules became targets of
Nobel Prizes in Chemistry (in 1996 to Carl, Kroto, and Smalley
for the discovery of Cgg) and in Physics (in 2010 to Geim and

Noboselov for the discovery of graphene).

Prior to the celebration of the 40th anniversary of the discovery
of fullerene in 2025, we planned this thematic issue on carbon-
rich materials. We highly appreciate that so many of our
colleagues and friends — researchers with a variety of back-
grounds working on these special molecules — agreed to con-

tribute to this project.
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The authors hail from diverse research areas, including synthe-
tic organic chemistry, surface chemistry, computational chem-
istry, physics, electrochemistry, polymer chemistry, supramo-
lecular chemistry, and biochemistry. All are working on fasci-
nating topics associated with these exciting molecules. Further-
more, the authors come from all over the world, not only from
Switzerland and Japan but also from China, Denmark, Estonia,
France, Spain, Turkey, and USA.

We hope that the readers will enjoy this thematic issue and be
inspired to further develop their own research in the near future.
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Endohedral metallofullerenes have excellent redox properties, which can be used to vary their reactivity to certain classes of mole-
cules, such as alkyl halides. In this study, the thermal reaction of the La@C5,-Cg, anion with benzyl bromide derivatives 1 at
110 °C afforded single-bonded adducts 2-5 with high regioselectivity. The products were characterized by matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry and visible—near infrared spectroscopy. The reaction of La@C»,-Cg, with
alkyl halides using the same conditions showed no consumption of La@C,,-Cgy, indicating that the reactivity of La@C5,-Cg,
toward alkyl halides was effectively increased by one-electron reduction. Single-crystal X-ray diffraction analysis of the single-
bonded adduct 3a revealed the addition site of the p-methoxybenzyl group on La@C,,-Cg;. Theoretical calculations indicated that
the addition site carbons in neutral La@C,,-Cg, have high spin density, whereas those in the La@C5,-Cg, anion do not have high
charge densities. Thus, the reaction is believed to occur via electron transfer, followed by the radical coupling of La@C3,-Cg, and
benzyl radicals, rather than by bimolecular nucleophilic substitution reaction of La@Cj,-Cg, anion with 1.

Introduction

Fullerenes, the third carbon allotrope, have unique spherical
molecular structures and exhibit high reactivity as electron-
deficient polyolefins. The excellent redox properties of
fullerenes are useful for their chemical derivatization and
practical applications [1-5]. Fullerene anions can be easily pro-

duced chemically or electrochemically. Cgy?™ is a strong elec-

tron donor and potential nucleophile that reacts with
electrophiles [6-11]. The mechanism for the reaction of Cgp2~
with alkyl halides has been studied in detail by Fukuzumi et al.,
who found that the reaction occurs via electron transfer, fol-
lowed by bimolecular nucleophilic substitution (SN2) reaction

[8].
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Endohedral metallofullerenes, wherein one or more metal atoms
are encapsulated inside a fullerene cage, have garnered research
interest [12-15]. The encapsulation of metal atoms can result in
electron transfer from the metal atoms to the fullerene cage.
Because of this intramolecular electron transfer, the character-
istic properties of metallofullerenes, such as their redox poten-
tials, are significantly different from those of empty fullerenes.
For example, La@Cg, has paramagnetic properties, and its
formal electronic structure is described as La3*Cgy3~. We previ-
ously investigated the reaction of M@C5,-Cg, ions (M =Y, La,
Ce) with disilirane, which possesses high reactivity toward
electron acceptors [16,17]. Interestingly, the reactivity of
M@C,,-Cg, toward disilirane was increased by the one-elec-
tron oxidation of M@C,,-Cg,. Moreover, the reaction was
suppressed by the one-electron reduction of M@C,,-Cg;. These
results suggest that oxidation and reduction reactions are useful
for tuning the reactivity of metallofullerenes. Recently, remark-
able reactivity of [M3N@I},-Cgo]*>~ (M = Lu, Sc) toward benzal
bromide was reported, demonstrating one possible reaction of
the anion species of closed-shell endohedral metallofullerenes
[18]. Although [LusN@I,-Cgo]>~ reacts with benzal bromide to
afford a methanofullerene, [ScsN@1I),-Cgo]?~ did not react under
the same conditions (Eoy [LusN@I,-Cgo]?>~ = 1.80 V vs Fc*/F;
Eox [ScsN@I,-Cgol>™ = —1.62 V vs Fc*/Fc; Cgp2™ = -1.50 V vs
Fc*/Fc)). The different reactivity of [MsN@I),-Cggl?>~ was
explained by theoretical calculations. The charge density
of the highest occupied molecular orbital (HOMO) was more
highly localized on the fullerene cage for [LusN@I;,-Csgl?~,
whereas it was more localized on the inside of the cluster for
[ScsN@I,-Cgol*™.

A previous study reported that thermal treatment of
La@C,,-Cg, in the presence of 3-triphenylmethyl-5-oxazolidi-
none in toluene afforded four different benzylated La@C»,-Cgy
isomers [19]. Benzyl radicals may have been generated due to
the involvement of azomethine ylide; however, the detailed

Beilstein J. Org. Chem. 2023, 19, 1858-1866.

mechanism has not been elucidated. In this article, we describe
the thermal reaction of the La@C5,-Cg, anion, activated by

one-electron reduction, with benzyl bromide derivatives.

Results and Discussion

The La@C,,-Cg; anion [20] was prepared by chemical reduc-
tion [21] using a degassed tetrabutylammonium hexafluoro-
phosphate (TBAF) pyridine solution. After stirring for 3 h, a
dark green solution was obtained. CS; was added to precipitate
TBAF, and the solution was filtered to collect the La@C»,-Cg»
anion solution. The solvent was then removed under reduced
pressure and replaced with 1,2-dichlorobenzene (ODCB). The
characteristic absorption peak at 1000 nm assigned to
La@C,,-Cg; decreased, and the new absorption peak at 934 nm
assigned to the La@Cj,-Cg; anion increased. Reactions of the
La@C5,,-Cgy anion with 4-methylbenzyl bromide (1a) were
conducted at 110 °C for 2 h (Scheme 1). Figure 1 depicts the
changes in the visible—near infrared (vis—NIR) absorption spec-
tra during the reaction, showing gradual changes with isos-
bestic points. Since the electrolyte interferes with the high-per-
formance liquid chromatography (HPLC) separation and anion-
ic species may not be eluted under typical fullerene HPLC sepa-
ration conditions, trifluoroacetic acid was added to the reaction
mixture. Notably, La@C5,-Cg; is produced after the addition of
trifluoroacetic acid to the La@C,,-Cgy anion [20]. After
removing the solvent under vacuum, the electrolyte was re-
moved by adding CS, and then filtering. Subsequent HPLC
separation of the reaction mixture with 1a afforded products 2a,
3a, 4a, and 5a in yields of 40, 37, 9, and 1%, respectively,
based on the consumption of La@C»,-Cg; (Figure 2a and Sup-
porting Information File 1, Figure S1). The yield was estimated
from the absorption intensity ratio at 330 nm. On the other
hand, no consumption of La@C5,-Cg, was observed in the
reaction of La@ C5,-Cg, with 1a (Figure 2b). The reaction of
the La@C,,-Cg, anion toward 2a—5a requires heating, there-
fore the reactivity of La@C,,Cg; anion is lower than that of the

[La@C2/Cs2 I

T
XXX
(TTT
IQQ~=

Hs
CSi(CHa)s

La@C,,-Cgo(CH,CgH5R)

conversion yield (%)
2 345
40 37 9 1
3942 5 5

a:
b:
c:34 3316 10

Scheme 1: Reaction of the La@Cy,-Cgp anion with benzyl bromide derivatives.
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Figure 1: Changes in absorption spectra during the reaction of
La@Cy,-Cgp anion with 1a.

Cg0>~ and Cg( anion radicals [10,11], which react even at room
temperature. However, the one-electron reduction of
La@C5,,-Cg, is effective for the activating its reactivity toward
alkyl halides in the thermal reaction. Recently, Zhou et al. re-
ported that the reaction of Gd@C;,-Cg, with benzyl bromide

(a) La@C2 V'ng anion

Beilstein J. Org. Chem. 2023, 19, 1858-1866.

requires a three-electron reduction of GA@C,,-Cg, for the addi-

tion reaction to occur at room temperature [22].

Supporting Information File 1, Figure S1 depicts the three
HPLC separation steps including recycling for the isolation.
The matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectra of 2a—5a displayed the molecular
ion peaks at m/z 1229, as expected for the 1:1 adducts of
La@C,,-Cg, and the 4-methylbenzyl group [MH]" (Figure 3).
Fragment peaks were observed at m/z 1123, corresponding to
the mass of the fragment ion [La@C,,-Cgy]". Similarly, the
reaction of 1b gave 2b—5b in yields of 39, 42, 5, and 5%, re-
spectively, and that of 1¢ gave 2¢—5c in yields of 34, 33, 16, and
10%, respectively, based on the consumption of La@Cj;,-Cg»
(see Supporting Information File 1, Figures S2-S6).

For the comparison, the photoreaction of the La@C»,-Cg, anion
with 1a was performed in ODCB using a high-pressure mercury
arc lamp (cutoff < 350 nm, 1 h). The HPLC profile after the
photoreaction indicates that several products other than 2a—5a
were present (Figure 2c), similar to the photoreaction of
La@C,,-Cgp with 1a (Figure 2d). A previous study reported
that the reaction of La@C,,-Cgy with benzyl bromide under
photolytic conditions affords eight monoadducts [19]. There-
fore, one-electron reduction and the subsequent thermal reac-

(C) La@ Cz V-C82 anion

110 °C photoreaction
0 min 0 min
J;‘ \\L,,,;,,v,,v 2h Ne 1h
12 16 20 24 12 16 20 24
|, J\ N
| [ [ | 1 | | [ | 1
0 10 20 30 40 O 10 20 30 40
Retention time (min) Retention time (min)
(b) La@C,Cgy . (d) La@CyCgp .
110 °C g an photoreaction | O min
‘_112 - 1;5” 77270” 7"724 12 16 V éO 24
JAVN
| | | | | | | | | |
0 10 20 30 40 O 10 20 30 40

Retention time (min)

Retention time (min)

Figure 2: HPLC profiles of the reaction mixture. Conditions: Buckyprep column (e = 4.6 x 250 mm); eluent, toluene; flow rate, 1 mL/min; UV detector,
330 nm. (a) La@Cs,-Cgp anion with 1a. 110 °C, 2 h. (b) La@C5,-Cgp with 1a. 110 °C, 2 h. (c) La@C2,-Cg anion with 1a. hv > 350 nm, 1 h.

(d) La@C»,-Cgp with 1a. hv > 350 nm, 1 h. Black line is the HPLC profiles of La@C,\-Cgo at the same concentration as the reaction. Reaction mix-
tures with La@C»,-Cgp anions were treated with dichloroacetic acid before injection.
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2a 2a
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Figure 3: HPLC profiles (Buckyprep column (e = 4.6 x 250 mm); eluent, toluene; flow rate, 1.0 mL/min; UV detector, 330 nm.) and MALDI-TOF mass

spectra (matrix: dithranol, positive mode) of 2a—5a.

tion of La@C,,-Cg, were effective for its functionalization in
terms of both regioselectivity and reactivity compared to the
thermal and photoreactions of La@C5,-Cg, reported previously
[19].

Figure 4 shows the absorption spectra of 2—5. Their absorption
onsets move to shorter wavelengths relative to those of
La@C,,-Cgy, which are characteristic features of single-bonded
La@Cj,,-Cg derivatives [19,23], indicating that 2—5 have larger

HOMO-lowest unoccupied molecular orbital energy gaps
owing to their closed shell structures. As previous studies have
shown that the absorption spectra of fullerene derivatives sensi-
tively reflect the addition site, the absorption spectra can be
regarded as powerful tools to determine the addition site in ful-
lerene adducts [19,23-25]. Regardless of the substituents (a—c)
of benzyl bromide, 2, 3, 4, and 5 exhibited similar character-
istic absorption features, respectively, supporting that the addi-

tion site of each isomer (e.g., 2a—c) are the same.
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Figure 4: Absorption spectra of 2, 3, 4, and 5 in CS; and absorption spectra of C14, C10, C18, and C9 in Ce@C>,-Cgo(CH2CgH3sMe»), which is attri-
buted to the 1b, 1d, 1¢, and 1a isomers in [25]. The carbon atom numbers correspond to that shown in Figure 6éd.

We determined the addition sites of the single-bonded
La@C,,-Cg, derivatives, La@C,,-Cgr(CHCICgH3Cl,) [19] and
La@C,,-Cgr(CBr(CO;,Et),) [23], by single-crystal X-ray
diffraction (SC-XRD) analysis. Based on the similarity in the
absorption spectra of La@C,,-Cgr(CHCICcH3Cl»), the
addition site of 3a—c was expected to be at the C10 (for
the numbering of carbon atoms in La@C,,-Cgy; see
Figure 6d). Takano et al. estimated the addition sites of
the 3,5-dimethylphenylmethyl group on Ce@C5,-Cg;
(Ce@C3,-Cgr(CHyCcH3Mey)) through temperature-dependent
paramagnetic shifts of its nuclear magnetic resonance signals
[25]. The similarity in the HPLC separation behavior and
absorption spectra between the La@C;,-Cg, adducts (2a—c,
3a—c, and 4a—c) [19] and the Ce@C,,-Cgy(CH,CgH3zMe5)
isomers [25] reported by Takano et al. was observed. Based on
this observation, the plausible addition sites of 2a—c, 3a—c, and
4a—c were estimated to be at the C14, C10, and C18 positions.
The molecular structure of 3a was confirmed by the SC-XRD
analysis, which showed that the addition site of addendum was
indeed at the C10 position of La@C,,-Cg, (Figure 5).

The La@C,,-Cg, anion can act as an electron donor and a
nucleophile. To confirm the reaction mechanism, charge densi-
ty and the p-orbital axis vector (POAV) values [26] of the car-
bon atoms (6,-90°) of the La@C,,-Cg, anion were calculated

Figure 5: ORTEP drawing of 3a with thermal ellipsoids shown at 50%
probability level. Only an independent unit of 3a is shown. This crystal
has two independent units of 3a and three CSp molecules as guest sol-
vents. The difference between the two independent units is the direc-
tion of the tolyl group in the crystal (Supporting Information File 1,
Figure S7).

using density functional theory (DFT) [27-33]. As shown in
Table 1 and Figure 6, the C1, C2, and C3 atoms have large
negative charge densities (C1: —0.1498, C2: -0.1828, C3:
—0.1126), and C1 and C2 atoms have high POAYV values (C1:
11.2, C2: 11.3) in the La@C5,-Cg, anion. Meanwhile, the C10,
C14, and C18 atoms have moderate or small negative charge
densities (C10: —0.0317, C14: —-0.0137, C18: —0.0128) and high
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Figure 6: (a) Charge density of La@C»,-Cgp anion as a function of its POAV values and (b) an enlarged part view of blue region in (a). (c) Spin densi-
ty of La@Co,-Cgp as a function of its POAV values [34,35]. (d) Molecular structure of La@C»,-Cgz and numbering carbon atoms.

POAV values (C10: 11.0, C14: 11.3, C18: 11.2) in the
La@C5,,-Cgy anion. On the other hand, the C10, C14, and C18
atoms have larger spin densities (C10: 0.032, C14: 0.023, C18:
0.030) [34,35] than the C1 and C2 atoms (C1: 0.002, C2: 0.016)
in La@Cj,-Cg; (Figure 6b). These results suggest that the reac-
tion mechanism involving the electron transfer from the
La@C;,-Cg; anion to benzyl bromide derivatives followed by
the radical coupling reaction is more plausible for the forma-
tion of the corresponding adducts rather than the SN2 reaction
mechanism of the La@C»,-Cg, anion with benzyl bromide de-

rivatives.

Conclusion

The reaction of La@C»,-Cg, anion with benzyl bromide deriva-
tives 1 at 110 °C afforded the corresponding single-bonded
adducts 2—5 with high regioselectivity. One-electron reduction

of La@C3,-Cg; increased its reactivity during thermal reaction

relative to that of neutral La@C,,-Cgp. Structural analysis of
the two major products indicated that the characteristic absorp-
tion features were strongly affected by the addition sites. Based
on theoretical studies and considering the identified addition
sites, a plausible reaction mechanism for the reaction is the elec-
tron transfer from La@C5,-Cgy anion to benzyl bromide, fol-
lowed by radical coupling. This demonstrates that one-electron
reduction of La@C,,-Cg, is an easy and effective method for
controlling its reactivity and selectivity via ionization for the
production of La@C»,-Cg, derivatives.

Experimental

General: All chemicals and solvents were obtained from Wako,
TCI, and Aldrich and were used without further purification
unless otherwise stated. ODCB was distilled over P,O5
under vacuum prior to use. HPLC was performed on an
LC-9201 instrument (Japan Analytical Industry Co., Ltd.) by
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Table 1: Charge densities and POAV values of carbon atoms for La@C5,-Cg» anion, and spin densities and POAV values of carbon atoms for
La@C»,-Cgp [34,35]. The carbon atom numbers correspond to that shown in Figure 6d.

La@C»,,-Cg» anion La@C»,-Cg> [34,35]
Carbon atom number . ) .
POAV Charge density POAV Spin density

1 11.2 -0.1498 11.2 0.002
2 11.3 -0.1828 11.3 0.016
3 8.8 -0.1126 8.8 0.021
4 9.8 -0.0778 9.6 0.015
5 9.0 -0.0629 9.2 0.000
6 10.4 -0.0491 10.5 0.004
7 8.9 -0.1041 9.1 0.001
8 8.9 -0.0672 8.9 0.000
9 10.2 -0.0353 9.9 0.026
10 11.0 -0.0317 10.7 0.032
11 10.4 -0.0386 10.6 0.009
12 7.5 -0.0554 7.7 0.005
13 10.7 -0.0196 10.9 0.003
14 11.3 -0.0137 11.0 0.023
15 7.3 -0.0369 7.4 0.014
16 10.4 -0.0244 10.6 0.013
17 8.0 —-0.0443 8.2 0.000
18 11.2 -0.0128 11.0 0.030
19 11.1 -0.0201 10.9 0.024
20 8.3 -0.0332 8.4 0.000
21 10.3 -0.0119 10.5 0.001
22 10.6 -0.0186 10.7 0.000
23 11.1 -0.0084 10.7 0.025
24 8.2 -0.0314 8.3 0.000

monitoring the UV absorption at 330 nm with toluene as the
eluent. Mass spectrometry was performed using a Bruker
AUTOFLEX III smart beam with dithranol as the matrix.
Optical absorption spectra were recorded using a Pyrex cell
with a 10 mm path length and a spectrophotometer (V-670;
Jasco Corp.).

Preparation of La@C»,-Cg»

As described in [19], soot containing endohedral metallo-
fullerenes were produced through the standard arc vaporization
method using a composite anode rod containing graphite
and metal oxide. The composite rod was subjected to an
arc discharge under a He atmosphere at 50 Torr. Raw soot
was collected and suspended in 1,2,4-trichlorobenzene (TCB).
The mixture was refluxed for 16 h. The TCB solution was
collected and injected into the HPLC instrument to separate
the endohedral metallofullerenes using a PBB column
(2 20 mm x 250 mm; Cosmoses, Nacalai Tesque Inc.) with
chlorobenzene as the mobile phase in the first step and a
Buckyprep column (2 20 mm X 250 mm X 2; Cosmoses,
Nacalai Tesque Inc.) with toluene as the mobile phase in the

second step.

Preparation of the La@C»,-Cg» anion

As described in [21], La@C»,-Cg» (0.34 x 107 mol) was dis-
solved in 10 mL of a pyridine solution containing TBAF
(0.54 x 1073 mol) and then stirred for 2 h under an Ar atmo-
sphere. The resulting green solution was concentrated to
2.0 mL. CS, was added to the solution to precipitate excess
TBAF which was then removed by filtration. The La@C»,-Cgy
anion ([La@C,,-Cg,]PF¢) was collected as the filtrate (with a
78% yield estimated from the molar absorbance coefficient).
This step was repeated to ensure a sufficient amount of

La@C,,-Cg, anions for the next step.

Reaction of the La@C»,-Cg» anion with 1a

la was added to 12 mL of the La@C,,-Cgy anion
(0.89 x 107 mol) ODCB solution. The solution was degassed
using freeze-pump-thaw cycles. The solution was then heated at
110 °C for 2 h. After the reaction, dichloroacetic acid was
added to recover the unreacted La@C5,-Cg, in its neutral form.
Four isomers, 2a, 3a, 4a, and 5a, and La@C,,-Cg, were isolat-
ed from the reaction mixture using multistep HPLC, as shown
in Supporting Information File 1, Figures S2, S4, and S6. The

yields were calculated from the HPLC peak areas monitored at
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330 nm, assuming that La@C3,-Cg» and the monoadducts have

the same absorption coefficients.

X-ray crystallography

Black crystalline rods of 3a were obtained using the
liquid-liquid bilayer diffusion method with 3a in a CS, solu-
tion and an n-hexane solution in a glass tube (@ = 7 mm) at
room temperature. The SC-XRD measurement was performed
at 90 K on a Bruker AXS instrument equipped with an Apex II
CCD detector with Mo Ka radiation (A = 0.71073 A). The
multi-scan method was used for absorption corrections. Struc-
tures were solved using direct methods and refined using
SHELXL-2014/7 [36-38]. Deposition Number 2299232 (for 3a)
contains the supplementary crystallographic data for this study.
This data was provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures Service.

Theoretical calculations

POAYV (05,;~90°) and charge densities values were calculated
using the Gaussian 03 program with DFT at the B3LYP/3-21G
for C and H [33], and the LanL.2DZ basis set and effective core
potential (ECP) for La [29,32].

La@sz-Csz(CH2C6H4CH3) (Za): vis—NIR (CSz)Z >\max =572,
741, 1304 nm; MALDI-TOF MS (m/z): [MH]" calcd for
LaCggHg, 1228.98; found, 1229.04.

La@C3,-Cg(CH,CcH4CH3) (3a): vis—NIR (CSj): Apax = 560,
851, 991, 1271 nm; MALDI-TOF MS (m/z): [MH]* calcd for
LaCggHyg, 1228.98; found, 1228.99.

La@C5,-Csy(CH,CgH,4CH3) (4a): vis—NIR (CS): Apayx = 525,
986, 1410 nm; MALDI-TOF MS (m/z): [MH]* calcd for
LaCooHo, 1228.98; found, 1229.15.

La@sz-Csz(CH2C6H4CH3) (Sa): vis—NIR (CSz)Z >\max =809,
997, 1454 nm; MALDI-TOF MS (m/z): [MH]" calcd for
LaCggHg, 1228.98; found, 1229.04.

La@C;,-Cg(CH,C¢H4CCSi(CH3)3) (2b): vis—NIR (CS;):
Amax = 568, 762, 1307 nm; MALDI-TOF MS (m/z): [MH]*
caled for LaCgq4H6Si, 1311.01; found, 1311.25.

La@C3,-Css(CH,C¢H4CCSi(CH;3)3) (3b): vis—NIR (CS»):
Amax = 559, 883, 995, 1242 nm; MALDI-TOF MS (m/z):
[MH]* caled for LaCoqH1Si, 1311.01; found, 1311.37.

La@CZV-CSZ(CH2C6H4CCSi(CH3)3) (4b)t vis—NIR (CSQ)Z
Amax = 521, 986, 1410 nm; MALDI-TOF MS (m/z): [MH]*
calcd for LaCgoqH6Si, 1311.01; found, 1311.29.

Beilstein J. Org. Chem. 2023, 19, 1858-1866.

La@CZV-CSZ(CH2C6H4CCSi(CH3)3) (Sb)I vis—NIR (CSQ)Z
Amax = 809, 998, 1447 nm; MALDI-TOF MS (m/z): [MH]*
calcd for LaCoqH6Si, 1311.01; found, 1311.25.

La@C3,-Cg(CH,CgHs) (2¢): vis—NIR (CS»): Apax = 583, 786,
1305 nm; MALDI-TOF MS (m/z): [MH]" calcd for LaCgoH7,
1214.97; found, 1214.83.

La@C,,-Cg2(CH,CgHs) (3¢): vis—NIR (CS5): Amax = 561, 891,
993, 1270 nm; MALDI-TOF MS (m/z): [MH]" calcd for
LaCgoH7, 1214.97; found, 1214.96.

La@sz-Csz(CH2C6H5) (40)2 vis—NIR (CSz)Z >\max =521, 986,
1410 nm; MALDI-TOF MS (m/z): [MH]" calcd for LaCgoH7,
1214.97; found, 1214.82.

La@C3,-Cg(CH,CgHs) (5¢): vis—NIR (CS»): Apax = 818, 999,
1451 nm; MALDI-TOF MS (m/z): [MH]" calcd for LaCgoH7,
1214.97; found, 1214.98.

Supporting Information

Supporting Information features HPLC chromatographs
and MS spectra of fullerene derivatives, changes in
absorption spectra during the reaction of La@C»,-Cgy with
1b and 1¢, X-ray crystallographic data of 3a, and ORTEP

drawings of the independent unit of 3a.

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-138-S1.pdf]

Funding
This work was supported by JSPS KAKENHI Grants Number
21H01759 and 20K05469.

ORCID® iDs

Yutaka Maeda - https://orcid.org/0000-0003-0502-5621
Mitsuaki Suzuki - https://orcid.org/0000-0001-7226-2665
Michio Yamada - https://orcid.org/0000-0002-6715-4202
Takeshi Akasaka - https://orcid.org/0000-0002-4073-4354

References

1. Hirsch, A.; Brettreich, M. Fullerenes: Chemistry and Reactions;
Wiley-VCH: Weinheim, Germany, 2004. doi:10.1002/3527603492

2. Kadish, K. M.; Ruoff, R. S., Eds. Fullerenes: Chemistry, Physics, and
Technology; John Wiley & Sons: New York, NY, USA, 2000.

3. Prato, M.; Maggini, M. Acc. Chem. Res. 1998, 31, 519-526.
doi:10.1021/ar970210p

1865


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-19-138-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-19-138-S1.pdf
https://orcid.org/0000-0003-0502-5621
https://orcid.org/0000-0001-7226-2665
https://orcid.org/0000-0002-6715-4202
https://orcid.org/0000-0002-4073-4354
https://doi.org/10.1002%2F3527603492
https://doi.org/10.1021%2Far970210p

4. Thilgen, C.; Diederich, F. Chem. Rev. 2006, 106, 5049-5135.
doi:10.1021/cr0505371

5. Vostrowsky, O.; Hirsch, A. Chem. Rev. 2006, 106, 5191-5207.
doi:10.1021/cr050561e

6. Caron, C.; Subramanian, R.; D'Souza, F.; Kim, J.; Kutner, W.;
Jones, M. T.; Kadish, K. M. J. Am. Chem. Soc. 1993, 115, 8505-8506.
doi:10.1021/ja00071a093

7. Subramanian, R.; Boulas, P.; Vijayashree, M. N.; D’Souza, F.;
Jones, M. T.; Kadish, K. M. J. Chem. Soc., Chem. Commun. 1994,
1847-1848. doi:10.1039/c39940001847

8. Fukuzumi, S.; Suenobu, T.; Hirasaka, T.; Arakawa, R.; Kadish, K. M.
J. Am. Chem. Soc. 1998, 120, 9220-9227. doi:10.1021/ja9815430

9. Allard, E.; Riviere, L.; Delaunay, J.; Dubois, D.; Cousseau, J.
Tetrahedron Lett. 1999, 40, 7223-7226.
doi:10.1016/s0040-4039(99)01467-7

10.Wabra, |.; Holzwarth, J.; Hauke, F.; Hirsch, A. Chem. — Eur. J. 2019,
25, 5186-5201. doi:10.1002/chem.201805777

11.Maeda, Y.; Sanno, M.; Morishita, T.; Sakamoto, K.; Sugiyama, E.;

Akita, S.; Yamada, M.; Suzuki, M. New J. Chem. 2019, 43, 6457—-6460.

doi:10.1039/c9nj01043b

12. Akasaka, T.; Nagase, S., Eds. Endofullerenes: A New Family of
Carbon Clusters; Kluwer Academic Publisher: Dordrecht, Netherlands,
2002.

13.Maeda, Y.; Tsuchiya, T.; Lu, X.; Takano, Y.; Akasaka, T.; Nagase, S.
Nanoscale 2011, 3, 2421-2429. doi:10.1039/cOnr00968g

14.Lu, X; Feng, L.; Akasaka, T.; Nagase, S. Chem. Soc. Rev. 2012, 41,
7723-7760. doi:10.1039/c2cs35214a

15.Popov, A. A.; Yang, S.; Dunsch, L. Chem. Rev. 2013, 113, 5989-6113.

doi:10.1021/cr300297r

16. Akasaka, T.; Kato, T.; Kobayashi, K.; Nagase, S.; Yamamoto, K.;
Funasaka, H.; Takahashi, T. Nature 1995, 374, 600—-601.
doi:10.1038/374600a0

17.Maeda, Y.; Miyashita, J.; Hasegawa, T.; Wakahara, T.; Tsuchiya, T.;
Feng, L.; Lian, Y.; Akasaka, T.; Kobayashi, K.; Nagase, S.; Kako, M;
Yamamoto, K.; Kadish, K. M. J. Am. Chem. Soc. 2005, 127,
2143-2146. doi:10.1021/ja043986b

18.Li, F.-F.; Rodriguez-Fortea, A.; Poblet, J. M.; Echegoyen, L.
J. Am. Chem. Soc. 2011, 133, 2760-2765. doi:10.1021/ja110160j

19.Takano, Y.; Yomogida, A.; Nikawa, H.; Yamada, M.; Wakahara, T.;
Tsuchiya, T.; Ishitsuka, M. O.; Maeda, Y.; Akasaka, T.; Kato, T.;
Slanina, Z.; Mizorogi, N.; Nagase, S. J. Am. Chem. Soc. 2008, 130,
16224-16230. doi:10.1021/ja802748q

20. Akasaka, T.; Wakahara, T.; Nagase, S.; Kobayashi, K.; Waelchli, M.;
Yamamoto, K.; Kondo, M.; Shirakura, S.; Okubo, S.; Maeda, Y.;
Kato, T.; Kako, M.; Nakadaira, Y.; Nagahata, R.; Gao, X;
Van Caemelbecke, E.; Kadish, K. M. J. Am. Chem. Soc. 2000, 122,
9316-9317. doi:10.1021/ja001586s

21.Tsuchiya, T.; Wakahara, T.; Lian, Y.; Maeda, Y.; Akasaka, T.; Kato, T.;
Mizorogi, N.; Nagase, S. J. Phys. Chem. B 2006, 110, 22517-22520.
doi:10.1021/jp0650679

22.Zhou, X.; Yao, Y.-R.; Hu, Y.; Yang, L.; Yang, S.; Zhang, Y.; Zhang, Q.;
Peng, P.; Jin, P.; Li, F.-F. Inorganics 2023, 11, 349.
doi:10.3390/inorganics11090349

23.Feng, L.; Nakahodo, T.; Wakahara, T.; Tsuchiya, T.; Maeda, Y.;
Akasaka, T.; Kato, T.; Horn, E.; Yoza, K.; Mizorogi, N.; Nagase, S.
J. Am. Chem. Soc. 2005, 127, 17136—17137. doi:10.1021/ja055484|

24.Hirsch, A.; Grosser, T.; Skiebe, A.; Soi, A. Chem. Ber. 1993, 126,
1061-1067. doi:10.1002/cber.19931260428

Beilstein J. Org. Chem. 2023, 19, 1858-1866.

25.Takano, Y.; Tashita, R.; Suzuki, M.; Nagase, S.; Imahori, H.;
Akasaka, T. J. Am. Chem. Soc. 2016, 138, 8000-8006.
doi:10.1021/jacs.6b04037

26.Haddon, R. C. J. Am. Chem. Soc. 1990, 112, 3385-3389.
doi:10.1021/ja00165a020

27.Maeda, Y.; Matsunaga, Y.; Wakahara, T.; Takahashi, S.; Tsuchiya, T.;
Ishitsuka, M. O.; Hasegawa, T.; Akasaka, T.; Liu, M. T. H.; Kokura, K.;
Horn, E.; Yoza, K.; Kato, T.; Okubo, S.; Kobayashi, K.; Nagase, S.;
Yamamoto, K. J. Am. Chem. Soc. 2004, 126, 6858—6859.
doi:10.1021/ja0316115

28. Gaussian 03, Revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

29.Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.
doi:10.1103/physrevb.37.785

30.Becke, A. D. Phys. Rev. A 1988, 38, 3098-3100.
doi:10.1103/physreva.38.3098

31.Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.
doi:10.1063/1.464913

32.Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299-310.
doi:10.1063/1.448975

33.Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 102,
939-947. doi:10.1021/ja00523a008

34.Sato, S.; Maeda, Y.; Guo, J.-D.; Yamada, M.; Mizorogi, N.; Nagase, S.;
Akasaka, T. J. Am. Chem. Soc. 2013, 135, 5582—-5587.
doi:10.1021/ja309763f

35.Maeda, Y.; Sato, S.; Inada, K.; Nikawa, H.; Yamada, M.; Mizorogi, N.;
Hasegawa, T.; Tsuchiya, T.; Akasaka, T.; Kato, T.; Slanina, Z.;
Nagase, S. Chem. — Eur. J. 2010, 16, 2193-2197.
doi:10.1002/chem.200902512

36. Sheldrick, G. M. Acta Crystallogr., Sect. A: Found. Crystallogr. 2008,
64, 112—122. doi:10.1107/s0108767307043930

37. Sheldrick, G. M. Acta Crystallogr., Sect. A: Found. Adv. 2015, 71, 3-8.
doi:10.1107/s2053273314026370

38. Sheldrick, G. M. Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71,
3-8. doi:10.1107/s2053229614024218

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.19.138

1866


https://doi.org/10.1021%2Fcr0505371
https://doi.org/10.1021%2Fcr050561e
https://doi.org/10.1021%2Fja00071a093
https://doi.org/10.1039%2Fc39940001847
https://doi.org/10.1021%2Fja9815430
https://doi.org/10.1016%2Fs0040-4039%2899%2901467-7
https://doi.org/10.1002%2Fchem.201805777
https://doi.org/10.1039%2Fc9nj01043b
https://doi.org/10.1039%2Fc0nr00968g
https://doi.org/10.1039%2Fc2cs35214a
https://doi.org/10.1021%2Fcr300297r
https://doi.org/10.1038%2F374600a0
https://doi.org/10.1021%2Fja043986b
https://doi.org/10.1021%2Fja110160j
https://doi.org/10.1021%2Fja802748q
https://doi.org/10.1021%2Fja001586s
https://doi.org/10.1021%2Fjp0650679
https://doi.org/10.3390%2Finorganics11090349
https://doi.org/10.1021%2Fja055484j
https://doi.org/10.1002%2Fcber.19931260428
https://doi.org/10.1021%2Fjacs.6b04037
https://doi.org/10.1021%2Fja00165a020
https://doi.org/10.1021%2Fja0316115
https://doi.org/10.1103%2Fphysrevb.37.785
https://doi.org/10.1103%2Fphysreva.38.3098
https://doi.org/10.1063%2F1.464913
https://doi.org/10.1063%2F1.448975
https://doi.org/10.1021%2Fja00523a008
https://doi.org/10.1021%2Fja309763f
https://doi.org/10.1002%2Fchem.200902512
https://doi.org/10.1107%2Fs0108767307043930
https://doi.org/10.1107%2Fs2053273314026370
https://doi.org/10.1107%2Fs2053229614024218
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.19.138

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Anion-11 catalysis on carbon allotropes

M. Angeles Gutiérrez Lépez, Mei-Ling Tan, Giacomo Renno, Augustina JozeliGnaité,
J. Jonathan Nué-Martinez, Javier Lopez-Andarias, Naomi Sakai and Stefan Matile”

Review

Address:
Department of Organic Chemistry, University of Geneva, Geneva,
Switzerland

Email:
Stefan Matile” - stefan.matile@unige.ch

* Corresponding author
Keywords:
anion—TT interactions; autocatalysis; catalysis; carbon nanotubes;

Diels—Alder reactions; electric-field-induced catalysis;
electromicrofluidics; enolate addition; ether cyclizations; fullerenes

Abstract

Beilstein J. Org. Chem. 2023, 19, 1881-1894.
https://doi.org/10.3762/bjoc.19.140

Received: 13 October 2023
Accepted: 29 November 2023
Published: 12 December 2023

This article is part of the thematic issue "Carbon-rich materials: from
polyaromatic molecules to fullerenes and other carbon allotropes”.

Guest Editor: Y. Yamakoshi

© 2023 Gutiérrez Lopez et al.; licensee
r Beilstein-Institut.

License and terms: see end of document.

Anion— catalysis, introduced in 2013, stands for the stabilization of anionic transition states on m-acidic aromatic surfaces.

Anion— catalysis on carbon allotropes is particularly attractive because high polarizability promises access to really strong anion—mt

interactions. With these expectations, anion— catalysis on fullerenes has been introduced in 2017, followed by carbon nanotubes in

2019. Consistent with expectations from theory, anion— catalysis on carbon allotropes generally increases with polarizability.

Realized examples reach from enolate addition chemistry to asymmetric Diels—Alder reactions and autocatalytic ether cyclizations.

Currently, anion—m catalysis on carbon allotropes gains momentum because the combination with electric-field-assisted catalysis

promises transformative impact on organic synthesis.

Introduction

Anion— catalysis was introduced ten years ago [1]. The idea is
to stabilize anionic transition states on electron-deficient,
m-acidic aromatic surfaces (Figure 1A). The true beginning is
arguably in 2015 because it took some time to find the bench-
mark reaction needed to develop the catalysts (Figure 2) [2].
With this operational enolate chemistry in hand, it quickly be-
came clear that increasing m acidity at the same time decreases
the stability of the catalyst [3-5]. This suggested that induced
rather than intrinsic anion— interactions should provide access
to really strong catalysts [3]. They have been predicted theoreti-

cally to occur on m-stacks [6], and confirmed recently to exist

and apply to anion-m catalysis on m-stacked foldamers
(Figure 1B) [7] and micelles [8]. However, due to their unique
polarizability [9-11], the dream scaffolds for induced anion—m
interactions are carbon allotropes. Anionic transition states
placed on Cg fullerenes 1 will drive the 60 m electrons toward
the other side, thus inducing a transient macrodipole that will
stabilize the same transition state that induced its formation
(Figure 1C) [12]. This intriguing mechanism of catalysis should
be further intensified on single-walled carbon nanotubes 2
(SWCNTs, Figure 1D) and multi-walled carbon nanotubes 3
(MWCNTs, Figure 1E) [13]. Multiple substrate/transition-state
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binding should reduce particularly in-plane polarization of the
system and thus induced anion— interactions. Since the polari-
zation caused by substrate/transition-state binding hinders addi-

tional binding, this effect should occur only at high concentra-

tions.
A B
8
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s g
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n—amd{c R
aromatic @
surface
Cc D
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fullerene 4

MWCNT 3

Figure 1: (A) Anion— catalysis: Stabilization of anionic transition
states from substrate S to product P on m-acidic aromatic surfaces.

(B) Anion—(mT),—T1 catalysis: Stabilization of anionic transition states by
polarization of 1 stacks to induce oriented macrodipoles.

(C—E) Anion- catalysis on (C) Cgg fullerenes 1, (D) SWCNTs 2 and
(E) MWCNTSs 3. Part E of Figure 1 was adapted from [44] (© 2023

M. A. Gutiérrez Lopez et al., published by the American Association for
the Advancement of Science, distributed under the terms of the
Creative Commons Attribution 4.0 International License, https:/
creativecommons.org/licenses/by/4.0).

o) 0 0 ON Ph O
Asp —co, Ho™Asr 5 0N A Mg
70) ~—m 4 E—— 6 (A)
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Figure 2: Bioinspired enolate addition chemistry to benchmark
anion—1 catalysts: Stabilization of “enol” intermediate Il over “keto”
intermediate | and nitronate transition state Ill by anion— interactions
(blue) selectively catalyzes the formation of the intrinsically disfavored
enolate addition (A) product 6 over decarboxylation (D) product 7. A/D
product ratios are used to characterize anion— catalysis, increasing
A/D ratios indicate increasing anion— catalysis. PMP = para-methoxy-
phenyl.
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These expectations were first explored with anion— catalysis
on fullerenes in 2017 [12], followed by SWCNTs and
MWCNTs two years later [13]. Particularly MWCNTs have the
potential to couple anion— and cation—m catalysis with electric-
field-assisted catalysis [14]. While anion-m (and cation—m
[15,16]) catalysis, compared to other unorthodox interactions,
has been less impactful than expected [3,4,17-31], this combi-
nation has the potential to revolutionize organic catalysis [32-
43]. These high expectations have never been realized for tech-
nical reasons. However, recent breakthroughs suggest that these
methodological problems are now solved [44]. In electrochemi-
cal microfluidic reactors, electric-field-assisted anion— cataly-
sis on MWCNTs 3 is in place to lift anion— catalysis on a level
of general practical significance. For this reason, it appeared
timely to recapitulate the results available so far on anion— ca-

talysis on carbon allotropes.

Review
Anion—1 catalysis on fullerenes

The use of fullerenes in catalysis is surprisingly underdevel-
oped [45-51]. Anion—m and cation—r interactions on fullerenes
attract similarly little attention until today [52-57]. Anion— ca-
talysis on fullerenes has been introduced in 2017 [12]. Fuller-
ene anion— catalysts were developed with the benchmark reac-
tion introduced two years earlier (Figure 2) [2]. In this reaction,
at the beginning of all biosynthesis, finetuned malonic acid half
thioesters 4 [58-60] are deprotonated, and tautomers I and II
add to an enolate acceptor. For anion— catalysis, nitroolefins
like 5 [60] were convenient acceptors because they are compati-
ble with asymmetric catalysis, and because stabilization of
intermediate III by privileged nitronate-m interactions drives the
reaction forward. Decarboxylation of the resulting intermediate
IV then affords the chiral addition product 6. This enolate addi-
tion is in kinetic competition with simple decarboxylation,
yielding thioacetate 7. Under most conditions, this decarboxyl-
ation is favored. Anion— catalysis selectively accelerates the
intrinsically disfavored but significant enolate addition by stabi-
lizing the planar sp? intermediate II that has to add before
decarboxylation can occur [2,61]. The non-planar sp keto inter-
mediate I that can decarboxylate through intermediate V with-
out preceding enolate addition is less stabilized on the planar &
surfaces of anion—m catalysts. The A/D product ratio is thus a
convenient measure for anion— catalysis, the larger the better,
with A/D > 1, the intrinsic selectivity for decarboxylation has
been inverted [2,3,18].

Applying lessons from simpler anion—m catalysts, trialkyl-
amines were tethered to Cg fullerenes [12]. These amines func-
tion as bases, their position next to the aromatic surface is
essential to turn on anion— interactions as soon as substrate 4 is

deprotonated. Fullerene derivatization with the Bingel reaction
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installs a cyclopropane that continues with one or two acid de-
rivatives. In fullerene 8, this is an amide with a short ethylene

tether for the tertiary amine (Figure 3).

Fullerene 8 catalyzed the formation of the addition product 6
with high selectivity over the decarboxylation product 7 [12].
The experimental product ratio A/Dg was divided by the prod-
uct ratio A/Dg measured with the fullerene-free 9. The resulting
A/Dgj9 = 2.6 reports the isolate contribution of the fullerene to
catalysis in a comparable manner. This high value supported
that the high polarizability of fullerenes provides access to
strong induced anion— interactions for efficient anion—m cataly-
sis (Figure 1C).

Elongation of the tether in fullerenes 10 and 11 reduced prod-
uct ratios to still significant A/Dyg9 ~ A/D1y/9 = 2.1. The origin
of this decrease in anion— catalysis is likely to include increas-
ing entropy losses in pseudo-macrocyclic transition states.
Normalized against the fullerene-free control 12, a secondary
Bingel amide in 13 caused a drop to A/Dy3/12 = 1.6. Similarly,
low A/D14/12 = 1.5 for an ester in 14 supported that removal of
the hydrogen-bond donor in 5 rather than steric constraints
account for the decrease in anion— catalysis. Elongation of the
tether in the ester series 14-16 was as in the amide series from 8
and thus supported entropic contributions to anion— catalysis.
Steric increase of the secondary amide in 17 impeded anion—mt
catalysis, presumably because the catalytic 7 surface next to the
ammonium cation became inaccessible for anions paired with
the tethered ammonium cation. Normalized against the fuller-
ene-free control 18, an electron-withdrawing cyano group on
the cyclopropane in 19 gave similarly poor A/Dqg/18 = 1.5.

Beilstein J. Org. Chem. 2023, 19, 1881-1894.

At constant tether length as short as possible, strong increases in
anion—rr catalysis were found by further minimizing entropy
losses in pseudo-macrocyclic transition states, bound non-cova-
lently to both the active m surface and the ammonium cation of
the tether. Normalized against the fullerene-free control 20, the
most preorganized dyad 21 gave a new record A/Djy/p0 = 4.1.
This value was much higher than the previous best A/Dg/g = 2.6
with a freely rotating tether. Further increasing activity with ful-
lerene 22 should not be overrated because A/Djjy/53 = 4.6 was
recorded against triethylamine (23), which is a less precise
control compared to the exactly matching 20.

Asymmetric anion—t catalysis on fullerenes

The best fullerene catalyst 21 was applied to other reactions.
Diels—Alder reactions are of special interest for anion— cataly-
sis because of the promise to accelerate an intrinsically disfa-
vored but relevant pathway, like in the benchmark enolate addi-
tion (Figure 2) [62]. Namely, in solution, the endo transition
state VI is preferred to maximize orbital overlap (Figure 4)
[63]. For m-acidic surfaces, the exo transition state VII is more
completely accessible (Figure 4). The 3-hydroxy-2-pyrone (24)
was selected as representative diene for the anionic [4 + 2]
cycloaddition with maleimide 25 as standard dienophile to
afford endo product 26 and exo product 27 [64-66]. With the
less powerful fullerene catalyst 14, the increase of the exo/endo
selectivity compared to the fullerene-free control 12, i.e.,
exolendoy4/12 = 1.1, was negligible [12]. With the best fuller-
ene catalyst 21, the presence of the fullerene made the dia-
stereoselectivity ratio with exo/endozq/39 = 1.9 nearly doubled.
The same was true for the enantioselectivity, which increased
from 23% ee for control 20 to 55% ee for anion—m catalyst 21.

12 A/D=1.6

AD=13

AD=13 A/D=0.9 AD =4.6

Figure 3: Structure and activity of fullerene-amine dyads to catalyze the intrinsically disfavored but biologically relevant enolate addition chemistry in
Figure 2. A/D ratios of fullerene catalysts are normalized against the A/Dg ratios of the fullerene-free controls (9, 12, 18, 20, 23), increasing A/D ratios

indicate increasing anion—r catalysis on fullerenes.
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Figure 4: Asymmetric anion— catalysis of intrinsically disfavored exo-selective Diels—Alder reactions on fullerene catalyst 21, with notional endo and

exo transition states VI and VI, respectively.

These results were in support that stabilization of the intrinsi-
cally disfavored exo transition state VII on the polarizable sur-
face of carbon allotropes can increase diastereo- and enantiose-

lectivity of Diels—Alder reactions.

The direct formation of 1,3-nonadjacent stereocenters is a topic
of concern in asymmetric catalysis [67]. To explore compati-
bility with anion— catalysis, the addition of ethyl 2-cyano-2-
phenylacetate (28) to 2-chloroacrylonitrile (29) was selected
(Figure 5) [68]. In the presence of 5 mol % of the best fullerene
catalyst 21, conversion into dicyanide 30 reached 72% within
5 days at ambient temperature [67]. While enantioselectivity
was negligible, dr 5.3:1 was the best diastereoselectivity among
all tested anion—t catalysts. This result was consistent with the
stabilization of the anionic intermediates IX and X and the
respective transition states on the polarized fullerene surface.

CN cl 21 CN Cl
B et Aoy — PN Aoy
o} dr5.3:1 EtOOC
29 30
2 Eto.  CN EtQ NG
= o&—i
\ N gy \’5+/\
OV\WH o =L O;\N‘;H N=Cc=
X 5 5
NH - NH TS
0 { 0 ; A
o) TG
4 A — I/
)= 5
\&//’//2 \_/[// 21
IX X

Figure 5: Asymmetric anion—T catalysis to install remote stereogenic
centers on fullerene catalyst 21, with notional transition states IX and
X.

Anion—T1 autocatalysis on fullerenes

The autocatalysis of epoxide-opening ether cyclization on
m-acidic aromatic surfaces has been identified in 2018 as an
emergent property of anion— catalysis [69]. In this series, ful-
lerene catalyst 31 was found to catalyze the cyclization of
epoxide 32 into THF 33 (Figure 6). The rate enhancement for

catalysis was 270, whereas autocatalysis accelerated the reac-
tion by 1045 M~!. The origin of autocatalysis on m-acidic sur-
faces was clarified only this year because the involvement of
two molecules of water in the decisive transition state XI

complicated the situation [70].

31

31

3
i3
g 3 Keatlknon = 270
58 KaclKnon = 1045 M~
T e
HQ, V)
N o

————> monensin A

& 34 (R=H)
R R R R R R

N2 2 P22

Xiv

Figure 6: Primary anion—mm autocatalysis on monofunctional fullerene
31, with catalytic and autocatalytic rate enhancements, representative
cascade cyclizations with anti-Baldwin (XIl) and Baldwin (XIIl) selec-
tivity in nature, and primary anion—mt autocatalysis of cascade cycliza-
tion XIV on catalysts other than carbon allotropes.

This reaction was intriguing for reasons beyond autocatalysis. It

is the only example so far where fullerenes act as anion— cata-
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lyst without additional activating groups, usually a tethered base
to inject a negative charge into the substrate directly on top of
the catalytic 7 surface [69]. The tert-butyl esters in Bingel ful-
lerene 31 serve only to improve solubility and are not expected
to participate in catalysis. Moreover, epoxide opening poly-
ether cyclizations are among the most impressive cascade reac-
tions in nature [71-73]. Best known is the hypothetical cascade
XII in the biosynthesis of brevetoxin B [74]. It affords eleven
fused ethers by violating the Eschenmoser—Dunitz—Baldwin
guidelines [75-78] in every step. Among the Baldwin compati-
ble examples from nature, the cascade XIII leading to monensin
A is arguably the most popular [79]. On anion— catalysts other
than carbon allotropes, up to four epoxides 34 have been
cyclized into the monensin-like tetra-THF 35 as outlined in

intermediate XIV [24,25]. Thus, this reaction can be consid-

fullerene

ajodipoioew
poanpul

-y

R A/D = 5.1

AD =34
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ered as the anion— catalysis counterpart of the steroid cycliza-
tions catalyzed in nature with the charge inverted, conventional
cation— interactions [15].

Anion—T catalysis on fullerene dimers

The strength of anion— interactions increases with face-to-face
7 stacking because the delocalized 7 electrons move within the
stack away from the charge, which induces a macrodipole along
the stack that supports the binding of the anion (Figure 1B)
[61]. What works for anion—(r),,—m catalysis on 7-stacked
foldamers [61] and micelles [8] should apply to fullerenes as
well. The unique polarizability of fullerene monomers like 1 is
thought to induce strong anion—m interactions and thus account
for the observed catalytic activity (Figure 7A) [12]. This polar-

izability should further increase in fullerene dimers like 36 [80].

Boc L=
37 22
A/D =125 AD =46
a=1499 a.u. =903 a.u.

MEP = 13.9 kJ mol™'

Figure 7: (A) Macrodipoles induced by anionic transition states account for anion— catalysis on fullerenes. (B) Fullerene dimers double polarizability
of the m system and thus anion—r catalysis, with structure of fullerene dimer 37, intercalating activators and inactivators, monomeric fullerene and ful-
lerene-NDI controls, and A/D ratios for products 6 and 7 normalized against the A/Dg ratio of the fullerene-free control 23, increasing A/D ratios indi-

cate increasing anion-T catalysis.
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Anions, anionic reactive intermediates and anionic transition
states on top of fullerenes dimers should thus induce a larger
macrodipole which should in turn strengthen their binding to
the expanded m system and thus increase anion—m catalysis
(Figure 1B).

Fullerene dimer 37 was equipped with the tethered tertiary
amine needed to deprotonate the substrate 4 and produce the
conjugate bases I and II as the first reactive intermediates
directly on the active m surface (Figure 2 and Figure 7) [80].
Calibrated against triethylamine 23, fullerene dimer 37
catalyzed enolate addition with an A/D37/53 = 12.5. This is
more than twice the A/Djj/»3 = 4.6 of the respective monomer
22, which was already best among fullerene monomers. In
computational simulations, the positive maximum of the MEP
surface next to the amine base was the same for dimer 37
(+13.9 kJ mol™) and monomer 22 (+13.8 kJ mol™1), support-
ing that the dramatic increase in activity did not originate from
a change in intrinsic anion— interactions. The computed polar-
izability of dimer 37 (a = 1499 a.u.) was almost twice as high as
that of monomer 22 (a = 903 a.u.), confirming that powerful in-

duced anion— interactions account for the high catalytic activi-
ty.

Twenty equivalents of the m-acidic intercalator 38 increased the
catalytic activity of fullerene dimer 37 by 20%. This increase
was consistent with the formation of the m-stacked complex 39
with increased polarizability and electron deficiency. With the
ni-basic intercalator 40, the catalytic activity of fullerene dimer
37 decreased by 20%. This complementary decrease supported
the formation of complex 41 with decreased electron defi-
ciency. Control experiments with fullerene monomer 22 gave
unchanged catalytic activity with intercalators 38 or 40, which
suggested that complexes 42 and 43 do not form. The insensi-
tivity of fullerene monomers 22 thus supported that 38 and 40
activate and inactivate fullerene dimers 37 by intercalation
in-between the two fullerenes.

Replacement of the second fullerene in dimer 37 with a poorly
polarizable naphthalenediimide (NDI) in 44 increased the
catalytic activity of fullerene monomer 22 much less
significantly. With less electron-deficient NDIs carrying
two sulfide donors in the core, the catalytic activity of 45
dropped below that of fullerene monomer 22. Oxidation
of the sulfide donors into sulfoxide acceptors increased
the catalytic activity much less than expected, resting below
that of unsubstituted NDIs despite stronger  acidity. Supported
by experimental and computational data, this poor performance
of dyad 46 was explained by lone-pair m interactions of
the fullerene with the donating oxygens. These lone-pair

T interactions were even more impactful on the sulfone
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level. Compared to the sulfoxides in 46, the catalytic activity of
dyad 47 decreased rather than increased despite stronger

acidity.

Supported by computational predictions [80,81], record activi-
ties in anion— catalysis with fullerene dimers called for higher
oligomers. However, synthetic efforts were not fruitful, mostly

due to poor solubility.

Anion—TT catalysis on carbon nanotubes

With fullerenes confirmed as privileged scaffold for induced
anion— catalysis but higher oligomers inaccessible [12,67,80],
the obvious next move was to switch to carbon nanotubes.
Compared to the sixty free electrons rushing toward one side of
a Cg fullerene 1 to create a large macrodipole in response to an
anionic transition state, the number of electrons available to
maximize polarizability already in SWCNTSs 2 is much higher
(Figure 1D) [9-11]. Continuing in this series to increase polariz-
ability with carbon allotropes, MWCNTSs 3 emerge as privi-
leged scaffold for anion—r catalysis because polarizability is
possible not only along the tubes but also between the nano-

tubes, like in m-stacked foldamers (Figure 1E).

Numerous reports on catalysis with carbon nanotubes have
appeared [45,46,82-94]. They serve as catch-and-release scaf-
folds in different variations, and, less frequently, as
(photo)redox partners. Although they might contribute to these
activities, anion—m interactions have not been considered.
Anion—m catalysis on carbon nanotubes has been introduced
explicitly in 2019 [13]. Already in the presence of pristine
SWCNTs 2, the ability of TEA 23 to catalyze enolate addition
with 4 increased to A/Dg4g/p3 = 1.2 for a virtual catalytic com-
plex 48 between the two (Figure 8). Covalent modification
of SWCNTs with tertiary amines as in 49 further increased
activity to A/Dy4g/23 = 2.0. Suppression of this increase in a
virtual complex 50 with a competitive inhibitor 51 further sup-
ported that the observed activity originates from anion— cataly-
sis.

With A/Dsj/53 = 1.3, pristine MWCNTs 3 failed to increase the
activity of TEA 23 much more than SWCNTs 2. This is not
surprising because virtual complexes 52 and 48 are not ex-
pected to exist to an appreciable extent. With covalent modifi-
cation, MWCNTs 53 with A/Ds3/33 = 7.3 outperformed the cor-
responding SWCNTs 49 with A/Dyg/33 = 2.0 clearly. This sig-
nificant increase in activity was consistent with the increase in
polarizability from SWCNTs 2 to MWCNTs 3 (Figure 1). Com-
pared to fullerene monomers and dimers, this activity cannot be
overestimated because MWCNTSs operate in suspension rather
than solution, that is as formal heterogenous rather than homo-

genous catalysts.
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Figure 8: Structure and activity of covalently and non-covalently modified

SWCNTs and MWCNTSs, with A/D ratios for products 6 and 7 normalized

against the A/Dg ratios of the CNT-free controls, increasing A/D ratios indicate increasing anion—r catalysis.

Inhibition of the covalently modified MWCNT 53 with inhibi-
tor 51 in complex 54 was supported by a drop from A/Ds3/53 =
7.3 to A/Dsy/23 = 4.8. Under identical conditions, the much
more 7-basic inhibitor 55 inhibited enolate addition by the
MWCNT 53 almost completely, i.e., A/Dsg23 = 1.9 for the
formal catalyst-inhibitor complex 56. Increasing inhibition with
the m basicity of the inhibitor was consistent with powerful
anion— interactions accessible on MWCNTs for efficient

anion—m catalysis.

Like in the fullerene series, elongation of the tether in 57 de-
creased catalytic activity to still important A/Dsy/23 = 5.0,
presumably due to entropic reasons. The activity of inhibitor 51
remained detectable under standard conditions, thus supporting
the formation of complex 58 with A/Dsg/33 = 3.6. Unlike the
fullerene series, preorganization of the tight tether in MWCNT

59 with A/Ds9/23 = 4.7 did not give the best activity. This sug-
gested that with the fully rigid and tight tether, small differ-
ences in local environment turned an advantageous match with
the most convex surface of fullerene 21 into a slight mismatch
with MWCNTs 59. However, activities remained high and inhi-
bition with inhibitor 51 in formal complex 60 was with
A/Dgo23 = 3.3 preserved, also with this mildly mismatched
tether.

The m-acidic NDI 61 with a Leonard-turned tertiary amine is a
privileged small-molecule anion— catalyst that catalyzes the
enolate addition of malonate 4 with an activity that, however,
does not reach that of the best carbon allotropes [95]. In the
presence of pristine MWCNTs 3, the activity of the NDI cata-
lyst 61 increased significantly, implying the formation of com-

plex 62 with A/Dgj/61 = 7.1. While the reaction presumably still
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occurred on the NDI surface, this very high A/D value sug-
gested that efficient face-to-face stacking connected the active
NDI surfaces to the nanotube to increase intrinsic anion— inter-

actions with the highest polarizability.

For interfacing with CNTs, the m-basic pyrenes rather than the
m-acidic NDIs are most popular [82,88,90,96-99]. Equipped
with a tertiary amine, the catalytic activity of dyad 63 increased
only slightly in the presence of MWCNTSs 3, suggesting that the
formed m-basic complex 64 is with A/Dgg4/63 = 1.2 much less
active than the m-acidic NDI complex 62 with A/Dgy/61 = 7.1,
which is as expected for operational anion— catalysis. With a
longer tether, the already weak activity of pyrene 65 even de-
creased rather than increased in the presence of MWCNTs 3,
with a formal complex 66 operating with A/Dgg/65 = 0.5. The
activity of the fullerene catalyst 8 did not increase much in the
presence of MWCNTs 3, giving formal complex 67 with
A/Dg7/8 = 1.4. This was meaningful because the high activity of
fullerene 8 with A/Dgj9 = 2.6 (Figure 3) leaves little room to
improve, and the interaction between convex aromatic surfaces

is not favorable.

Taken together, anion— catalysis on multiwalled carbon nano-
tubes (53, A/D = 7.3) is better than on single-walled carbon
nanotubes (49, A/D = 2.0) and monomeric fullerenes (22,
A/D = 4.6) but weaker than on fullerene dimers (37, A/D =
12.5). The true activity is presumably much higher because
MWCNTs, and SWCNTs, are heterogenous catalysts that
operate as suspensions with only a minor fraction of the total =
surface accessible for function. Fullerene monomers and
dimers, in contrast, are homogenous catalysts that are fully dis-
solved and thus fully accessible. Anion—m catalysis thus in-
creases roughly with the polarizability of the carbon allotrope.
The overall less convincing activities found with SWCNTs
could originate from more favorable weakening of the exclu-
sively in-plane polarization by multiple substrate/transition-
state binding under the selected experimental conditions.
Besides these overall minor reservations for SWCMTs, the
found activities are among the best observed [3], confirming the
promise of induced anion— interactions on carbon allotropes

for catalysis.

In contrast to these conclusions made with modified carbon
nanotubes, epoxide-opening ether cyclization of 32 occurred on
undermodified fullerene 31 (Figure 6) but not on pristine
MWCNTs 3 (Figure 9). Modified carbon nanotubes exert their
catalytic power because the tethered base injects the negative
charge into the substrate right on top of the polarizable 7 sur-
face of the tube. Inability of pristine MWCNTSs 3 to open and
cyclize epoxide 32 thus implied insufficient substrate binding to

form substrate-catalyst complexes that can proceed to transition
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state XV (Figure 9A). To increase binding, substrates would
have to be equipped with interfacers. For MWCNTs 3, inter-
facing with pyrene is most popular [82,88,90,96-99]. A pyrene
interfacer was thus attached to substrate 32 [44]. Binding of the
pyrene in the resulting substrate 68 to the MWCNT catalyst 3
should then afford a substrate-catalyst complex strong enough
to access the interfaced transition state XVI and yield product
69. Already the presence of 9 wt % of MWCNT suspensions
gave rate enhancements of 390. They increased with increasing
MWCNT concentrations.

In the presence of 25 mol % of inhibitor 70, rate enhancements
dropped to 11. This decrease was consistent with the formation
of the formal inhibitor-catalyst complex 71, where the m-basic
DANSs 70 stacked onto MWCNTs hinder the access of substrate
68, physically, electrostatically, or both. The addition of
25 mol % product 69 at the beginning of the reaction deceler-
ated rather than accelerated the cyclization from rate enhance-
ments of 390 down to 5. The formal product-catalyst com-
plexes 72 were, however, weak enough not to interfere with full
substrate conversion, that is turnover. They provided support for
the occurrence of anion—m catalysis but not autocatalysis on
MWCNTs. The disappearance of autocatalysis on MWCNTs
provided consistent support that the polarization of the extend-
ed 7 system induced by substrate/transition-state binding
hinders additional binding. An anionic transition state on the ex-
tended 7 surface thus not only induces its own stabilization by
polarization, i.e., self-creates its own catalyst, but also self-
protects against its destruction by multiple binding at suffi-
ciently low concentrations (Figure 1).

Rate enhancements for the conversion of substrate 73 into prod-
uct 74 in the presence of 9 wt % pristine MWCNTSs 3 were not
as high as with substrate 68. This result was consistent with
pyrene as best interfacers for MWCNTSs. For anion—m catalysis
on NDI stacks, the reversed order was obtained, consistent with
the preferred formation of DAN-NDI charge transfer com-
plexes [8,100-106].

The efficient conversion of interfaced substrates 68 and 73 on
pristine MWCNTs 3 was of particular interest with regard to ca-
talysis initiated by oriented external electric fields (OEEFs,
Figure 9B). The idea of OEEF catalysis has been around for a
long time as a promising, bioinspired concept to revolutionize
organic synthesis on the broadest sense [32-35]. Indeed, every
chemical transformation can be seen as a directional displace-
ment of point charges, electrons. Control over speed and direc-
tion of this charge translocation by OEEFs should allow to gen-
erally manipulate molecular transformation, from speed to
selectivity and access to completely new reactions. Internal

electric fields have been shown to account for much of the
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Figure 9: (A) Epoxide-opening ether cyclization on pristine carbon nanotubes occurs with (XVI) but not without (XV) interfacers such as pyrene in 68
or DAN in 73, catalyst inactivation with 70 in formal complex 71 and product 69 in formal complex 72 supports anion-mr catalysis but not autocatalysis.
(B) Electric-field-induced anion—r catalysis on MWCNTs 3 in electrochemical microfluidic reactors, with reactor design (C) and notional transition
states for ether cyclization of 68 at positive (XVIII), zero (XVII) and negative voltage (XIX). Parts B and C of Figure 9 were adapted from [44] (© 2023
M. A. Gutiérrez Lopez et al., published by the American Association for the Advancement of Science, distributed under the terms of the Creative
Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

power of enzymes [41-43]. The translation of these lessons
from nature into OEEF catalysis has so far been slow for a
series of most demanding challenges [32-40]. It has been shown
that anion— catalysis with NDIs on ITO electrodes could solve
some but not all of these challenges, and relevance for practice
remained negligible [14].

Operational anion—r catalysis on MWCNTSs fundamentally
changed this situation. Integrated into electrochemical micro-
fluidic reactors [107-110], this breakthrough promised to solve
all problems obstructing the use of OEEF catalysis in a remark-
ably straightforward manner. Electrochemical microfluidic
reactors should provide access to strong fields at voltages low
enough to avoid electron transfer, offer high enough effective
catalyst to substrate ratios and work without interfering elec-
trolytes (Figure 9C). MWCNTs drop casted on graphite anodes
[111] then should translate the applied OEEFs into strong local
macrodipoles. These oriented macrodipoles, depending on the

sign of the applied voltages, should then enable strong anion—m

and cation— interactions [112-115] and accelerate and direct
the electron displacement during the reaction. Possible limita-
tions at high concentrations in suspension from catalyst depolar-
ization by multiple binding (Figure 1) naturally do not apply to
permanent polarization by OEEFs (Figure 9B).

To elaborate on these great expectations, pristine MWCNTs 3
were drop casted on the graphite anodes of electrochemical
microfluidic reactors [44]. The substrate was injected by a
syringe pump, the product was collected at the other end of the
microflow channel and analyzed by HPLC (Figure 9C). With-
out applied voltage, the reaction essentially did not occur under
these heterogenous conditions. This inactivity indicated that
transition state XVII, characterized by interfacing and induced
MWCNT polarization by the transition state itself but not from
OEEFs, is hardly accessible (Figure 9B). With increasing posi-
tive voltage applied, conversion increased in a pseudo-linear
manner. At 6 V, the conversion after one passage through the

system at a flow rate Q, = 25 uL min~! increased to 31%. The

1889


https://creativecommons.org/licenses/by/4.0

emergence of conversion in response to applied voltage was
consistent with operational OEEF catalysis, that is the stabiliza-
tion of transition state X VIII by the local oriented macrodipole
of MWCNTs that are polarized by the OEEF applied. Inversion
of the applied voltage to =3 V removed the minimal activity
present without voltage. This result was important because it
was not only consistent with the existence of OEEF catalysis
with a destabilized transition state XIX. It also disfavored
contributions from Sy1-type mechanisms and, most important,

from electron transfer.

Anion—1 catalysis on graphite

Beginning with spherical fullerenes, expansion of the aromatic
surface of carbon allotropes leads to SWCNTs and MWCNTs.
Further expansion by unrolling nanotubes into infinite sheets
leads to graphene 75 as formal homolog of SWCNTSs 2 and
graphite 76 as formal homolog of MWCNTs 3 (Figure 10)
[112,114-123]. Graphite is the oldest, most common carbon
allotrope composed of sp? hybridized atoms, complementary to
diamond as the archetypal sp> carbon allotrope. Conductive
because of the delocalized electrons of the giant 7 system,
graphite is commonly used as electrode. With this giant 7
system, graphite qualifies as potential anion—m and cation—m
catalyst, depending on the orientation of the planes in the solid.

positive voltage

V=425V, n=45%

A
75 -
metal plate PSSl
5™
Pt (cathode) e
— e — D e
C 2\ 2
graphite (anode) N
~ S e
metal plate S S S|
: W EERSRN
substrate product ) 76

Figure 10: Electric-field-induced anion—m catalysis on MWCNTs 3 on
graphite 76 in electrochemical microfluidic reactors, with reactor design
(A) and notional transition states for ether cyclization of 68 at positive
(XX) and zero voltage (XXI) on graphite 76. Figure 10 was adapted
from [44] (© 2023 M. A. Gutiérrez Lépez et al., published by the Amer-
ican Association for the Advancement of Science, distributed under the
terms of the Creative Commons Attribution 4.0 International License,
https://creativecommons.org/licenses/by/4.0).

Also in electromicrofluidic reactors, graphite electrodes are
used. It was thus tempting to try OEEF-induced anion— cataly-
sis in the absence of MWCNTs, directly on graphite. However,
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without MWCNTs drop casted on the graphite electrode, the
conductivity of the reactor was much lower [44]. This meant
that already small currents produce high voltage. Despite this
undesirable situation, conversion of 68 was observed to increase
with increasing voltage. This observation was particularly
intriguing because electric-field-induced anion— catalysis on
graphite might be relevant with regard to early steps in the
origin of life [124,125].

Conclusion

Anion— catalysis on carbon allotropes originates from the ob-
servation that access to strong anion— interactions by increas-
ing the intrinsic 7 acidity of aromatic surfaces is not realistic.
Any permanent withdrawal of electron density destabilizes the
aromatic system before anion—r interactions would become
really attractive for catalysis [3]. This observation called for a
shift of attention from intrinsic to induced anion— interactions.
Polarizability of the aromatic system has been predicted since
the beginning to provide access to really strong anion— interac-
tions [61]. For anion—m catalysis, the shift from intrinsic to in-
duced anion— interactions suggests that the anionic transition
state will induce the formation of its own catalyst. Close to a
polarizable 7 surface, such an anionic transition state will drive
all movable electrons away. This induced charge relocation will
generate strong macrodipoles which are oriented to stabilize the
same anionic transition state that induces their formation

(Figure 1).

The shift of attention from intrinsic to induced anion— interac-
tions thus called for aromatic systems of highest polarizability,
that is carbon allotropes [9-11]. This account recapitulates how
anion—t catalysis on carbon allotropes was explored first on ful-
lerene monomers, then fullerene dimers, SWCNTs and
MWCNTs. Studies mainly focusing on enolate addition chem-
istry showed that selectivity generally increases with the polar-
izability of the carbon allotrope. Other reactions like asym-
metric anion Diels-Alder reactions, the construction of 1,3-
nonadjacent stereocenters and bioinspired ether cyclizations

have been realized as well.

The emerging combination with oriented external electric fields
changes the mechanism of anion—m catalysis on carbon
allotropes [44]. Rather than an anionic transition state creating
its own catalyst, the OEEF polarizes the carbon allotrope in
advance. The resulting macrodipoles then should enable strong
anion—m and cation—m interactions depending on their orienta-
tion, and accelerate and direct electron displacement during the
reaction. This translation of the external field into local oriented
macrodipoles solves one important challenge that has delayed
progress with OEEF-induced catalysis. Namely, the fields pre-

dicted to accelerate and direct the flow of electrons during a
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reaction are much larger than the voltage needed to turn-on
electron transfer and redox chemistry. This dilemma is over-
come by carbon allotropes. They translate voltages weak
enough to avoid electron transfer into oriented local molecular
macrodipoles that are strong enough to access significant
anion— and cation—m interactions and thus accelerate electrons
movement during a reaction.

The rich collection of additional problems holding back
progress with OEEF-induced catalysis could be addressed with
electrochemical microfluidic reactors. Most important are high
effective catalyst to substrate ratios, high fields from small volt-
ages, and no need to add electrolytes. These electrochemical
microfluidic reactors have been constructed for a completely
different purpose, that is practical access to organic redox
chemistry [107-110]. Our results suggest that there might be
more to win before the electrons jump. Being general and easy
to use, the introduced supramolecular organocatalytic systems
promise to lift all involved topics to a new level of significance.
Essentially every reaction consists of the movement of elec-
trons, from nucleophile to electrophile. To accelerate and direct
this charge displacement, any electron-rich motif in transition
states and reactive intermediates should be stabilizable by in-
duced anion— interactions with MWCNTs that are polarized by
an electric field. Inversion of the applied voltage should allow
to stabilize the respective electron-poor motifs by induced
cation— interactions, and the combination with co-catalysts
interfaced on MWCNTs should provide general access to asym-
metric catalysis. OEEF-induced anion— and cation—r catalysis
on carbon allotropes, affordable, clean and general, thus have
the potential to non-covalently electrify organic synthesis in the
broadest sense.
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There has been a growing emphasis on the synthesis of polycyclic conjugated compounds, driven by their distinct structural charac-

teristics that make them valuable candidates for use in cutting-edge technologies. In particular, acenes, a subgroup of polycyclic ar-

omatic compounds, are sought-after synthetic targets due to their remarkable optoelectronic properties which stem from their

m-conjugation and planar structure. Despite all these promising characteristics, acenes exhibit significant stability problems when

their conjugation enhances. Various approaches have been developed to address this stability concern. Among these strategies, one

involves the incorporation of the biphenylene unit into acene frameworks, limiting the electron delocalization through the antiaro-

matic four-membered ring. This review gives a brief overview of the methods used in the synthesis of biphenylenes and summa-

rizes the recent studies on biphenylene-containing polycyclic conjugated compounds, elucidating their synthesis, and distinct opto-

electronic properties.

Introduction

Acenes represent an important category of carbon-rich poly-
cyclic aromatic hydrocarbons (PAHs) characterized by the pres-
ence of linearly fused benzene rings [1,2]. Investigating the
electronic properties of acenes is essential for understanding the
correlations between structure and electronic properties, as
these units serve as fundamental building blocks in graphite and
carbon nanotubes [3]. The limited stability of this particular
class of PAHs arises as a key challenge, primarily attributed to
their extended conjugation. The longer acenes exhibit increased

reactivity, readily undergoing processes of oxidation and dimer-

ization, consequently disrupting the molecular conjugation [4].
This instability poses a significant obstacle in their widespread
application across various devices [4]. The decline in stability
seen in larger acenes can be attributed to Clar's rule, which
considers the increasing number of non-sextet rings throughout
the acene series as a contributing factor (Figure 1) [5,6].

Numerous approaches have been developed to address the chal-

lenges arising from the instability and solubility issues encoun-

tered in acenes. These include the incorporation of heteroatoms
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Figure 1: The correlation between stability and Clar's rule in acenes.

within the acene backbone [7,8], stabilization of the acene core
structure through the integration of diverse units [9,10], and the
introduction of bulky substituents [11]. These approaches aim
to maintain the desirable electronic properties of acenes while
mitigating the aforementioned challenges to the best possible
extent. Our focus in this review is primarily on exploring the
role of biphenylenes in stabilizing the core structures of acenes
and other PAHs.

Review
Biphenylenes and [N]phenylenes

Biphenylene (1), which consists of two aromatic benzene rings
connected with a four-membered ring, is a highly intriguing

compound in terms of its structure. It possesses a planar config-

[2 + 2] cycloaddition | N
| _

2 1

Scheme 1: General synthetic strategies to access the biphenylene core 1.
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uration and consists of 4n m-electrons, rendering it antiaromatic.
However, despite being antiaromatic, biphenylene is more
stable than other known antiaromatic compounds [12]. Research
using computational methods to investigate how benzo and
benzocyclobutadiene annulations impact the ring current densi-
ty of biphenylene derivatives reveals that the antiaromatic
(paratropic) current density in the 4-ring structure can range
widely, shifting from highly antiaromatic to nonaromatic limits
based on the annulation modes employed [13,14]. Since
Lothrop's initial successful synthesis of biphenylene in 1941
[15], numerous studies have been carried out, highlighting four
prominent synthetic approaches. These methods include flash
vacuum pyrolysis [16-18], [2 + 2] cycloaddition [19,20],
[2 + 2 + 2] cycloaddition [21], and the Ullmann reaction [15,22]
(Scheme 1). Due to the observed low yields in flash vacuum py-
rolysis, the difficulty in synthesizing starting materials, such as
3, and the impractical nature of scaling up the method for large
quantities, the other three approaches have gained popularity for
synthesizing biphenylene derivatives [23]. The utilization of
in-situ aryne synthesis to generate biphenylene through the
dimerization of arynes 2 from diverse substrates has gained
popularity. However, this approach occasionally gives rise to
the production of high-energy intermediates, such as benzene-
diazonium-2-carboxylate, and yields that are comparatively low
[20]. After the Ullmann reaction was successfully employed for
the first reported synthesis of biphenylene [15], subsequent
studies have explored various transition-metal-mediated cou-
pling reactions using 2,2'-dihalogenated biphenyls 4 as starting
materials [24,25]. Although the cobalt-mediated alkyne trimer-
ization route frequently used by Vollhardt and co-workers is not
the first choice for the synthesis of the biphenylene itself, it has
led to the synthesis of structurally demanding substituted
biphenylenes and the emergence of a family of polycyclic

hydrocarbons called [N]phenylenes.

Hal
N\ 7/
Hal
4
[2+2+2] =
cyclotrimerization + |||
X
5 6
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The utilization of cobalt-mediated alkyne trimerization facili-
tated the synthesis of [N]phenylenes exhibiting diverse struc-
tural configurations, including linear 7, angular 8, zig-zag 9,
bent 10, branched 11, and cyclic 12 topologies (Figure 2) [26-
30]. In [N]phenylene structures, the presence of a formally
antiaromatic four-membered ring leads to the localization of
m-electrons on the benzene rings [31]. Despite this phenomenon,
the oligomer series demonstrates a decreasing band gap, indi-
cating the ability of electrons to transmit through the four-mem-
bered rings [32].

Phenylene-containing oligoacenes (POAs)

The localization of m-electrons and the consequent decrease in
band gaps observed in the [N]phenylene series have sparked
interest in exploring acene—biphenylene hybrid structures. If
this trend could be maintained in practical applications, it would
offer the opportunity to retain the desirable electronic proper-
ties while mitigating the inherent stability concerns associated
with acenes. The underlying principle guiding the design is to
maximize stability by incorporating the largest possible number

of Clar sextets, while concurrently minimizing any adverse

Beilstein J. Org. Chem. 2023, 19, 1895-1911.

impact on electronic properties resulting from reduced electron
delocalization. In 1983, McOmie and co-workers reported the
first synthesis of phenylene-containing oligoacenes (POAs)
[33]. The primary objective of their work was to establish an al-
ternative synthetic approach to the existing methods for
biphenylene synthesis described in the literature, rather than
focusing on the optoelectronic properties of the resulting com-
pounds. Small quantities of the key starting material benzo-
cyclobutene-1,2-dione (BBD, 13) were obtained through the py-
rolysis of indane-1,2,3-trione. When BBD 13 was subjected to
reflux conditions with bis(cyanomethyl) compounds 14a (a
benzene derivative) and 14b (a naphthalene derivative) in aceto-
nitrile, the desired POAs 15a and 15b were obtained with yields
of 25% and 48%, respectively (Scheme 2). It was also reported
in the same study that the yield of 15b increased up to 62%
when the water formed during the reaction was removed with
CaH,.

The initial results on biphenylene and its more extensively
fused counterparts led to another notable study conducted by

Jensen and Coleman in 1959 [34]. By subjecting o, 0,0, -tetra-

Figure 2: [N]Phenylenes 7-12 with different topologies.

CN
O RO
(ji + |
o)
CN
13 14a,b

DBU (5 drops)

acetonitrile

reflux

CN
L
CN

15a,b

25-48% yield

Scheme 2: Synthesis of POAs 15a and 15b via reactions of BBD 13 and bis(cyanomethyl) compounds 14a and 14b.
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bromo-o-xylene (16) to -BuOK to anhydrous conditions,
biphenylene derivative 17 was obtained with a yield of 69%
(Scheme 3). In the final step of the synthesis, a halogen-lithi-
um exchange was carried out, followed by treatment with
MeOH, resulting in a 79% yield of benzo[b]biphenylene (18).

Br
CHBr, £BuOK N
e
CHBr, 69% yield
Br
16 17

1) n-BulLi
2) MeOH
79% yield

0

18

Scheme 3: Synthesis of benzo[b]biphenylene (18).

In their efforts to find a more general method for the synthesis
of benzo[b]biphenylenes, Barton and co-workers were able to
synthesize benzo[b]biphenylene (18) in 71% yield by the reac-
tion of equal molar amounts of tetrabromo compound 16 and
1,1,2,2-tetrabromo-1,2-dihydrobenzocyclobutene (19) in the
presence of activated zinc dust in THF (Scheme 4) [35]. By
making minor adjustments to the reaction conditions, such as
employing DMF as the solvent and raising the temperature to
100 °C, along with utilizing compound 20 as the starting mate-
rial, Barton and his team achieved the synthesis of POA 21.
This POA featured an extended conjugation and was obtained
in 30% yield.

Br
CHBr- -
2 . | X Br
7 —Br
CH BI’2 Br
16 19
Br
CHBr2 AN |
P
CHBry Br
20 19

Scheme 4: Synthesis of benzobiphenylene 18 and POA 21.
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In a study released by Swager and Parkhurst in 2012 [36], the
term POA has been used for the first time in the literature. In
this study, they successfully synthesized POAs 25a and 25b by
employing sequential Diels—Alder reactions (Scheme 5).
Furthermore, the researchers conducted a comprehensive inves-
tigation into the optical and electrochemical characteristics of
these compounds. The key component employed in the produc-
tion process, known as 3,4-bis(methylene)cyclobutene, was
generated through the application of flash vacuum pyrolysis to
1,5-hexadiyne. When 3,4-bis(methylene)cyclobutene under-
goes a reaction with dienes like 1,3-diphenylisobenzofuran and
1,3-diphenylisonaphthofuran, it selectively produces com-
pounds 22a and 22b. In the subsequent step, the exocyclic
methylidene groups react with bisarynes, which are in situ
formed from 23, resulting in the formation of symmetric poly-
cyclic structures 24a and 24b. These isomers obtained as a mix-
ture are then subjected to treatment with p-TsOH in acetic acid,
without the need for further purification, to yield the desired
products 25a and 25b in 71 and 42% yields, respectively. When
comparing compounds 25a and 25b, UV-vis and fluorescence
studies (Appax = 500 nm, ey, = 502 nm, Oy, = 0.45 for 25a;
Amax = 513 nm, Ay = 517 nm, @y, = 0.26 for 25b; Ajpax =
442 nm, ey = 444 nm, ®gpy = 0.97 for 9,10-bis((triisopropyl-
silyl)ethynyl)anthracene — blue-colored) provide clear evidence
of a bathochromic shift and a reduction in the optical band gap.
These results support the idea that the introduction of bipheny-
lene linkages may decrease delocalization in the structure.
However, despite this reduction, there is still communication
between the acene units evident from the decreased band gaps
in compounds 25a and 25b.

Despite the achievements in the synthesis of [N]phenylene and
POAs, the challenges of low yield and stability issues, particu-
larly with the starting materials employed in the syntheses,
prompted researchers to explore alternative and improved
methods. In this context, Xia and co-workers drew inspiration

e
THF
71% yield
18
v I
DMF, 100 °C
30% yield
21
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TIPS
1) n-BuLi, PhCH;3
BFI\IBF —45°C, 25°C
* |
Br = Br 2) DDQ, benzene
heat
Il 20-36% yield
TIPS
22ab 23
Ph
:,::\II 0.0 p-TsOH
- . ,l _—
. Ac,0, heat
Ph 42-71% yield

Scheme 5: Synthesis of symmetric POAs 25a and 25b.

from their prior investigations on palladium-catalyzed annula-
tion reactions concerning ladder polymers [37]. They envi-
sioned that by making minor modifications to the starting mate-
rials, they could readily access structurally complex POAs. The
researchers efficiently conducted palladium-catalyzed C-H acti-
vated annulation reactions, involving oxanorbornadiene deriva-
tive 26 and aryl bromides including dibromoanthracene 27 [38].
Subsequent aromatization reactions were then carried out, re-
sulting in the successful synthesis of the target POAs with high
yields. The study involved the synthesis of numerous poly-
cyclic hydrocarbons containing both electron-withdrawing and
-donating side groups. Among the various compounds synthe-
sized, a particularly noteworthy achievement was the success-
ful synthesis of acene-type compound 29 using 2,6-dibromo-
9,10-bis(triisopropylsilylethynyl)anthracene (27), which was
accomplished with high yields (Scheme 6).

The presence of two methyl groups in the bridge-head positions
of compound 26 is crucial in these annulation reactions. These
groups play a vital role in preventing undesired side reaction
pathways, as their absence would lead to the failure in the for-
mation of the desired target products. Upon comparing the
UV-vis absorbance graphs of compounds 28 and 29, POA 29
(Mmax = 500 nm), which was obtained through the aromatiza-
tion of compound 28, exhibited a significant bathochromic shift.
These observations further support the hypothesis that electrons
can indeed be delocalized through the 4-membered ring system
in the POAs.

Following their work reported in 2017 [38], Xia and his group
directed their attention towards refining the electronic proper-
ties of POAs through structural variations [39]. Using catalytic
annulation reactions involving 1,4-dibromo-2,5-dichloroben-
zene (31) and substituted oxanorbornenes (26 and 30b,c),
products 32a—c, with R groups representing (a) H, (b) F, and
(c) —OCH,0O-, were successfully synthesized, albeit with mod-
erate yields (Scheme 7).

Following that, compounds 32a—c underwent derivatization
through Sonogashira cross-coupling reactions with alkynes
featuring different protecting groups such as TIPS, TES, and
TIBS. Scheme 7 illustrates the derivatization process using one
of the chosen examples, specifically the TIPS group. Accord-
ingly, the cross-coupling products 33a—c were obtained in
yields ranging between 45% and 60%. The last step of the
sequential reactions is the aromatization step and the target
POAs 34a—c were obtained in yields between 80-84%. UV-vis
investigations conducted on compounds 34a—c revealed absorp-
tion bands that align well with acene structures. While 34a and
34b displayed nearly identical absorption profiles with a
maximum absorption at A ,x = 515 nm, the incorporation of
donor groups in compound 34c¢ led to a noteworthy batho-
chromic shift with a maximum absorption at Ay, = 534 nm.
Additionally, it was reported that all three compounds, 34a—c,
demonstrated remarkable stability, showing no signs of degra-
dation over an extended period when kept in the dark, both in

solid form and in solution under air. In the final phase of the
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JohnPhos (10 mol %)
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| | 88% yield | |
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27 28
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|l
% HCI
O
OO X iPrOH/CHCI3, 80 °C
| | 80% vyield
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29

Scheme 6: Synthesis of POA 29 via palladium-catalyzed annulation/aromatization reaction.
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Cl
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(a) H, (b) F, (c) ~OCH,0O-
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R
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|
R
Eg®
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|

TIPS
34a-c

Pd(OAc), (5 mol %)
JohnPhos (10 mol %)
Cs,CO3 (1 equiv)

1,4-dioxane, 150 °C, 24 h
22-52% yield

Cl
R R
LRI
R R
Cl

32a—c
TIPS
Pd(PPh3),Cl, (2 mol %) | 1,4-dioxane
XPhos (6 mol %) | 90 °C, 24 h

Cs,CO; (2.3 equiv)
45-60% yield

TIPS

|

HCl R R
=

iPrOH/CHClI5, 80-90 °C R O‘a. .G’O R
|

80-84% yield |

TIPS
33a-c

Scheme 7: Synthesis of bisphenylene-containing structures 34a—c.

study, the authors investigated the charge-transport properties of
compond 34a in OFET. Since the charge-transport properties

are significantly affected by the molecular packing, they have

modified compound 34a using different protecting groups.
In this context, triethylsilyl (TES), triisopropylsilyl (TIPS),
and triisobutylsilyl (TIBS) groups were incorporated into
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the structure considering the increased dimensions. Thus, deriv-
atives 34a-TES and 34a-TIPS showed hole mobilities of
0.075 cm? V7! 571 and 0.19 em? V=1 571, respectively, while
the highest value was noted with 34a-TIBS at 0.52 cm? V~! 571

Later on, Xia and his colleagues demonstrated that curved PAH
structures can be synthesized by employing their own de-
veloped palladium-catalyzed arene—oxanorbornadiene annula-
tion reactions [40]. This study involved converting PAHs ob-
tained through annulation and aromatization steps into curved
PAH structures using metal-catalyzed cycloaddition reactions
pioneered by Vollhart [41] and Kotora [42]. Unlike previous
studies that reported cycloadditions from bay regions of
[N]phenylenes, metal-catalyzed cycloadditions with diphenyl-
acetylene occurred exclusively in the non-bay region, which
allowed for straightforward syntheses of curved structures.
Moreover, the presence of methyl groups in the structure facili-
tated the controlled activation of desired cyclobutadiene units,
enabling precise modifications. A selected example from the
study is summarized in Scheme 8. The angular structure 36 was
prepared through annulation reaction between oxanorbornene
26 and 1,8-dibromobiphenylene (35), followed by aromatiza-
tion via treatment with HCI in CHCI3 and iPrOH, resulting in
the formation of compound 37 in 49% yield. In the final step,
Ir-catalyzed cycloaddition reaction with diphenylacetylene
(tolane) led to PAH 38 in 47% yield.

According to the X-ray analysis results, it is evident that the
structure of compound 38 is far from planarity, and the phenan-
threne moiety exhibits a dihedral angle of approximately 22°.
Upon comparing the UV—vis spectra of the angular structures
37 and 38, it was observed that after the Ir-catalyzed cycloaddi-
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tion reaction, the Ay ,x of product 38 considerably blue shifted

in comparison to the Ay, of 37.

Xia et al. also conducted a synthesis of [3]naphthylene regio-
isomers through Pd-catalyzed annulation reactions, employing
2,7-,1,5-, and 1,7-dibromonaphthalenes (Scheme 9) [43].

These annulation reactions involving 2,7-, 1,5-, and 1,7-
dibromonaphthalene with different benzoxanorbornadienes (R =
(a) TIPSA, (b) 2,6-(CH3),CgHs, (c) H), followed by aromatiza-
tion in acidic conditions, resulted in the formation of three
[3]naphthalene regioisomers 43a—c, 44a—c, and 45a—c with
excellent yields of up to 94%. The synthesized PAHs 43a, 44a,
and 45a with diverse geometries exhibited interesting absorp-
tion and emission characteristics, making them highly intriguing
for further study and potential applications. Among the regio-
isomers in the series, the linear isomer 43a displayed the
highest quantum yield (@, = 0.64). Additionally, its absorp-
tion and emission max values (Apax and Ap,x em) Were deter-
mined to be 476 and 477 nm, respectively. Compound 44a
exhibited no alteration in the absorption maxima; however,
there was a considerable bathochromic shift in the emission
maxima (Apax = 476 nm and Apax,em = 387 nm for 44a). In
contrast to compound 43a, @, of compound 44a decreased
significantly to 0.08. Likewise, compound 45a (Ap,x = 402 nm,
Amax.em = 524 nm, @, = 0.16) also demonstrated a substantial-
ly reduced quantum yield when compared to compound 43a.
Theses regioisomers with varying geometric structures provi-
ded strong evidence that the antiaromaticity of the cyclobuta-
diene (CBD) ring can be tuned up with appropriate structural
designs. NICS (nucleus independent chemical shift) analysis
revealed that the linear structures within the series exhibited

Pd(acac),
Br JohnPhos
gt
* |
B Q THF, 120 °C, 12 h
r
30% vyield
26 35
HCI
iPrOH/CHCI3
80 °C
49% vyield

[Ir(cod)Cl],, dppe

||
—

Scheme 8: Synthesis of curved PAH 38 via Pd-catalyzed annulation and Ir

toluene, 130 °C, 18 h

-catalyzed cycloaddition reactions.

47% yield
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77-81% yield

R R
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R R

43a—c

JohnPhos (10 mol %) R
R O ‘a Cs,CO05 (1 equiv) HCI ‘.OO
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< THE, 130 °C, 24 h iPrOH/CHCI, OO-O R
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84-92% yield

26, 39a,b
Br
R = (a) iPrySi— Br
(b) 2,6-(CH)2CoHs OO

Pd(OAc), (5 mol %)
JohnPhos (10 mol %)
Cs,CO3 (1 equiv)

65-93% vyield

HCI

THF, 130 °C, 24 h
61-88% yield

Scheme 9: Synthesis of [3]naphthylenes.

reduced antiaromaticity in the CBD ring compared to other
structural arrangements.

By employing a methoxy group on the oxonorbornene, the
methyl ether moiety can be removed and the phenol subse-
quently converted to a triflate. The Pd-catalyzed annulation ap-
proach can be conducted sequentially, facilitating the synthesis
of polyaromatic hydrocarbons, particularly unsymmetrical ones
(Scheme 10) [44]. In this way, compound 48 was synthesized
through a two-step process involving the Pd-catalyzed annula-
tion between compounds 46 and 47, followed by aromatization
in the presence of PPTS. The methoxy group was then cleaved
using HBr in Aliquat-336, and the resulting product was con-
verted to the triflate under basic conditions, resulting in a regio-
isomeric mixture of 49 with a yield of 81% over the two steps.
To obtain the PAH 51, a second Pd-catalyzed annulation and

subsequent aromatization of 50 were performed in an acidic

iPrOH/CHCI3
70-94% yield

medium. Ultimately, the desired compound, PAH 51 bearing
TIPS groups, was obtained in 82% yield as the final product.
UV-vis and fluorescence studies were conducted to gather
insights into the optoelectronic characteristics of PAH 51. The
obtained data revealed that the synthesized compound pos-
sesses a unique absorption and emission profile, highlighting its
distinctive optical properties (Apax = 470 nm, Apaxem =
470 nm, &gy, = 0.12).

Biphenylene-containing azaacenes

Bunz and co-workers incorporated biphenylene units into
azaacene structures to enhance their stability [45]. Initially, their
early attempts focused on synthesizing unsymmetrical
azaacenes containing biphenylene units. Through the condensa-
tion of ortho-diamine compounds 53a—c derived from benzene
(53a), naphthalene (53b), and anthracene (53¢) with compound

52, the desired target azaacenes 54a—c were successfully ob-
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MeO Oﬁ CSZCOS (1 eqUiV) PPTS
THF, 130 °C toluene
46 88% yield 76% yield
HBr
R Aliquat-336
R = iPrySi—=
R
39a

Pd(OAc), (5 mol %)
JohnPhos (10 mol %)
Cs,CO3 (1 equiv)

THF, 130 °C
66% yield

HCI

Scheme 10: Sequential Pd-catalyzed annulation reactions.

tained in yields ranging from 68% to 84% (Scheme 11). As an-
ticipated, there was a notable red shift observed from 54a to
54c¢, which can be attributed to the expansion of the acene struc-
ture (Apax = 441 nm, Apax em = 444 nm for 54a; Ay, = 541 nm,
Amax,em = 350 nm for 54b; Ay = 648 nm, Ay em = 655 nm
for 54c).

Next, the Bunz group focussed on symmetric azaacenes, which

present a greater challenge in synthesis compared to their non-

TIPS
It
+ | |
Z 0 HN N e e
It
TIPS
52 53a—c

iPrOH/CHCI,
82% yield

Tf,0

pyridine
81% yield
over 2 steps
49 ( ps)

symmetric counterparts (Scheme 12) [46]. This complexity
arises from factors such as limited substrate versatility and the
difficulty in incorporating solubilizing groups into the symmet-
ric azaacene framework. In the initial stage, the condensation
reactions between biphenylene-2,3-dione (52) and diaminothia-
diazoles 55a,b resulted in the formation of polycyclic struc-
tures 56a and 56b containing thiadiazole units, in yields of 57%
and 34%, respectively. Subsequently, by selectively cleaving
the thiadiazole ring using LiAlH4, followed by further conden-

TIPS
Il
AcOH, DCM NIj
Ar, reflux \N Al AN
68-84% yield | |
TIPS

Scheme 11: Synthesis of biphenylene-containing unsymmetrical azaacenes 54a—c.
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Scheme 12: Synthesis of biphenylene containing symmetrical azaacenes 58a,b.

sation reaction with dione 52, the desired symmetric azaacenes
58a and 58b with R groups representing (a) isopropyl and (b)
sec-butyl, were successfully obtained in 84% and 61% yields,
respectively. The incorporation of a biphenylene group into the
azaacene structure did not result in any significant impact on the
electrochemical properties. The electrochemical analysis
revealed the presence of two reduction potentials commonly ob-
served in azaacenes, suggesting that the modification did not
alter this characteristic feature. For compound 58a, A, was
observed at 600 nm, and A,k em Was at 614 nm. On the other
hand, for compound 58b, A;,,x was found at 606 nm, and
Amax,em Occurred at 616 nm. Based on the photophysical proper-
ties of compounds 54a and 54b, which were synthesized in the
previous study (Scheme 11), it is evident that the addition of the
second biphenylene-fused pyrazine group to the structure leads
to a substantial red shift towards the NIR region. This observa-
tion indicates that the incorporation of biphenylene-containing
groups has a positive impact on the optoelectronic properties of
these structures, while also promoting their stability.

With appropriate substrate choices, Xia and co-workers were
able to apply the Pd-catalyzed annulation strategy that
they developed for the synthesis of biphenylene-containing

azaacene structures [47] (Scheme 13). The methodology used in
this study closely resembled their previous work (Scheme 9)
[43].

The method used offered a distinct advantage compared to
previous approaches [45], as it enabled the synthesis of not only
linear azaacene structures but also non-linear structures as
shown in Scheme 13. This versatility allowed for a broader
range of conjugated molecules to be successfully prepared. The
target azaacene analogues 62—64, featuring 2,6-(CH3),C¢Hj3
groups were obtained in yields ranging from 50 to 85% through
a series of steps. First, Pd-catalyzed annulation reactions of
oxanorbornene 39b and dibromophenazine derivatives 59-61
were carried out. Subsequently, aromatization reactions were
performed in the presence of HCI to yield the desired products.
The conjugated structures with distinct geometries demon-
strated significant absorption and fluorescence characteristics.
Among the synthesized compounds, linear derivative 62 exhib-
ited the most intense absorption peak (Apax = 503 nm), whereas
the other two compounds 63 and 64 possessed slightly blue-
shifted absorption maxima at 487 nm and 501 nm, respectively.
When the fluorescence properties of compounds 62, 63, and 64

were examined, it was observed that compound 62 exhibited
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Scheme 13: Synthesis of azaacene analogues 62—64.

strong fluorescence, making it an excellent fluorophore
(Mnax.em = 508 nm, @, = 0.58) . On the other hand, compound
63 showed weaker fluorescence compared t0 62 (Apax,em =
666 nm, O, = 0.07), and compound 64 displayed almost no

fluorescence emission (Apax .em = 497 nm, O¢y, = NA).

Naphthazarin—-biphenylene hybrid structures

Taking the advantage of naphthazarin's bifunctional
Diels—Alder reactivity, Swager and his team succeeded in the
synthesis of POA-type structures incorporating naphthazarin
and triptycene units (Scheme 14) [48]. Naphthazarin deriva-
tives are known to complex with boron moieties and metals to
form electron-poor acene units. Through the Diels—Alder reac-
tion involving dienophile 66, which was formed via the tautom-
erization of compound 65, and diene 67, compound 68 was suc-
cessfully obtained in 30% yield. In the final step, the target
POA-type structure containing naphthazarin 69 was synthe-

sized by aromatization under acidic conditions. The attempts to

64

conduct complexation experiments using BF3-OEt; to obtain a
stable BF, complex were unsuccessful, primarily due to solu-
bility problems encountered with substrate 69 and its BF, com-
plex. Based on the UV—vis analysis of compounds 65 and 69, it
was observed that compound 65 displayed a low-energy absorp-
tion band at A,x = 568 nm, whereas compound 69 exhibited
absorption at Apy,x = 557 nm. Unfortunately, the unsuccessful
BF, complexation step to isolate stable BF, complex of 69,
likely attributable to solubility issues encountered with sub-
strate 69, prevented the incorporation of the acene backbone
into the structure. Consequently, the anticipated red-shift in the

absorption spectrum could not be observed as expected.

Boron-doped phenylene-containing

oligoacenes
Following the evaluation of the POA concept combined with
azaacenes and naphthazarin derivatives, the impact of boron

doping on the optoelectronic properties of POA structures was
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69

Scheme 14: Synthesis of POA-type structure 69.

also targeted [49]. In the study, the envisaged POA 73 was suc-
cessfully synthesized in three steps (Scheme 15). The initial
step involved the synthesis of compound 71 in 64% yield using
a cobalt-catalyzed cyclotrimerization reaction between 1,2-
diethynylbenzene (5) and bis(trimethylsilyl)acetylene (70), a
method commonly employed in [N]phenylene synthesis. Subse-
quently, treatment of compound 71 with excess BBr3 in
n-hexane, dibrominated intermediate 72 was obtained in 57%
yield. In the final step, mesitylation was conducted utilizing

HCI

IPA/CHCI,
75% yield

Beilstein J. Org. Chem. 2023, 19, 1895-1911.

O Ph

Ph | H

H

66 67

1) toluene, reflux
2) KOt-Bu (excess)
THF, rt, 30% yield

mesitylcopper, leading to the successful access of the desired
boron-doped POA 73 in 80% yield.

The red-colored POA 73 is noted for its absence of well-
resolved absorption bands above 450 nm. Instead, the com-
pound's color is attributed to plateau-shaped weak absorption
bands, extending to approximately 570 nm. Surprisingly, POA
73 exhibited nonfluorescent behavior, in contrast to previously
known POAs described in the literature. The hypothesis

Z i
X CpCo(CO), (0.1 equiv) X SiMe;
| P + Me3;Si—=—=—SiMe; |
N 140 °C, 15 h = SiMes
64% yield
5 70 71
BBr3 (3.6 equiv)
n-hexane
120 °C, 3d
57% yield
I\I/Ies F{;r
N B MesCu (2 equiv) B
I|3 reflux, 18 h ';D’
Mes Br
80% yield

73

Scheme 15: Synthesis of boron-doped POA 73.
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suggesting that this phenomenon is a result of non-radiative
deactivation was corroborated by detailed computational chem-

istry studies.

In continuation of the aforementioned work by Wagner and

nen

co-workers [49], they have synthesized also "v" and "z"-shaped
POAs, wherein biphenylene groups are angularly incorporated
into the 1,4-dibora-2,5-cyclohexadiene structure (Scheme 16) in

addition to a m-extended linear POA (Scheme 17) [50]. The

LiTMP (1.1 equiv)
Me3SiCl (6.0 equiv)

=gy

74

THF, -78 °C, 18 h

o) i
88% vyield 75

oo [ (] S
! Mes
B . I =
N ‘ B
| o O
B * B
Mes I\I/I
es

78 77

Scheme 16: Synthesis of “v’- and “z”-shaped B-POAs 77 and 78.

Me3Si—=2ZnCI-LiCl

SiMe

Br
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preparation of v- and z-shaped POAs 77 and 78 was carried out
starting from 2-bromobiphenylene (74). Initial steps involved
ortho-directed lithiation and subsequent treatment with
Me;SiCl, resulting in the formation of compound 75. Further
transformation through lithium—halogen exchange, followed by
reaction with Me3SiCl, yielded bis(trimethylsilylated) interme-
diate 76 in a 90% yield. By utilizing the conditions outlined in
the prior investigation [49], compound 76 was subjected to a

reaction with BBr3. In the final step, the integration of mesityl

n-BuLi (1.2 equiv) SiMes
Me3SiCl (2.0 equiv) O.O SiMe3
THF, -78 °C, 18 h

90% yield 76

1) BBr3 (3.7 equiv)
n-hexane, 120 °C, 3 d
(sealed ampule)

2) MesMgBr (2.0 equiv)
toluene/THF, 0 °C, 18 h

26% yield (77/78: 4:1)

SiMe3

Z gz
OR Pd(dppf)Cl, OO Z TBAF, DCM O O Z
OR THF % \\
96% yield SiMe; 65% vyield
79R=H NfF, K,CO3 81 82
MeCN SiMes
80R=Nf ~— 98% yield
| | CpCo(CO),
SiMej 72% yield
70
1) BBr3 (3.7 equiv)
I\I/Ies n-hexane, 120 °C, 3 d
COOOU00 === OO
I|3 2) MesMgBr (2.0 equiv) SiMes
Mes toluene, 0 °C, 18 h
84 61% yield 83

Scheme 17: Synthesis of boron-doped extended POA 84.
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groups into the molecular structure, resulted in the production
of both compounds 77 and 78, adopting v and z-configurations,

respectively, in a 4 to 1 ratio.

The synthesis of linear compound 84, characterized by a more
extensive conjugated system in comparison to the boron-modi-
fied POA 73 outlined in Scheme 15, was accomplished through
a sequence of five steps, starting from 2,3-dihydroxynaphtha-
lene (79, Scheme 17). Following the successful synthesis of the
nonaflate during the initial phase starting from 79, the subse-
quent step involved the synthesis of compound 81 through the
utilization of the Negishi cross-coupling reaction and then the
removal of TMS groups from this intermediate was achieved
using TBAF, resulting in the formation of diyne 82 in 65%
yield. The progression towards the synthesis of biphenylene-
containing substrate 83 was achieved through a Co-mediated
alkyne trimerization process. Finally, the synthesis of the
targeted boron-doped extended POA 84 was carried out with a
yield of 61%, following a series of reactions including cyclo-

condensation with BBr3 and mesitylation.

Since the "v" and "z"-shaped POAs could not be separated by
physical methods, it was not possible to study their photophysi-
cal properties separately. Nonetheless, comparison of the prop-
erties of POAs 73 and 84 has provided essential data. Closely
resembling compound 73, the red color of POA 84 is attributed
to an extensively broad absorption band, with an onset wave-
length at around 570 nm. Although POA 73 does not exhibit
any fluorescence characteristics, compound 84 displays a red
emission, which can be attributed to the presence of two

Beilstein J. Org. Chem. 2023, 19, 1895-1911.

benzene rings integrated within its structure (Apyax em = 646 nm,
®cp, = 0.12). The fluorescence properties of the mixture 77/78
were markedly enhanced in comparison to those of linear POAs
73 and 84, owing to the distinctive geometric arrangement
inherent in their structures (Apax em = 506 nm, @ep = 0.65).

On-surface synthesis of phenylene-
containing oligoacenes

The POA syntheses discussed in this review thus far have pre-
dominantly involved solution chemistry. However, recent
reports have demonstrated the feasibility of producing bipheny-
lene-containing polycyclic aromatic compounds through on-sur-
face chemistry techniques. One of the initial examples was
documented by Fasel and Meunier in 2017 [51]. In their study,
they effectively synthesized POA 87 utilizing 2,3-dibromo-
tetracene (85) as substrate at a temperature of 430 K, employ-
ing ultra high vacuum conditions on Ag(111).

Subsequent scanning tunneling microscopy (STM) analyses
unveiled not only the linear POA 87 resulting from surface-cat-
alyzed formal [2 + 2] cycloaddition reactions but also the emer-
gence of tetracene trimer 86 and tetramer 88 stemming from
[2 + 2 + 2] cycloaddition reactions (Scheme 18). It is proposed
that an aryne intermediate is formed after thermal activation and
that the observed end products are formed from arynes via
[2 + 2] and [2 + 2 + 2] cycloadditions.

In a closely related study conducted by Grill et al., the behavior
of 2,3-dibromoanthracene (89) was examined on two distinct
surfaces [Au(100) and Au(111)] (Scheme 19) [52]. Notably, on

50004
Br
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Scheme 18: Ag(111) surface-catalyzed synthesis of POA 87.

Au(111)
430 K

1908



Beilstein J. Org. Chem. 2023, 19, 1895-1911.

COCr == O 200099
+
89 90 O 91
Au(111) 54% 46%
Au(100) 0% 100%

Scheme 19: Au(100) and Au(111) surface-catalyzed synthesis of POA 91.

the Au(111) substrate, nearly equivalent quantities of dimer 91
resulting from a [2 + 2] cycloaddition and trimer 90 formed via
a [2 + 2 + 2] cycloaddition pathway were observed. In contrast,
when applied to Au(100), only the dimer structure 91 was
generated through the [2 + 2] cycloaddition process.

In a recent study in this field, Izydorczyk et al. were able to
selectively synthesize compound 87 through a hybrid approach

Br ||
~O ) s
BY (/ \H‘OMe

92 93
l ' ‘ ‘ Br
cCoo0
Br
96
Au(111)
610 K

X
9000969 ¢
87

Scheme 20: Au(111) on-surface synthesis of POA 87.

Pd(PPhs),Cl,
NEts, 50 °C, 2 h
80% yield

involving the integration of both solution and surface chemistry
techniques [53]. The key compound 96 to be used in the synthe-
sis of POA 87 was synthesized in two steps. In the first step, 94
was obtained using a double Sonogashira cross-coupling reac-
tion, followed by a Au(I)-catalyzed [4 + 2] cycloaddition reac-
tion to afford the target substrate 96 and its regioisomer 95 in a
2:1 ratio (Scheme 20). POA 87 was obtained on Au(111) at
610 K after Ullmann-type coupling and aromatic dehydrogena-

Cul

94 MeO

JohnPhosAu(MeCN)SbFg¢ (5 mol %)
CH,Cl,, 40 °C, 1 h

29% vyield (96/95 2:1)
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tion of compound 96. Apart from these studies, the synthesis of
smaller POA units has been accomplished by similar methods
starting from naphthalene percursors on the Ag(111) surface
[54]. The synthesis of nanoribbons containing biphenylene units
was also achieved on the Ag(111) surface at 475 K by using
2,3,8,9-tetrabromotetracene as the substrate [55].

Conclusion

In conclusion, even though considerable time has elapsed since
its initial synthesis in 1941, biphenylene continues to be a sig-
nificant synthetic target, with a notable increase in research ac-
tivity in recent times. Despite this long history, the synthetic
methods used in the synthesis of biphenylene are largely limited
to flash vacuum pyrolysis, [2 + 2] cycloaddition, [2 + 2 + 2]
cycloaddition, and the Ullmann reaction. This shows how open
this field is to further development and indicates the significant
potential for new methodologies to be developed. In particular,
the utilization of biphenylene units for stabilizing polycyclic ar-
omatic compounds, along with the instances elucidated in this
review where the electron delocalization occurs through the
4-membered ring, amplifies the intrinsic value of these struc-
tures. Methods that combine heteroatoms with biphenylene
moieties have also been employed to alter the electronic charac-
teristics and enhance the stability of polycyclic aromatic (POA)
structures. Over the recent years, it has been shown that synthet-
ically demanding biphenylene-containing polycyclic aromatic
compounds can be achieved in a controlled manner not only by
solution chemistry but also by on-surface chemistry. All these
results, which are open for further development, confirm that
biphenylene structures are very important synthetic units and
will be used as tools for the synthesis of more complex struc-
tures in the future.
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Efficient water-solubilization of nanocarbons is desirable for both their biological and material applications, but so far has mainly

relied on covalent modifications or amphiphiles featuring ionic side-chains. Here, we report a facile 2—4-step synthesis of pyri-
dinium-based, bent aromatic amphiphiles with modular nonionic side-chains (i.e., CH3 and CH,CH,(OCH,;CH;),-Y (Y = OCH3,
OH, and imidazole)). The new amphiphiles quantitatively self-assemble into ~2 nm-sized aromatic micelles in water independent of

the side-chain. Importantly, efficient water-solubilization and nonionic surface modification of various nanocarbons (e.g., fullerene

Ceo, carbon nanotubes, and graphene nanoplatelets) are achieved through noncovalent encircling with the bent amphiphiles. The

resultant imidazole-modified nanocarbons display a pH-responsive surface charge, as evidenced by NMR and zeta-potential mea-

surements. In addition, solubilization of a nitrogen-doped nanocarbon (i.e., graphitic carbon nitride) in the form of 10-30 nm-sized

stacks is also demonstrated using the present amphiphiles.

Introduction

Nanocarbons, such as fullerenes, graphenes, and carbon nano-
tubes, are continuing to attract global attention due to their
unique chemical and physical properties [1,2]. Facile water-sol-
ubilization and modifications of nanocarbons with various sizes
and shapes are desirable for both their biological and materials
applications, but so far have mainly relied on i) covalent modi-

fications, leading to irreversible property changes (Figure 1a,

left) [3,4] and noncovalent wrapping with ii) linear/planar
amphiphiles bearing ionic side-chains [5,6] or iii) amphiphilic/
polar polymers, displaying low to moderate interactions and
debundling efficiency (Figure 1a, center and right) [7-11]. The
development of new amphiphiles with large polyaromatic
panels for strong aromatic—aromatic interactions and nonionic

side-chains on the other hand would grant access to water-
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Figure 1: a) Previous methods for the water-solubilization and modification of nanocarbons (NCs). b) Bent aromatic amphiphiles AA and PA-R
(R = CH3 and CH>CH2(OCH2CHo)2>—-Y (Y = OCH3, OH, and imidazole)). c) Nonionic surface modification of NCs via noncovalent encircling with

PA-Rs.

soluble nanocarbons with tunable surface properties, which
could expand noncovalent nanocarbon chemistry and technolo-

gy

We here report pyridinium-based, bent aromatic amphiphiles
PA-R, featuring a pyridinium salt (Py-R*-CI7) as the key
motif, capable of providing both a cationic hydrophilic hinge
and a variety of nonionic side-chains (i.e., CH3 and
CH,CH,(OCH,CHj)>-Y (Y = OCH3, OH, and imidazole);
Figure 1b). The present amphiphile is originated from bent aro-
matic amphiphile AA [12,13], composed of two anthracene
panels linked by a m-phenylene spacer with two cationic side-
chains, which assembles into an aqueous ~2 nm-sized aromatic
micelle with broad host functions [14-21]. Replacement of the
m-phenylene unit with an N-functionalized pyridinium core
reduces the synthetic steps from 6 to 2—4, while at the same
time enabling the use of various nonionic side-chains.
Amphiphiles PA-R quantitatively self-assemble into aromatic
micelles (PA-R),, with outer diameters of ~2 nm, independent
of the side-chain present. Importantly, efficient water-solubili-
zation and nonionic surface modification of nanocarbons (i.e.,
fullerene Cgg (Cgp), single/multi-walled carbon nanotubes (s/m-
CNT), and graphene nanoplatelets (GN)) can be achieved
through noncovalent encircling with the present pyridinium-
based amphiphiles (Figure 1c). The noncovalent modification of
Cgo with multiple imidazole side-chains is found to yield a
pH-responsive surface charge, as evidenced by NMR and zeta-

potential measurements. A nitrogen-doped nanocarbon, i.e.,

graphitic carbon nitride (g-C3Ny), is likewise solubilized by
PA-R in water and subsequently deposited onto a cellulose

filter using a simple filtration protocol.

Results and Discussion

Synthesis of pyridinium-based amphiphiles

Synthesis of the pyridinium-based amphiphiles PA-R was
achieved in 2—4 steps starting from commercially available 3,5-
dibromopyridine. Negishi cross-coupling with 9-anthrylzinc
chloride in the presence of PACl,(PhCN),/P(¢-Bu)s as catalyst
afforded the common precursor 3,5-dianthrylpyridine (prePA),
a simple yet novel bent building block, in 81% yield. For the
synthesis of the methyl derivative, prePA was N-alkylated with
excess methyl iodide yielding PA-CHj’, followed by ion
exchange using an exchange resin to provide PA-CHj3 as a
yellow solid (74% yield over 2 steps; Figure 2a). Despite its
large aromatic framework with a monocationic core, PA-CH3
was found to be soluble in water up to ~0.9 mM. Using
similar procedures, amphiphiles PA-OCH3 and PA-OH
were synthesized by reacting prePA under neat conditions
with 1-(2-bromoethoxy)-2-(2-methoxyethoxy)ethane (67%
yield over 2 steps after ion-exchange) and 2-[2-(2-chloro-
ethoxy)ethoxy]ethanol (42% yield), respectively (Figure 2b).
Imidazole-functionalized amphiphile PA-Im was obtained by
first reacting prePA with 1,2-bis(iodoethoxy)ethane to yield a
reactive iodo-derivative, which was subsequently quaternized
with imidazole and converted to the chloride salt (42% yield
over 3 steps). All three CH,CH,(OCH,CH,);-containing
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Figure 2: a) Synthetic route toward prePA and PA-CHg, including the optimized structure (DFT) of PA-CH3. b) Structures of PA-OCH3, PA-OH, and

PA-Im.

amphiphiles were found to display good-to-high water-solubili-
ties. It is noteworthy that an AA derivative featuring three
nonionic —O(CH,CH;0),CHj side-chains on the phenylene
spacer is insoluble in water (see Figure S45 in Supporting Infor-
mation File 1), emphasizing the importance of the hydrophilic
pyridinium core for the observed water-solubility.

Formation and structure of aromatic micelles

Aromatic micelle (PA-CH3),, was facilely generated via disso-
lution of PA-CH3 (2.1 mg, 4.3 pymol) in water (8.6 mL). The
'H NMR spectrum of PA-CHj3 in D,O showed significantly
upfield-shifted signals (Ad = —2.73 ppm for Hy) compared to
the spectrum in CD3OD, in a manner similar to AA [12,13], in-
dicating self-assembly via the hydrophobic effect and
m-stacking interactions (Figure 3a,b). The self-assembly in
water was further supported by UV-visible analysis, displaying
slight red-shifts of the anthracene absorption bands relative to
the spectrum in methanol (Ahp,y = +3; Figure S36 in Support-
ing Information File 1). The formation of spherical particles
with narrow size distribution and an average diameter of ~2 nm
was confirmed by DLS and DOSY NMR measurements

(Figure 3e and Figure S27 in Supporting Information File 1).
Based on molecular modeling, these data suggested the self-
assembly of in average six PA-CHj3 amphiphiles into a small
aromatic micelle (Figure 3g). In a similar way, the generation of
micelles (PA-OCH3),, (PA-OH),, and (PA-Im), was con-
firmed via NMR, UV-visible, and DLS analyses upon dissolu-
tion of the corresponding amphiphiles in water (Figure 3c,d,f
and Figure S30-S36 in Supporting Information File 1). It
is noteworthy that all four amphiphiles formed similar sized

micelles (d,y = 2 nm), independent of the attached side-chain.

NMR dilution experiments with PA-CH3 and PA-OCH3 indi-
cated that their critical micelle concentrations (CMCs) are
below 0.1 mM (Figures S28 and S32, Supporting Information
File 1), which is around 10 times lower than that of AA [12,13].
The increased stability against dilution likely arises from
reduced electrostatic repulsion and increased anthracene-based
m-stacking interactions due to the absence of o-alkoxy groups.
Aromatic micelle (PA-CHz),, was furthermore found to be
stable for at least six days at room temperature in the dark (see

Figure S37 in Supporting Information File 1).
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CHj

Figure 3: 'H NMR spectra (500 MHz, rt, 0.5 mM and 1.0 mM based on PA-CH3z and PA-OCHj3, respectively, TMS in CDCl3 as external standard) of
a) PA-CH3 in CD30D, b) (PA-CHg),, in D2O, c) PA-OCHgz in CD30D, and d) (PA-OCHjs), in D2O. DLS charts (rt, H>O, 0.5 mM and 1.0 mM based on
PA-CH3 and PA-OCHjs, respectively) of e) (PA-CH3), and f) (PA-OCHj3),,. g) Optimized structure (MM) of (PA-CHg)g.

Noncovalent encircling of various

nanocarbons in water

By employing a simple grinding—sonication protocol, various
nanocarbons could be efficiently solubilized in water via nonco-
valent encircling by newly synthesized amphiphiles PA-R
[22]. A mixture of solid PA-OCHj3 (1.7 mg, 2.7 umol) and
water-insoluble Cgo (1.4 mg, 1.9 umol) was manually ground
for 3 min using an agate mortar and pestle (Figure 4a) [23].
Following addition of H,O (2.7 mL), the suspension was soni-
cated with a probe sonicator (40 kHz, 150 W, 10 min),
centrifuged (16,000g, 10 min), and then filtrated (200 nm pore-
size membrane filter) to yield a clear brown solution containing
host—guest composite (PA-OCH3),,*(Cgg);,. The UV-visible
analysis clearly showed new guest-derived absorption bands
around 340 nm and 420-650 nm, confirming the solubilization
of Cgo in water (Figure 4b). Similar host—guest composites
were also obtained using PA-CH3, PA-OH, and PA-Im under

the same conditions. It is noteworthy that the Cgq-solubiliza-

tion efficiency varied depending on the employed PA-R side-
chain, likely due to the difference in water-solubility of the cor-
responding amphiphiles. The efficiency was found to be in the
order of PA-Im > PA-OH > PA-OCHj3 >> PA-CHj3, as judged
by the guest absorbance at 525 nm (Figure 4c). Importantly,
PA-OCHj3, PA-OH, and PA-Im displayed an improved Cgo-
solubilization efficiency (up to 1.6-fold), compared to previous
amphiphile AA bearing ionic side-chains [17]. The improve-
ment presumably stems from the increased flexibility of the
anthracene panels and decreased electrostatic repulsion be-
tween the cationic moieties, allowing for tighter and more
adaptable aromatic—aromatic stacking interactions. The aliphat-
ic amphiphile sodium dodecyl sulfate (SDS) showed a 10-times
lower efficiency compared to PA-Im under the same condi-
tions (Figure S38 in Supporting Information File 1). The con-
centration of Cgg in the solution of (PA-Im),*(Cgp),, Was
roughly estimated to be 0.1 mg mL™L. The DLS measurement
of (PA-Im),*(Cgy),, displayed an average particle diameter of
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Figure 4: a) General protocol for the noncovalent encircling of Cgg and s-CNT by PA-R. b) UV-visible spectra (H20, rt, 1.0 mM based on PA-R) of
(PA-OCHj3),, (PA-OCH3), (Cg0)m, (PA-OH), (Cgo)m, and (PA-Im),-(Cgo)m- C) Relative uptake efficiencies (Aget = 525 nm) of Cgp by PA-R and AA.
d) DLS charts (rt, HoO, 1.0 mM based on PA-Im) of (PA-Im),:(Cgp)m and (PA-Im),. e) Optimized structure (MM) of (PA-Im)s-Cgg. UV—visible spectra
(H20, rt, 1.0 mM based on PA-OCHs) of f) (PA-OCHg3), and (PA-OCHj3), (s-CNT or m-CNT),,, and g) (PA-OCHg), and (PA-OCHg),"(GN),.

~2 nm, which, in combination with molecular modeling, indi-

cated a noncovalent surface functionalization of a single Cg

molecule by five PA-Im amphiphiles (Figure 4d,e).

Besides spherical Cg, planar GN (2-10 nm thick, 5 ym wide)
and tubular s-CNT and m-CNT (0.7-0.9 and 9-11 nm thick,

20.7 and 3-6 um long, respectively) were also solubilized in
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water using PA-OCHj3 as a representative PA-R amphiphile, in
a similar way as described above (Figure 4f,g) [23]. Due to the
large size of these nanocarbons, the resultant host—guest com-
posites were subjected to UV-visible analysis without further
filtration following centrifugation (16,000g, ~10 min). The ob-
tained UV-visible spectra of the blackish, clear solutions of
(PA-OCH3),*(GN),,, (PA-OCH3),*(s-CNT),,, and (PA-
OCH3),*(m-CNT),, showed broad, featureless absorption
bands, with a characteristic small peak at 580 nm for
the Ej, transition only in the case of the s-CNT host—guest
composite (Figure 4f,g) [24]. The concentration of GN in the
aqueous solution of (PA-OCH3),,*(GN),, was estimated to be
~0.03 mg mL~!. Amphiphile PA-OCHj3 thus enabled the
efficient water-solubilization of nanocarbons independent
of their size and shape (i.e., spherical, planar, and tubular

objects).

Electrostatic surface properties of hosts and
host—guest composites

Zeta potential (ZP) measurements were employed to further
study the electrostatic surface properties of the aromatic
micelles (PA-R),, and their host—guest composites including
nanocarbons in water. The ZP of self-assembled nanoparticles
evaluates their structural stability in solution against aggrega-
tion through electrostatic repulsion [25]. Solutions of the
micelles in Milli-Q water (0.5 mM based on PA-R) gave ZPs
significantly varying with the attached side-chains. Aqueous
solutions of (PA-CHj3),, (PA-OCH3),, and (PA-OH),, provi-
ded ZPs of 7.3 mV, 18.8 mV, and 20.3 mV, respectively,
suggesting an increase in stability upon introduction of the long
hydrophilic side-chains (Table 1). As expected, previous aro-
matic micelle (AA),, (1.0 mM based on AA) featuring multiple
ionic side-chains showed a significantly higher ZP of 48.9 mV.

The ZP of (PA-OCH3),, largely increased upon encapsulation
of Cgp (46.7 mV) and s-CNT (43.2 mV), due to the stabiliza-

Beilstein J. Org. Chem. 2024, 20, 32—40.

Table 1: Zeta potentials (ZP) of aromatic micelles (PA-R), and (AA),
[23].

aromatic micelle ZP [mV]
(PA-CH3), 7.3
(PA-OCH3),, 18.8
(PA-OH), 20.3
(PA-Im), 41.7
(AA), 48.9

tion of the host—guest composites through the template effect of
the hydrophobic nanocarbon guests (Table 2). Moreover, aro-
matic micelle (PA-Im), and its host—guest composite (PA-
Im),(Cgo),, were anticipated to provide pH-dependent ZPs via
imidazole-based protonation/deprotonation. Micelle (PA-Im),,
showed a significantly higher ZP (41.7 mV) compared to the
other derivatives in neutral water, owing to the basic imidazole
groups (Table 1). The protonation behavior of the imidazole
groups on (PA-Im),+(Cg);, in D0 (0.5 mM based on PA-Im)
was monitored by 'H NMR spectroscopy, showing significant
down-field shifts of the imidazole ring protons upon addition of
HCI (40 equiv based on PA-Im; Figure 5a,b). These properties
enabled a pH-responsive surface charge of its host—guest com-
posite (Table 2). Accordingly, (PA-Im),*(Cgy),, displayed a ZP

Table 2: Zeta potentials of (PA-OCH3),(Cgp or s-CNT),,, and (PA

Im),-(Ce0)m under neutral/acidic conditions [23].
ZP [mV]
host—guest composite neutral acidic
(PA-OCH3), (Cgo)m 46.7 47.7
(PA-OCH3),(s-CNT),, 43.2 n.d.
(PA-Im),(Ceo)m 52.8 60.3

-

S

ppm

Figure 5: 'H NMR spectra (500 MHz, D50, rt, 0.5 mM based on PA-Im) of (PA-Im),-(Cgo)m a) before and b) after addition of 40 equiv HCI.
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of 60.3 mV at pH 2.8 contrary to 52.8 mV at pH 6.8 (AZP =
+7.5 mV) [26]. Control experiments using (PA-OCH3),,(Cg),
showed only a minor change in the ZP (AZP = +1.0 mV) under
similar conditions, confirming the importance of the noncova-

lent imidazole functionalities [27].

Solubilization and AFM analysis of a
nitrogen-doped nanocarbon

Finally, water-solubilization and aqueous processing of
nitrogen-doped nanocarbon g-C3Ny4 was achieved using aromat-
ic micelle (PA-OCH3),, (Figure 6a). The multiple N-atoms
bestow g-C3Ny4 with unique properties that are responsible for
its widespread use in catalysis [28]. Subjecting yellow solid
PA-OCHj3 (1.2 mg, 1.9 pmol) and pale yellow solid g-C3N4
(1.0 mg) to the grinding (3 min) and sonication (30 min)
protocol provided a clear yellow aqueous solution of (PA-
OCH3),,(g-C3Ny),;- The formation of the host—guest structure
was confirmed by UV-visible analysis, which showed a new
absorption band around 312 nm (Figure 6b). This result show-
cased the ability of amphiphile PA-OCH3 to solubilize not only
conventional nanocarbons but also heteroatom-containing ones.
To obtain direct structural information of the encircled
(g-C3Ny),,, dry-state AFM measurements (on mica) were con-
ducted using an aqueous solution of (PA-OCH3),,(g-C3Ny),;,-
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The obtained AFM images showed large sheets with thick-
nesses of 10-30 nm and widths of 150-300 nm (Figure 6¢,d),
indicating solubilization of (g-C3Ny),, as 20-60 stacks.

The encircled g-C3Ny-based host—guest composite was subse-
quently deposited onto a mixed cellulose ester (MCE) filter
(50 nm pore-size) using a simple filtration protocol (Figure 6a,
right). Filtration of the aqueous solution of (PA-OCH3),*(g-
C3Ny),, and washing with water to remove PA-OCH3 gener-
ated a yellow solid (g-C3Ny),, (d = 0.5 cm) on the filter [29].
We thus successfully demonstrated the application of (PA-
OCH3),, toward aqueous processing of carbon/nitrogen-rich
materials.

Conclusion

We have developed new pyridinium-based bent amphiphiles
PA-R that can be facilely accessed from simple yet novel
building block 3,5-dianthrylpyridine in 1-3 steps. The
amphiphiles quantitatively self-assembled into ~2 nm-sized aro-
matic micelles (PA-R), via the hydrophobic effect and
m-stacking interactions, and displayed high stability against
dilution (CMC < 0.1 mM). The molecular design allowed
installation of various nonionic side-chains (i.e., CH3 and
CH,CH;,(OCH,CH;),-Y (Y = OCHj3, OH, and imidazole)) via

a) T 1) grinding filtration ~q
] NTSN 2) H,0 add. (MCE) |
PA-OCH; N I
+ NI N” SN 3) sonication
S A AN AN n Hoentrifug. (PAOCH3),  pa Gol g-CoNy solid
*(9-C3Ng)m 3 on MCE
c)
8 14 *(9-C3Ng)m
C
@®
2
2 d  |a B
- £ £
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510 510
(PA-OCH3), © °
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270 320 370 420 470 nm O T
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Figure 6: a) Protocol for the noncovalent encircling of g-C3N4 by PA-OCH3 and subsequent deposit of g-C3N4 on a filter. b) UV-visible spectra (H20,
rt, 1.0 mM based on PA-OCHj3) of (PA-OCHg3), and (PA-OCHg3),'(g-C3Ng)y. ) AFM image (dry, rt, mica) of (PA-OCHg3),(g-C3Ng),, and d) its
selected size profiles.
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simple N-alkylation, enabling the nonionic surface modifica-
tion of nanocarbons via their encircling by the present
amphiphiles in water. For example, utilizing the imidazole-
functionalized amphiphile, an aqueous fullerene-based
host—guest composite with pH-responsive surface charge was
generated. In addition, water-solubilization of graphitic carbon
nitride and subsequent deposition onto a filter was achieved
through a simple filtration protocol. We hope that the facile
access and high modularity of PA-R will promote the wide-
spread application of aromatic micelles, an emergent new class
of soft molecular host compounds [14,15,30,31].

Supporting Information

Supporting Information File 1

General information, experimental procedures,
characterization data, and copies of spectra.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-5-S1.pdf]
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We successfully prepared a surfactant-assisted carbon nanotube (CNT) liquid crystal (LC) dispersion with double-walled CNTs
(DWCNTs) having a high aspect ratio (=1378). Compared to dispersions of single-walled CNTs (SWCNTs) with lower aspect
ratio, the transition concentrations from isotropic phase to biphasic state, and from biphasic state to nematic phase are lowered,

which is consistent with the predictions of the Onsager theory. An aligned DWCNT film was prepared from the DWCNT disper-

sion by a simple bar-coating method. Regardless of the higher aspect ratio, the order parameter obtained from the film is compa-

rable to that from SWCNTSs with lower aspect ratios. This finding implies that precise control of the film formation process, includ-

ing a proper selection of substrate and deposition/drying steps, is crucial to maximize the CNT-LC utilization.

Introduction
Carbon nanotubes (CNTs) are cylindrical carbon structures with

high electrical conductivity and tensile strength in the direction

of the tube, anticipated as durable and highly conductive fibers.

However, the properties of produced fibers are often inferior to
the inherent properties of CNTs. For instance, the wet-spinning
method has resulted in CNT fibers with electrical conductivity
up to 109,000 S/cm [1], which is about 1/4 that of Al, while
individual single-walled CNTs (SWCNTs) have been estimated
to have a conductivity of 900,000 S/cm [2]. The electrical

conductivity of CNT fibers is primarily determined by the den-
sity of the fibers and the length of their constituent CNTs [3,4].
Therefore, enhancing CNT alignment is crucial for producing
CNT fibers to endow inherent CNT properties, as greater align-
ment leads to higher density and consequently improved elec-
trical conductivity.

One effective technique for producing high-performance wet-
spun CNT fibers is to utilize liquid crystal (LC) CNT aqueous
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dispersions as spinning dopes [1,5-10]. The CNT LCs are
formed by condensing the dispersed rod-like CNTs, either iso-
lated or bundled [5,7,9-23]. In previous studies, we prepared
surfactant-stabilized aqueous dispersions of SWCNT LC
and evaluated their dispersion states using the differential
centrifugal sedimentation (DCS) method [22,23]. The
transition concentrations from the isotropic phase to the
biphasic state, and from the biphasic state to the nematic phase
were inversely proportional to the aspect ratio (L/D) of the
SWCNT, following the same trend as the Onsager theory
[7,9,11,15,20,23,24]. By using dispersions with higher SWCNT
aspect ratio, a film of SWCNTs with a higher order parameter
was prepared by the bar-coating method [23]. Therefore, it is
essential to prepare CNT LCs that contain rod-like CNTs with a
high L/D to fabricate well-ordered CNT materials.

Here, stable double-walled CNT (DWCNT) LC dispersions
with a higher L/D were successfully prepared utilizing highly
crystalline DWCNTs. Indeed, the transition concentrations from
the isotropic phase to the biphasic coexisting state and from the
biphasic coexisting state to the nematic phase were found to be
lower than those in the previous study. In addition, the shapes
of the spindle-shaped nematic LC, or so-called tactoids, in the
biphasic state were examined. The transition from homoge-
neous tactoids to bipolar tactoids occurred at a larger tactoid
volume than that previously observed [23]. This can be ascribed
to the higher L/D of the DWCNTs in this study. On the other
hand, despite higher L/D, the CNT orientation in the film pre-
pared from the dispersion was comparable to the previous
study. This suggests that further optimization of the deposition
process is necessary to create highly oriented CNT films.

Results and Discussion

To prepare carbon nanotube dispersions with high aspect ratios,
we utilized DWCNTs obtained from Shenzhen Nanotech Port
Co. Ltd. Supporting Information File 1 provides characteriza-
tion details. Briefly, the Raman G/D ratio was approximately 37
(Supporting Information File 1, Figure S1d), indicating high
crystallinity [25]. The far-infrared spectrum exhibited a plateau
in the lower wavenumber region around 12 cm™!, suggesting
that a significant amount of DWCNTs have effective lengths
(CNT channels consisted of some condutive paths affected by
defects or kinks) longer than 4 pm (Supporting Information
File 1, Figure Sle) [26].

The DWCNT powder was dispersed with a surfactant of sodi-
um cholate (SC) in water by a two-step process [22,23] (see the
Experimental section). The size distribution of the DWCNTs in
the dispersion was estimated by DCS method (Figure 1a). The
observed intense peak at approximately 9 nm suggests that

DWCNTSs were mainly dispersed as isolated or bundle forms
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based on the previous studies [22,23]. Besides, DCS analysis
also identified a smaller peak at around 0.1 um (Figure 1a,
inset). The signal can be attributed to DWCNT agglomerates
that are 10 pm in size, taking into account the buoyancy result-
ing from particle porosity [22,23,27,28]. Indeed, the DWCNT
agglomerates having corresponding size can be seen in the
optical microscope image of the dispersion (Figure 1b).

ol 001}
5
©
LA oL |
s 1| 0.1 02 03 04
Q
<

Ot ! I I

0.01 0.1 1 10

Diameter (um)

Figure 1: (a) Size distribution of DWCNTSs in dispersion by DCS mea-
surements. (b) Optical microscopy image of the DWCNT dispersion.
Scale bar is 100 pm.

The shapes of DWCNTs in the dispersion were examined by
scanning electron microscopy (SEM) and atomic force micros-
copy (AFM) (see Supporting Information File 1, Figure S2). In
both images, rod-like DWCNTs were observed, while
spaghetti-like agglomerates were hardly observed. The average
length (L) and diameter (D) of the DWCNT samples were
~2.9 ym and ~2.1 nm, respectively. The L/D of the DWCNTs
was 1378, which was larger than the value reported in previous
research (L/D = 1088) [23]. Based on the transmission electron
microscope (TEM) images, the average diameter of DWCNTs
was ~1.8 nm (Supporting Information File 1, Figure S1a). Since
the observed DWCNT diameter based on the SEM images is
~2.1 nm, the dispersion is likely composed mostly of isolated
DWCNTs.

To investigate the liquid crystal behavior, the DWCNT disper-

sion was concentrated by ultra-filtration (Figure 2a). As the

concentration of DWCNTs increased, the isotropic phases
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(Figure 2d, the DWCNT concentration = 0.078 vol %) changed
to the nematic phase (Figure 2b, the DWCNT concentration =
0.41 vol %). At intermediate concentrations, biphasic states
appeared where the nematic droplets, tactoid, coexisted in the
isotropic phase (Figure 2c¢, the DWCNT concentration =
0.16 vol %) [15,17,22,23,29,30]. The nematic phase shows
disturbed textures similar to the previously reported SWCNTs
in sodium deoxycholate (SDOC) and sodium taurodeoxy-

cholate (TDOC) aqueous dispersions [23]. The average diame-
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Figure 2: (a) Phase diagram of the DWCNT dispersion. The nematic
phase, biphasic state and isotropic phase are marked by filled circle,
open circle and cross mark, respectively. (b-d) POM images of the
dispersions. DWCNT concentrations are (b) 0.41 vol %, (c) 0.16 vol %
and (d) 0.078 vol %. Scale bars are 200 um. (e) The plot of the phase
transition concentration against the CNT aspect ratio L /D of three CNT-
SC aqueous dispersions [22,23]. Dashed lines indicate the results of
curve fitting by inverse function in each phase transition, from isotropic
phase to biphasic state and from biphasic state to nematic phase.
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ter of DWCNTs in the present study was 2.1 nm, which was
almost the same as that of SWCNTSs in SDOC and TDOC [23].
Thus, the effect of stiffness of DWCNTSs does not seem to affect
the domain size of LC very much.

The phase transition concentrations from isotropic phase to
biphasic state, iso~bip, and from biphasic state to nematic
phase, dpip-nem, Were estimated by sigmoid curve fitting. The
values were found to be 0.090 vol % and 0.17 vol %, respec-
tively, as shown in Supporting Information File 1, Figure S3,
which were lower than those previously obtained in the surfac-
tant-assisted SWCNT aqueous dispersions [22,23]. Figure 2e
shows the phase transition concentrations obtained in this study
(L/D = 1378, red symbols) together with the previously ob-
tained values for the SWCNT-SC dispersions (L/D = 1088 and
= 665, black symbols) [22,23]. The Onsager theory predicts that
the phase transition concentration for rod-like particles with
aspect ratio L/D is ¢iso-bip = 3.34 D/L and Gpip-nem = 4.49 D/L
[24]. The L/D dependence of each phase transition concentra-

tion shows the inverse proportional relationship.

On the other hand, the surface charge is an important factor for
the transition concentrations. In fact, the surfactant dependence
can be explained by this effect [23]. The {-potential of the
DWCNTs was —52.3 £ 0.77 mV (Supporting Information
File 1, Figure S4), the repulsive force between the DWCNTSs
was slightly larger than the previously reported SWCNT-SC
dispersions [23]. Although the lower {-potential of the
DWCNT-SC should lead to higher transition concentration,
those of DWCNT-SC were slightly lower than expected based
on the fitting curve (Figure 2e). This indicates that the L/D had
a greater impact on the transition concentrations than the

C-potential.

In the biphasic state, the spindle nematic phase droplets,
tactoids, were observed (Figure 2c). These were classified into
two types depending on the orientation of the DWCNT
[22,23,29,30]. If the DWCNTs align parallel to the long axis of
the spindle droplet, it is referred to as a homogenous tactoid.
Conversely, if the DWCNTSs align from one pole to another, it
is called a bipolar tactoid. Figure 3 illustrates the aspect ratio of
the tactoids (R/r) as a function of the tactoid volume (Rr?2). We
analyzed 100 tactoids in this study. The homogenous tactoids
transformed into bipolar tactoids during the volume growth at
around Rr? = 15310 um? (dashed line in Figure 3, and Support-
ing Information File 1, Figure S5). Previous research has shown
that the transition volume of tactoids increases with larger L/D
ratios of the SWCNTs [23]. The findings in this study align
with these previous results, as the tactoid transition volume and
DWCNT aspect ratio were larger compared to previous
SWCNT-SC dispersions [23].
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Figure 3: Observed tactoid aspect ratio R/r as a function of tactoid
volume Rr2. Filled circle and open circle indicate bipolar tactoid and
homogenous tactoid respectively. Dashed line denotes the estimated
transition volume from homogenous to bipolar tactoids (=15310 pm3).

A thin film was produced utilizing a bar-coating method with
DWCNT LC dispersion. The polarizing optical microscopy
(POM) images exhibited alignment of the DWCNTs along the
shear direction (Figure 4a,b). To estimate the order parameter,
the polarized optical absorption measurement was conducted at
different sample angles ranging from 0° to 90° at intervals of
10° (Figure 4c). The sample rotation led to gradual changes in
absorption intensities, and the average order parameter was
calculated to be ~0.23 from the spectra of 0° (A |) and 90° (A])
using Equation 1 [21,23].

4—-A4;

g=—1 "=
Aj+24, M

Generally, it is anticipated that rod-shaped particles with larger
L/D will produce a highly aligned film [23,31,32]. However, the
value obtained is almost identical to the previous ones with
SWCNTs having a smaller L/D (=0.22) [23]. Figure 4d shows a
typical SEM image of the prepared DWCNT film. One um wide
DWCNT bundles on the film's surface align along the shear
direction, while the remaining DWCNTs beneath the thick
bundles form mesh-like structures. The shear force exerted by
the bar may not sufficiently align the DWCNTs located near the
substrate. Thus, optimizing the interaction between the

DWCNTs and substrate is necessary to improve the alignment.

To further investigate the low alignment, the film thickness was
analyzed by laser confocal microscopy (Figure 5a, Table 1).
The average thickness was =393 nm, whereas the edge of the
film was much thicker (*999 nm). In earlier studies, the CNTs
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Figure 4: (a, b) POM images of the DWCNT film at (a) 0° and (b) 45°
under crossed polarizers (white double arrows). Scale bars are

400 pm. (c) Polarized optical absorption spectra with different angles
ranging from 0° (red) to 90° (blue). The sear direction and polarizer
are parallel at 0°. (d) SEM image of the DWCNT film. Blue outlined
arrows indicate the shear direction of bar-coating.

in the dispersions were observed to flow and accumulate along
the droplet's edge due to the coffee ring effect [15,33,34]. As a
result, the volume fraction of DWCNTs at the edge increased.
Notably, the widths of bundled DWCNTs at the edge were
larger than in the inner region (Figure 5b,c). The direction of
the bundled DWCNTSs near the film surface were parallel to the
shear direction in both regions. Due to the randomly oriented
DWCNTs beneath the surface, the densification of aligned
DWCNTs toward the edge region could account for the similar
orientation degree to the previous lower L/D SWCNT film [23].
To obtain highly aligned CNT films, the condition of drying
step [33], the surfactant concentration of the dispersion, the ma-
terials of the substrate [34], and the viscosity of the dispersions
should be adjusted. For instance, Headrick et al. fabricated
highly aligned films by immersing the substrate in a solidifying
solution immediately after the SWCNTs were aligned by
applying shear stress to the dispersion [35].

Conclusion

We here investigated the LC behavior of the rod-like DWCNTSs
having a high L/D. Because the aspect ratio was 1.3 times larger
than that of the low L/D SWCNTs, the phase transition concen-

trations, ®iso~bip and Gpip~nem became lower than those re-
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ported previously, which is consistent with the Onsager theory.
On the other hand we found that the order parameter of the
DWCNT film, obtained from the LC dispersion, was nearly
identical to that of the film composed of lower L/D SWCNTSs
[23]. Further optimization of experimental conditions, includ-
ing viscosity of the dispersion and substrate, is necessary to
fully utilize CNT-LC dispersions.

Experimental

Characterization of DWCNT

DWCNTs were purchased from Shenzhen Nanotech Port Co.
Ltd. (NTP9112, Product Number DW220817). For the trans-
mission electron microscope observations (Topcon Corporation,
EM-002B), DWCNTs were suspended in acetone using a bath-
type sonicator and were put onto a copper grid with carbon

mesh. To perform thermogravimetric analysis (TGA), a TG/
DTA7300 instrument from SII Nano Technology Inc. was
utilized. The DWCNT powder was preheated at 180 °C for ten
minutes under vacuum and subsequently measured under
/ flowing air (200 mL/min) at a ramping rate of 1 °C/min. The
A | 4 ‘ Y JS il Y Raman and absorption spectra were obtained from DWCNT

1
(I S B |

£\ ]
SU8200 0.8kV 8.3mm x5.00k SE(U) 10.0um thin film on a silicon substrate. The DWCNT thin film was pre-

pared using vacuum filtration. Raman measurements were con-
ducted using a HORIBA T64000 532 nm laser, while far-infra-
red (FIR) absorption measurements were carried out using a
Fourier-transform infrared spectroscopy (Bruker, VERTEX
80v) and a THz time domain spectroscopy (THz-TDS) system
(Otsuka Electronics, TR-1000).

Preparation of the DWCNT dispersion

The dispersion of DWCNTSs was prepared using a two-step

process in accordance with previous studies [22,23]. Initially,
100 mg of DWCNT powder was pre-dispersed in 100 mL of

Wako glycerol with a stirrer (ASONE, HPS-100PD) rotating at
. ) ) 500 rpm for 18 hours. During the stirring, the DWCNTSs were

Figure 5: (a) Photograph of the DWCNT film. Thicknesses were

measured at 7 spots along the yellow dashed line. Scale bar is 1 cm. defibrated by the shear stress of the high-viscosity glycerol [36].

SEM image at spot (b) A and (c) D. Blue outlined arrows indicate the After Suspension in 200 mL of water, the DWCNT-glycerol
shear direction of bar-coating.

,; ] /(ﬂ

i . /} U “' ‘ ‘ |‘V : & 1 |1 L
SU8200 0.8kV 8.3mm x5.00k SE(U) 10.0pm

mixture was filtered through a 1.0 um pore size polytetrafluo-
roethylene (PTFE) membrane (Merck, Omnipore 47mm). To
Table 1: The list of the thickness at each spot in Figure 5a. ensure complete removal of glycerol from the DWCNTs, we
repeated the washing process until 2 L of water had passed

through the membrane, resulting in the formation of a DWCNT

Spot Thickness [nm]

wet cake. In the second step, the cake was placed in a 50 mL
A 999 solution of 10 mg/mL sodium cholate (SC) (Wako) and soni-
B 339 cated for 50 minutes using a 500 W tip-type sonicator (Sonics,
C 320 VCX500) with a titanium alloy tip (TI-6AL-4V). Centrifuga-
D 343 tion at 4,000g for 30 minutes (KOKUSAN, H-36) and then
E 301 20,000g for 20 minutes (Hitachi-Koki, CS100GXII) effectively
g igi removed the large DWCNT agglomerates and impurities

remaining in the dispersion. The dispersion states of DWCNTs
were assessed using optical microscopy (OLYMPUS, DSX510)
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and differential centrifugal sedimentation (DCS) analysis (CPS
Instruments, CPS 24000UHR (CR-39)). The shape and size of
the DWCNTs in dispersion were observed by settling them on a
silicon substrate, washed with acetone, and exposed to UV light
for 20 minutes using an ozone cleaner (Meiwafosis, PC-450
plus) via dip-coating. The structures of DWCNTSs were exam-
ined using scanning electron microscopy (SEM) (HITACHI
High-Tech, SU8200) and atomic force microscopy (AFM)
(OLYMPUS, OLS-4500). Additionally, the {-potential of the
DWCNTs was determined by measuring the { potential
analyzer (Malvern Panalytical, ZETASIZER Pro Red label) in a
disposable cell (Malvern Panalytical, DTS1070).

Concentration of the DWCNT dispersion and
measurement of liquid crystal phase

transitions

The DWCNT dispersion was concentrated by a centrifugal
ultrafiltration method (SARTORIUS, VIVASPIN Turbo 15,
molecular weight cut-off (MWCO) = 3,000 Da). The value of
MWCO was chosen to eliminate only SC and water molecules.
The DWCNT dispersion was repeatedly subjected to centrifuga-
tion at 1,000g for 5 minutes (KOKUSAN H-36) and stirred with
a pipette to prevent DWCNT re-aggregation, resulting in
the production of the condensed DWCNT dispersion. The
dispersions' concentrations were adjusted by adding 10 mg/mL
of SC aqueous solution and then estimated from the optical
absorption intensity at 750 nm by using a Shimazu UV-3100
spectrometer. Subsequently, each dispersion was enclosed
within a Vitro TubeTM 5012-050 glass capillary (cavity size:
0.1 mm x 2 mm x 50 mm) from VITROCOM, and the edges
were sealed by UV resin. After the samples were left for one
week, the liquid phases were observed using an OLYMPUS
BX51 polarized optical microscope (POM).

Preparation and characterization of DWCNT
film

The DWCNT film was prepared from the dispersion with
nematic phase by bar-coating method. Initially, the glass slide
was washed with acetone and then irradiated with UV light for
a duration of 1 hour via an ozone cleaner (Meiwafosis, PC-450
plus). Later, the substrate was coated using a bar coater (OSG
SYSTEM PRODUCTS Co., LTD, Select-Roller L60, OSP-10
(bar groove pitch: 0.2 mm, depth: 24 um)) with the dispersion.
The specimen was air-dried until the film was completely dried.
The DWCNT orientations of the film were observed by POM
(OLYMPUS, BX51) and SEM (HITACHI High-Tech,
SU8200). The degree of alignment was determined through
analysis of the polarized optical absorption spectra by a
Jasco V-770 spectrometer. The film's thicknesses were
measured using a laser confocal microscope (OLYMPUS, OLS-
4500).
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Abstract

Large donor—acceptor scaffolds derived from polycyclic aromatic hydrocarbons (PAHs) with tunable HOMO and LUMO energies
are important for several applications, such as organic photovoltaics. Here, we present a large selection of PAHs based on central
indenofluorene (IF) or fluorene cores and containing various dithiafulvene (DTF) donor units that gain aromaticity upon oxidation
and a variety of acceptor units, such as vinylic diesters, enediynes, and cross-conjugated radiaannulenes (RAs) that gain aromaticity
upon reduction. In some cases, the DTF units are expanded by pyrrolo annelation. The optical and redox properties of these com-
pounds, in some cases carbon-rich, were studied by UV-vis absorption spectroscopy and cyclic voltammetry. Synthetically, the
work explores IF diones or fluorenone as central building blocks by subjecting the carbonyl groups to a variety of reactions; that
are, phosphite- or Lawesson’s reagent-mediated olefination reactions (to introduce DTF motifs), Ramirez/Corey—Fuchs dibromo-
olefinations followed by Sonogashira couplings (to introduce enediynes motifs), and Knoevenagel condensations (to introduce the
vinylic diester motif). By a subsequent Glaser—Hay coupling reaction, a RA acceptor unit was introduced to provide a DTF-IF-RA
donor—acceptor scaffold with a low-energy charge-transfer absorption and multi-redox behavior.

Introduction

Tetrathiafulvalene (TTF, Figure 1) is a redox-active molecule  cation (TTF**) and subsequently a dication (TTE*) containing
that has been widely explored in materials chemistry and supra-  two 6m-aromatic 1,3-dithiolium rings. The redox properties and
molecular chemistry [1-8]. TTF reversibly undergoes two geometries of the redox states have been finely tuned by

sequential one-electron oxidations, generating first a radical extending the conjugated system with various cores, such as
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Figure 1: Overview of structural motifs relevant for the work described herein.

polycyclic aromatic hydrocarbons (PAHs), resulting in
so-called extended TTFs [9-12]. One example of this is the
introduction of an indeno[1,2-b]fluorene (IF) core [13], provid-
ing indenofluorene-extended TTFs (IF-TTFs) of the general
structure shown in Figure 1. The m-system can be further
expanded as well at the dithiole rings. For example, we have
recently developed a synthetic protocol for fusing a pyrrole unit
to one of the dithiole rings of an IF-TTF, allowing for dimeriza-
tion of extended TTFs via the nitrogen atom by different linkers
[14].

Donor—acceptor chromophores can be obtained by replacing
one of the dithiafulvene (DTF) rings of the IF-TTF by an elec-
tron acceptor. Cyclic and acyclic acetylenic scaffolds comprised
of enediyne units are known to behave as good electron accep-
tors [15,16], and we became interested in combining the
IF-DTF scaffold with such motifs to generate novel multi-redox
systems. For example, the radiaannulene moiety RA shown in
Figure 1 (or its truncated counterpart with one of the exocyclic
enediyne units removed) [17,18] is a particularly good electron

acceptor as it gains 14m-aromaticity upon reduction. In this
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work, we also want to further explore pyrrolo-annelated
IF-DTFs with different substituents on the nitrogen atom, and
the functionalization at the other end of the IF core with elec-
tron-accepting moieties. An overview of general motifs targeted
in this work is shown in Figure 1.

Results and Discussion
Synthesis

The synthetic building blocks 1-8 used in this work are shown
in Figure 2. The dione 1 and the ketones 4 and 6 were synthe-
sized according to literature procedures [14,19,20], as were the
1,3-dithiole-2-thiones 2 and 3 [21]. Fluorenone 5 is commer-
cially available. The new building blocks 7 and 8 were pre-
pared according to related literature procedures [21], as de-

scribed in Supporting Information File 1.

HexS

SHex

s
=~
Hex—NJS>:S

7 8

Figure 2: Dione/ketones 1, 4-6 and 1,3-dithiole-2-thione compounds
2, 3,7, and 8 are building blocks used in this work.

Our first objective was to explore further annellation of
dihydropyrrole and pyrrole units at the DTF moiety of an
IF-DTF. A phosphite-mediated coupling of either 1,3-dithiole-
2-thione 2, 7, or 8 with IF dione 1 afforded IF-DTFs 9-11, as
shown in Scheme 1. Compound 11 was also obtained from
building block 4 via the pyrrolo-annelated IF-DTF 12 by
removal of the tosyl (Ts) group under alkaline conditions, fol-
lowed by nucleophilic substitution to incorporate the hexyl

chain on the pyrrole. Furthermore, treatment of the IF-DTF ke-

Beilstein J. Org. Chem. 2024, 20, 59-73.
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Scheme 1: Synthesis of IF-DTF ketones 9-12 and dimer 13.

tone 4 with Lawesson’s reagent (using a recently established
protocol [20]) yielded the large dimer 13 as a mixture of E and
Z isomers (ca. 4:1). Further functionalization of the IF-DTF ke-
tone 11 was obtained by Ramirez/Corey—Fuchs dibromo-olefi-
nation and Knoevenagel condensation to yield vinylic dibro-
mide 14 and diester 15, respectively, as illustrated in Scheme 2.
We noted that the dibromo-olefination reaction was first discov-
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ered by Ramirez and co-workers [22] and used in the first step
of the Corey—Fuchs reaction that ultimately provides an alkyne
[23].

CBry, PPh3

11
PhMe
reflux

64%

EtO,C._ CO,Et
TiCly, pyridine

PhMe
rt

32%

Scheme 2: Further functionalization of the IF-DTF ketone 11 via
Ramirez/Corey—Fuchs dibromo-olefination and Knoevenagel conden-
sation.

To elucidate the properties of the donor part itself of the
pyrrolo-annelated IF-DTF systems, we prepared compounds 16
and 17 containing a smaller fluorene PAH. These compounds
were prepared by a Lawesson’s reagent-promoted coupling be-
tween fluorenone 5 and the Ts-protected 1,3-dithiole-2-thione
building blocks 2 and 3, respectively, shown in Scheme 3
(albeit in modest yields). Fluorene-based DTF compounds have
previously been explored in various elaborate systems [24-27].

Ts 5 1
N N
2 3 \ /
— Lawesson's | Lawesson's
S. S _ reagent reagent S
I PhMe PhMe
0.0 105 °C 105 °C
25% 14%
16

Scheme 3: Coupling of 1,3-dithiole-2-thione building blocks 2 and 3
with fluorenone 5 to afford fluorene-extended DTFs 16 and 17.

Next, we wanted to explore IF-DTFs as motifs for acetylenic
scaffolding (Scheme 4). Starting from IF-DTF building block 6,
dibromo-olefinated compound 18 was obtained by a Ramirez/

Beilstein J. Org. Chem. 2024, 20, 59-73.

Corey—Fuchs reaction. Two-fold Sonogashira couplings with
trimethylsilylacetylene, ethynylbenzene, or 4-ethynylbenzoni-
trile yielded compounds 19-21, while two-fold Sonogashira
coupling with ((2-ethynylphenyl)ethynyl)triisopropylsilane
resulted in compound 22. Desilylation of the alkynes of com-
pound 22 with tetrabutylammonium fluoride (TBAF) and
subsequent intramolecular Glaser—Hay coupling of the terminal
alkynes afforded the macrocyclic DTF-IF-RA scaffold 23. Mo-
lecular sieves (4 A) were added to the reaction mixture as this
has previously been shown to significantly promote the
Glaser—Hay coupling [28]. Compounds 20 and 21 were unfortu-
nately very sensitive compounds that were found to easily
degrade, which made their characterization somewhat difficult

(vide infra).

We also targeted other enediyne acetylenic scaffolds with IF as
central core as shown in Scheme 5. Starting from IF dione 1,
compounds 24 and 25 were synthesized via Ramirez/
Corey—Fuchs dibromo-olefinations. Four-fold Sonogashira
couplings of compound 25 with triisopropylsilylacetylene and
((2-ethynylphenyl)ethynyl)triisopropylsilane yielded com-
pounds 26 and 27, respectively. A two-fold, intramolecular
Glaser-Hay coupling of compound 27 (after desilylation) was
attempted under the conditions that were successful in the syn-
thesis of compound 23 (Scheme 4). A compound that may
tentatively be assigned to 28 was observed by MALDI-MS
analysis of the reaction mixture, but less than needed for an
NMR sample was isolated. Furthermore, the isolated com-
pound proved quite insoluble in all investigated deuterated sol-
vents, and therefore it was not possible to determine the purity
of the product by this method.

In an initial attempt to investigate other synthetic pathways to
extended IF compounds, the reduced IF 29 was synthesized
from IF dione 1 by a Wolff—Kishner reduction of the two ke-
tones as shown in Scheme 6. Compound 29 could potentially
after deprotonation be reacted with electrophiles as previously
established [29] for the parent structure [30] without ferz-butyl

substituents.

UV-vis absorption spectroscopy

UV-vis absorption spectra of the known compound 4 [14] and
new compounds 9-12 and 15 are depicted in Figure 3, and the
data are presented in Table 1. A redshift of the longest-wave-
length absorption maximum is observed for all new compounds
compared to that of 4. For compounds 11 and 12, this indicates
that the inductive electron-withdrawing or -donating influences
of the substituent group (Ts group in 4 and Hex group in 11) on
the nitrogen atom in the pyrrole ring have an effect on the
absorption in the visible spectrum of pyrrolo-annelated IF-DTF
ketones. Interestingly, the absorption of the dihydropyrrole
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Scheme 4: Synthesis of acetylenic scaffolds based on IF-DTF. Conditions: (a) Pd(PPhg)2Clo, Cul, THF, EtsN, rt. (b) Pdodbay, P(t-Bu)s, Cul, THF,

Eth, rt.

IF-DTF 9 is redshifted relative to that of the pyrrole IF-DTF 4,
while the absorption does not change significantly when
comparing [F-DTFs 10 and 11, indicating that the extent to
which the absorption changes upon oxidation from a dihydro-
pyrrole to a pyrrole unit depends on the substituent on the N of

the dihydropyrrole/pyrrole ring. Introducing the diester elec-

tron-acceptor in compound 15 does not change the absorption
significantly, compared to compound 11. When changing the
solvent from PhMe to CH,Cl,, we observed a redshift of the
longest-wavelength absorption maximum for compounds 10
and 11, indicating some charge-transfer character of the absorp-

tion (see Figure S1 in Supporting Information File 1).
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Scheme 5: Synthesis of acetylenic scaffolds with IF as central core. *Not fully characterized due to poor solubility. Conditions: (a) Pd(PPhg)2Cl,, Cul,
THF, EtgN, rt.
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Scheme 6: Reduction of IF dione 1 to dihydro-IF 29.
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Figure 3: UV-vis absorption spectra of compounds 4, 9-12, and 15 in
PhMe at 25 °C.

UV-vis absorption spectra of the known compound 30 [20] and
new compounds 13, 16, and 17 are shown in Figure 4, and the
data are presented in Table 1. Compared to compound 30, the
longest-wavelength absorption maximum of compound 16 is
slightly blueshifted while the absorption maximum of com-
pound 17 is significantly blueshifted. This indicates that annela-
tion of the dihydropyrrole ring to the DTF moiety does not
change the absorption maximum significantly compared to the
two SHex substituents, while annelation of a pyrrole ring results
in an absorption maximum at significantly shorter wavelength.
These compounds have blueshifted longest-wavelength absorp-

185-195 °C, 48 h

88%

tions relative to the donor—acceptor scaffolds incorporating a
pyrrolo-annelated DTF unit. Of these compounds, the large
dimer 13 stands out with a significantly redshifted and intense
longest-wavelength absorption maximum (Ap,,x at 574 nm)

expanding to ca. 680 nm.

HexS SHex —13

T T T T T T T T I Ll
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 4: UV-vis absorption spectra of compounds 13, 16, 17, and 30
in CHZC|2 at 25 °C.

UV-vis absorption spectra of compounds 22, 23, 26, and 27 are
depicted in Figure 5. By comparing donor—acceptor chro-
mophores 22 and 23, it is observed that the RA moiety of DTF-
IF-RA scaffold 23 induces a significant redshift, presumably

due to the stronger electron-accepting character of the RA unit

Table 1: UV-vis absorption data of compounds in PhMe or CHxCl, at 25 °C (absorption maxima Amax and molar absorptivities €).

Compound Amax [nm] (€ [108 M~1 cm~1)) Compound Amax [nm] (€ [103 M~1 cm™1])

42 297 (58), 445 (25) 160 297 (3.6), 395 (21)*, 409 (22)

9 297 (45), 462 (20) 17° 297 (7.1), 383 (27), 393 (25)*

102 298 (68), 478 (24) 29b 262 (51), 300 (55), 402 (17) (broad), 489 (27)
112 298 (74), 480 (31) 23b 297 (95), 401 (21)*, 426 (24), 444 (23)*, 529 (34)
122 297 (79), 466 (30) 260 296 (76), 413 (52), 40 (70)

13be 269 (69), 312 (84), 574 (43) 270 306 (46), 444 (24)*, 461 (25), 534 (1.8) (broad)
152 304 (60), 475 (34) 30bd 251, 400%, 412

aPhMe; PCH,Cly; °E/Z ratio of 4:1; dreference [14]; *shoulder peak.
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(and hence a lower-energy LUMO) compared to the acyclic
acetylenic scaffold of compound 22 (in line with first reduction
potentials, vide infra). For compound 27, a shorter longest-
wavelength absorption maximum at 461 nm is observed; this
is a symmetric compound for which no donor—acceptor
“push—pull” system is present (albeit a broad tail to the absorp-
tion is observed), in contrast to 22 and 23. The absorption
maxima of compound 26 are significantly blueshifted, presum-
ably due to the smaller conjugated system. The same trend with
a shorter longest-wavelength absorption maximum that was ob-
served for compound 27 was also observed for this compound.

—22
—23

80000 26

60000

40000 /
o 7&
0 T T T T T T T

T
300 350 400 450 500 550 600 650
Wavelength (nm)

e (M' cm™)

Figure 5: UV-vis absorption spectra of compounds 22, 23, 26, and 27
in CHoClo at 25 °C.

The degradation of compound 20 in the presence of light and
oxygen is visible as a color change upon leaving a sample of the
compound in solution in an open vial, unshielded from light
(Figure S2 in Supporting Information File 1). This degradation
was investigated by UV-vis absorption spectroscopy; the
absorption spectrum was measured over time for three different
samples, and a notable change in the longest-wavelength
absorption maximum was only observed for the sample that was
exposed to both light and oxygen (see Figures S3 and S4 in
Supporting Information File 1). We speculate that this degrada-
tion is due to the reaction with singlet oxygen generated by the
compound as a photosensitizer; indeed, we have recently shown
[31] that IF-TTF compounds are reactive towards singlet
oxygen at the central fulvene bond but, in contrast, IF-TTFs
(without an acetylenic moiety as in 20) are themselves poor

photosensitizers for singlet oxygen.

Electrochemistry

Cyclic voltammograms of compounds 11, 13, 15, 16, and 17 (in
MeCN for compounds 11 and 15 and in CH,Cl, for com-
pounds 13, 16, and 17, all with 0.1 M BuyNPFq as supporting

Beilstein J. Org. Chem. 2024, 20, 59-73.

electrolyte) are shown in Figure 6, and potentials against ferro-
cene (Fc/Fc™) (obtained from differential pulse voltammetry,
see Supporting Information File 1) are summarized in Table 2.
Compounds 11 and 15 showed two irreversible first oxidations
at +0.34 V and +0.38 V vs Fc/Fc™, showing that replacing the
ketone with the stronger electron withdrawing vinylic diester
renders the first oxidation more difficult (by 40 mV). An anodic
shift of 40 mV was also observed for the second oxidation.
Oppositely, compound 15 underwent a significantly easier first
reduction than 11 (=1.00 V vs —1.35 V), and it also underwent a
second reduction. The pyrrolo-annelated dimer 13 showed a re-
versible oxidation at +0.42 V followed by an irreversible oxida-
tion at +1.01 V, and two reversible reductions at —1.48 V and
—1.81 V. Here, the acceptor properties are not promoted by in-
corporating an acceptor unit as in 15, but instead by the bifluo-
renylidene motif [32] obtained by dimerizing two pyrrolo-
annelated IF-DTF units. Notably, the dimer 13 underwent a first
oxidation more readily (by as much as 0.14 V) than the corre-
sponding fluorene-DTF donor 17 (both containing the same
N-tosylated pyrrolo-DTF unit). The low electrochemical
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Figure 6: Cyclic voltammograms of compounds 11 (in MeCN), 13 (in
CH>Cly), 15 (in MeCN), 16 (in CH2Cly), and 17 (in CHxCly); supporting
electrolyte: 0.1 M BuyNPFg, scan rate: 0.1 V/s. All potentials are
depicted against the Fc/Fc* redox couple.
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HOMO-LUMO gap of 13 is paralleled by a low-energy

longest-wavelength absorption maximum (vide supra, Figure 7).

Table 2: Electrochemical data from differential pulse voltammetry of
compounds in CHxCly (with 0.1 M BugNPFg) if not otherwise stated;
potentials in volts vs Fc/Fc*.

Compound  E'oy E2ox E'red E2 o4
112 +0.34 +0.52 -1.35 —
13P +0.42 +1.01 -1.48 -1.81
152 +0.38 +0.56 -1.00 -1.21
16 +0.47 +0.99 - -
17 +0.56 +1.07 - -
22 +0.41 +0.76 -1.80 -
23 +041 4081  -150  -1.78
26 1084 - 164  -198
27 1085 - 163 -1.89
aln MeCN. PE Z ratio of 4:1.
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Figure 7: Comparison of properties of compounds 13 and 17.

A quasi-reversible first oxidation was observed at +0.47 V for
the fluorene compound 16 and an irreversible oxidation at
+0.99 V. Compound 17 experienced a quasi-reversible first oxi-
dation at +0.56 V and an irreversible oxidation at +1.07 V.
Thus, the dihydropyrrolo-annelated DTF compound is more
easily oxidized than the pyrrolo-annelated DTF compound.
These fluorene compounds did not experience a reduction
within the potential window.

Cyclic voltammograms of the acetylenic scaffolds 22, 23, 26,
and 27 (in CH,Cl, with 0.1 M BuyNPFg as supporting elec-
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trolyte) are shown in Figure 8. Quasi-reversible one-electron
oxidations of the two DTF-functionalized compounds 22 and 23
are observed at +0.41 V followed by irreversible oxidations at
+0.76 V (22) and +0.81 V (23), respectively. One reversible ox-
idation at +0.84 V and one reversible reduction at —1.64 V were
observed for compound 26, along with one irreversible reduc-
tion at —1.98 V. These oxidation and reduction potentials are
not significantly different from the potentials observed for com-
pound 27, namely one quasi-reversible oxidation at +0.85 V and
two one-electron reductions at —1.63 V and —1.89 V, indicating
that the larger conjugated system of compound 27 does not sig-
nificantly change the redox properties of the compound. Com-
pounds 26 and 27 lack the DTF donor part and are hence
oxidized at significantly higher potentials than the other com-
pounds. On the other hand, they are stronger acceptors than the
acetylenic scaffold 22 containing the DTF donor. We have pre-
viously [33] studied a related compound in which all four triiso-
propylsilylethynyl substituents of 26 are replaced by cyano
groups; this compound showed superior acceptor properties,
being reduced at —0.81 V and —1.09 V vs Fc/Fc* (similar condi-

tions), but no donor properties (thereby contrasting 26 and 27).

st 22

15 F 3
Eo o1 v 1 Loy ol 1 PP BT B

15 10 05 00 05 10 15
E (V vs Fc/Fc")

Figure 8: Cyclic voltammograms of compounds 22, 23, 26, and 27 in
CH>Clo; supporting electrolyte: 0.1 M BugNPFg, scan rate: 0.1 V/s. All
potentials are depicted against the Fc/Fc* redox couple.
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Of the acetylenic scaffolds studied, DTF-IF-RA 23 containing
an RA moiety is the strongest acceptor, which we ascribe to
gain of 14m,-aromaticity of the cyclic moiety of the reduced
species (in line with previously studied RA scaffolds
[17,18,34]). Indeed, it is reduced more easily by as much as
0.3 V than its corresponding acyclic counterpart, compound 22,
although it contains a m-system of the same size, and it is even
reduced more easily by 0.13 V than the acetylenic scaffold 27
containing acetylenic acceptor motifs at both ends of the IF core

and hence no DTF donor unit. Compound 23 also undergoes a

Beilstein J. Org. Chem. 2024, 20, 59-73.

reversible, second reduction to form the dianion. This com-
pound should gain aromaticity upon either reduction or oxida-

tion as illustrated in Figure 9.

X-ray crystallographic analysis

Crystals suitable for single-crystal X-ray diffraction studies
were obtained for compounds 25, 26, and 29. Their structures
are shown in Figure 10, top, and their respective crystal pack-
ings below. All three compounds pack in a herringbone manner

in the crystal structure, with the major difference that com-

HexS

SHex

HexS

SHex HexS SHex

Figure 9: Radical anion (left), dianion (middle), and radical cation (right) of compound 23; the radical anion has a 14m,-aromatic ring (highlighted in
blue; only counting 2m-electrons of each triple bond, here defined as those in 1, orbitals), the dianion has an additional 6m-aromatic cyclopentadienyl
anion (highlighted in green), while the cation has a 6m-aromatic 1,3-dithiolium ring (highlighted in red).

a) 25

Figure 10: ORTEP plots (50% probability) and crystal packing of compounds a) 25, b) 26, and c) 29. The respective crystal packing of each com-
pound is shown below, in which the hydrogen atoms are omitted for clarity. Atoms are colored grey (carbon), white (hydrogen), brown (bromine), pale-

yellow (silicon).
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pound 29 is perpendicular with respect to the herringbone
pattern and the related structures (see Figure 10, bottom). Com-
pound 25 packs with an intramolecular distance of 3.41 A be-
tween the planes of the m-systems. Neither compound 26 nor 29
shows m— interactions in the crystal packing. The large bulki-
ness of the TIPS groups along with the ferz-butyl groups in
compound 26 prevent these interactions, while for compound
29, the lack of m—m interactions can be ascribed to the methy-
lene bridges as the hydrogens along with the terz-butyl groups
prevent good overlap of the m-systems.

Table 3 lists the lengths of the bonds (b—f) within the five-mem-
bered rings of the cores as well as the exocyclic C=C double
bond (a) that is present in compounds 25 and 26 (for bond
labels, see Figure 11). A small difference in the exocyclic C=C
bond length is observed between 25 and 26, with the bond in 26
being slightly longer. Bonds b and f are affected by the moiety
X, with the less m-delocalized structure 29 having the longest
bonds of 1.51 A, while only minor differences are observed for

bonds ¢, d, and e.

Table 3: Bond lengths (A) within five-membered rings and of exocyclic
C=C double bond (for bond assignments, see Figure 11).

Bond Compound 25 Compound 26 Compound 29
a 1.343(3) 1.362(2) -
b 1.495(3) 1.478(2) 1.5102(15)
c 1.408(3) 1.405(2) 1.4030(15)
d 1.463(3) 1.468(2) 1.4690(15)
e 1.412(3) 1.410(2) 1.4103(15)
f 1.495(2) 1.474(2) 1.5090(15)
X
FJa
ﬁ t-Bu
tBu . =

Figure 11: Labels of bonds within five-membered ring.

Conclusion

In summary, various redox-active chromophores based on the
indenofluorene scaffold were synthesized, incorporating differ-
ent dithiafulvenes and acetylenic scaffolds, such as acetylenic
radiaannulenes. The compounds have strong absorptions in the
visible region and undergo reversible (or quasi-reversible)
oxidations and reductions. We have also presented two new
fluorene-extended dithiafulvenes, which also absorb strongly in

the visible region and undergo one reversible oxidation, while
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no reductions were observed for these compounds. Systematic
studies show that by small structural modifications, the optical
and electrochemical HOMO-LUMO gaps can be finely tuned —
with first oxidations and reductions that can be adjusted by
several hundreds of millivolts for donor—acceptor IF scaffolds.
Introduction of both the dithiafulvene and radiaannulene units
along the indenofluorene scaffold provided a donor—acceptor
compound covering a particularly broad absorption profile and
with a redshifted longest-wavelength absorption maximum rela-
tive to most of the compounds (529 nm in dichloromethane),
which can be related to the fact that it is both a good donor and
a good acceptor as shown electrochemically. This compound
stands out as gaining aromaticity in one of its appendages along
the IF core upon either reduction (generation of 14, ,-aromatic

ring) or oxidation (generation of 1,3-dithiolium ring).

Synthetically, the work relies on using indenofluorene diones as
key building blocks for performing olefination reactions, such
as phosphite- or Lawesson’s reagent-mediated couplings,
Ramirez/Corey—Fuchs dibromo-olefinations, and Knoevenagel
condensations. In particular, the acetylenic scaffolds presented
in this work may be useful precursors for even more elaborate,
conjugated and carbon-rich structures in future work.

Experimental

Anhydrous MeOH was obtained by distillation from activated
Mg and stored over 3 A molecular sieves, or by drying over 3 A
molecular sieves. All remaining anhydrous solvents were ob-
tained from a solvent drying tower (IT model PS-MD-05).
HPLC grade solvents were used unless otherwise specified.
Purification by chromatography was performed using silica gel
(flash: 40-63 pm, Sepacore® Flash Systems X10/X50:
40-63 pm). TLC was performed using aluminum sheets
covered with silica gel coated with fluorescent indicator. NMR
spectra were recorded on a Bruker instrument at 500 MHz and
126 MHz for 'H and '3C NMR, respectively. Deuterated
chloroform (CDCl3, 'H = 7.26 ppm, 13C = 77.16 ppm), deuter-
ated CH,Cl, (CD,Cly, 'H = 5.32 ppm, 13C = 54.00 ppm),
deuterated DMSO ((CD3),SO, 'H = 2.50 ppm, 13C =
39.53 ppm), deuterated acetone ((CD3),CO, 'H = 2.05 ppm,
13C = 29.84 ppm), or deuterated benzene (CgDg, 'H =
7.16 ppm, '3C = 128.39 ppm) were used as solvents and
internal references. Chemical shift values are referenced to the
ppm scale and coupling constants are expressed in Hertz (Hz).
HRMS analysis was performed on a Bruker SolariX XR
MALDI-FT-ICR instrument with dithranol as matrix. Melting
points are not corrected.

UV-vis absorption spectroscopy

UV-vis absorption spectra were recorded on a Varian Cary 50

UV-vis spectrophotometer scanning between 800 and 200 nm.
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All spectra were recorded with baseline correction in CH»Cl, or
toluene (HPLC grades) at 25 °C in a quartz cuvette with a
10 mm path length.

Electrochemistry

Cyclic voltammograms (CV) and differential pulse voltammo-
grams (DPV) were obtained using an Autolab PGSTATI12
instrument and Nova 1.11 software with a scan rate of 0.1 V/s
for the CVs. A silver wire immersed in a 0.1 M BuyNPFg solu-
tion in CH;Cl, separated from the analyte solution by a frit was
used as the reference electrode, a Pt wire was used as the
counter electrode, and a platinum disk (diameter = 1.6 mm) or a
glassy carbon disk (3 mm) was used as the working electrode.
The reference electrode was separated from the solution con-
taining the substrate by a ceramic frit. Measured potentials were
referenced to ferrocene/ferrocenium (Fc/Fct) redox couple,
measured before and after the experiment. A 0.1 M solution of
NBu4PFg was used as electrolyte. All solutions were purged
with Ar prior to measurements.

Crystallography

All single crystal X-ray diffraction data for compounds 25, 26,
and 29 were collected on a Bruker D8 VENTURE diffrac-
tometer equipped with a Mo Ka X-ray (A = 0.71073 A). The
data collections were done at 100 K. All data were integrated
with SAINT and a multi-scan absorption correction using
SADABS was applied [35,36]. The structure was solved by
direct methods using SHELXT and refined by full-matrix least-
squares methods against F2 by SHELXL-2019/2 [37,38]. The
data for the compounds have been deposited with the
Cambridge Crystallographic Data Centre [39]. The CIF files
(Supporting Information Files 2—4) and reports were generated
using FinalCIF [40].

Synthesis

Compounds 1 [19], 2 [21], 3 [21], 4 [14], and 6 [20] were syn-
thesized according to literature procedures, and compounds 7
and 8 were synthesized according to modified literature proce-
dures [21]. Representative synthetic protocols are provided
below, while protocols for 7, 8, 10-12, 14, 15, 17, 20-22,
24-27 are included in Supporting Information File 1.

Compound 9

A solution of 1 (139 mg, 352 umol) and 2 (176 mg, 534 umol)
in anhydrous toluene (5 mL) and P(OEt); (10 mL) was heated
to reflux for 5 h, resulting in a color change from orange to dark
red. The reaction mixture was then allowed to cool to rt before
it was concentrated under reduced pressure. The resulting dark
red solid was purified by flash column chromatography (SiO5,
20% EtOAc/heptane), and recrystallization from CH,Cl,/
MeOH followed by centrifugation yielded 9 (136 mg, 57%) as
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an orange solid. Ry = 0.18 (70% CH,Cl,/heptane); mp
178-181 °C; 'H NMR (500 MHz, CDCls) 8 7.99 (s, 1H), 7.80
(d, J = 8.4 Hz, 2H), 7.76 (s, 1H), 7.72-7.71 (m, 2H), 7.68 (d,
J =8.0 Hz, 1H), 7.58-7.44 (m, 2H), 7.44-7.35 (m, 3H), 4.50 (s,
4H), 2.44 (s, 3H), 1.43 (s, 9H), 1.36 (s, 9H) ppm; '3C NMR
(126 MHz, CDCl3) d 194.1, 152.7, 151.1, 148.7, 148.0, 144.7,
143.5, 142.3, 142.3, 138.8, 137.1, 135.5, 135.1, 133.6, 132.3,
131.4, 130.4, 129.1, 128.8, 127.7, 121.0, 123.4, 121.6, 120.0,
119.7, 119.6, 115.7, 114.5, 52.7, 52.6, 35.4, 35.2, 31.9, 31.4,
21.8 ppm; five sp? signals missing, presumably due to overlap.
HRMS (MALDI*, FT-ICR, dithranol, m/z) [M + H*] calcd for
C40H3gNO3S3™, 676.2008; found, 676.2019.

Compound 13

A solution of 4 (62.0 mg, 92.0 umol) and Lawesson’s reagent
(23.1 mg, 57.0 pmol) in anhydrous, Nj-degassed toluene
(20 mL) was heated to reflux for 21 h. The reaction mixture was
then allowed to cool to rt, diluted with toluene (50 mL), washed
with 1 M NaOH (3 x 50 mL), and then with H,O (3 x 50 mL).
The organic phase was dried over MgSOy4 and concentrated
under reduced pressure. The residue was purified by flash
column chromatography (SiO,, 20% EtOAc/heptane), yielding
13 (15.5 mg, 26%) as a purple solid. Ry = 0.23 (20% EtOAc/
heptane); 'H NMR (500 MHz, CDCl3) & 8.64 (s, 2H), 8.50 (s,
2H), 8.12 (s, 2H), 7.96 (s, 2H), 7.83 (d, J = 8.4 Hz, 4H), 7.64 (d,
J =8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.34 (m, 6H), 7.29 (d,
J = 8.4 Hz, 2H), 7.23 (s, 2H), 7.20 (s, 2H), 2.42 (s, 6H), 1.44 (s,
18H), 1.27 (s, 18H) ppm (E:Z ratio 4:1; I'H NMR signals re-
ported for the E isomer); !3C NMR (126 MHz, CDCl3) & 150.2,
149.9, 145.8, 143.6, 140.7, 140.5, 139.1, 139.0, 138.6, 137.9,
137.4, 137.0, 136.4, 135.5, 130.4, 127.2, 126.7, 126.6, 126.1,
125.4, 124.1, 123.7, 120.8, 119.2, 119.1, 117.9, 115.0, 111.5,
111.4,55.7,35.3,35.2, 35.2, 35.1, 32.0, 31.9, 31.8, 31.7, 31.6,
29.9, 29.5, 29.1, 22.8, 21.8, 14.3 ppm (E:Z ratio 4:1; sp>-C
signals missing, presumably due to overlap): HRMS (MALDI",
FT-ICR, dithranol, m/z) [M**] calcd for CggH79N204S6"",
1314.3654; found, 1314.3631.

Compound 16

To a flame-dried vial equipped with a magnetic stir bar were
added 2 (69 mg, 209 umol), 5 (28 mg, 153 umol), and
Lawesson’s reagent (63 mg, 155 umol). Dry toluene (5 mL)
degassed with Ny for 15 min was added, and the solution was
heated to 105 °C for 18.5 h. The reaction mixture was then
allowed to cool to rt, diluted with toluene (20 mL), and washed
with 1 M NaOH (3 x 20 mL), and then with H>O (20 mL). The
yellow precipitate in the aqueous phase was isolated by filtra-
tion and washed with H,O before it was purified by flash
column chromatography (SiO,, 50%-100% CH,Cl,/heptane)
yielding 16 (18 mg, 39 pmol, 25%) as a yellow solid. R¢ = 0.18
(50% CH,Cly/heptane); mp > 260 °C; 'H NMR (500 MHz,
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CD,Cl,) 8 7.84 (d, J = 7.5 Hz, 2H), 7.77 (d, J = 8.1 Hz, 2H),
7.75 (d,J =17.5 Hz, 2H), 7.41 (td, J = 7.5, 1.1 Hz, 2H), 7.39 (d,
J =8.1 Hz, 2H), 7.34 (td, J = 7.5, 1.1 Hz, 2H), 4.46 (s, 4H),
2.42 (s, 3H) ppm; '3C NMR (126 MHz, CD,Cl,) d 145.0,
138.5, 137.3, 134.0, 130.6, 128.8, 128.0, 127.5, 126.4,
123.4, 120.2, 21.7 ppm; two sp2-C carbon signals missing,
presumably due to overlap; HRMS (MALDI*, FT-ICR,
dithranol, m/z) [M"*] calcd for Co5H{9NO,S3**, 461.0572;
found, 461.0577.

Compound 18

To an Ar-degassed solution of PPh3 (845 mg, 3.22 mmol) and
CBry (560 mg, 1.69 mmol) in anhydrous toluene (20 mL) was
added 6 (250 mg, 0.351 mmol). The reaction mixture was
heated to reflux and stirred under a N, atmosphere for 30 h
before it was cooled to rt and filtered through a plug of SiO;
(CH,Cl, as eluent) and concentrated in vacuum. Flash column
chromatography (10% CH,Cl,/heptane) yielded 18 (246 mg,
81%) as an orange solid. Ry = 0.29 (10% CH,Cl,/heptane);
TH NMR (500 MHz, CDCl3) 8 8.99 (d, J = 0.7 Hz, 1H), 8.71 (d,
J = 1.5 Hz, 1H), 7.94 (d, J = 0.7 Hz, 1H), 7.76-7.75 (m, 2H),
7.71 (d, J = 8.0 Hz, 1H), 7.48 (dd, J = 8.0, 1.5 Hz, 1H), 7.38
(dd, J = 8.0, 1.5 Hz, 1H), 3.01-2.96 (m, 4H), 1.85-1.68 (m,
4H), 1.51-1.47 (m, 4H), 1.45 (s, 9H), 1.40 (s, 9H), 1.37-1.30
(m, 8H), 0.92-0.88 (m, 6H) ppm; '3C NMR (126 MHz, CDCl5)
5 150.5, 150.4, 139.8, 139.6, 138.8, 138.5, 138.3, 138.1, 137.6,
137.3, 136.1, 135.8, 129.5, 128.4, 126.6, 123.3, 123.2, 121.4,
120.1, 119.2, 118.9, 117.3, 113.8, 89.1, 36.9, 36.8, 35.3, 35.3,
31.9, 31.7, 31.6, 31.5, 30.1, 30.0, 28.5, 22.7, 14.2, 14.2 ppm;
two sp>-C signals missing, presumably due to overlap; HRMS
(MALDI*, FT-ICR, dithranol, m/z) [M*"] caled for
C44H52B1’254.+, 868.1293; found, 868.1287.

Compound 19

To a Nj-degassed solution of 18 (90 mg, 0.10 mmol) in an-
hydrous THF (5§ mL) and Et3N (5 mL) were added Ny-degassed
trimethylsilylacetylene (0.20 mL, 1.4 mmol), Pd(PPh3),Cl,
(15 mg, 0.021 mmol), and Cul (5.0 mg, 0.026 mmol). The reac-
tion mixture was stirred at rt under a N, atmosphere for 4 h
before it was filtered through a plug of SiO, (CH,Cl, as eluent)
and concentrated under reduced pressure. Purification by flash
column chromatography (SiO;, 10-15% CH,Cl,/heptane)
yielded 19 (62 mg, 66%) as a purple solid (red in solution). Ry =
0.31 (15% CH,Cly/heptane); 'H NMR (500 MHz, CDCl3) d
9.07 (s, 1H), 8.81 (d, J = 1.7 Hz, 1H), 7.91 (s, 1H), 7.76 (d, J =
1.7 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H),
7.41 (dd, J = 8.0, 1.7 Hz, 1H), 7.37 (dd, J = 8.0, 1.7 Hz, 1H),
3.01-2.96 (m, 4H), 1.79-1.72 (m, 4H), 1.54-1.48 (m, 4H), 1.45
(s, 9H), 1.40 (s, 9H), 1.35-1.32 (m, 8H), 0.92-0.89 (m, 6H),
0.44 (s, 9H), 0.35 (s, 9H) ppm; 13C NMR (126 MHz, CDCl3) &
150.6, 150.2, 146.7, 139.6, 138.8, 138.3, 138.0, 137.6, 137.5,
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136.0, 135.5, 129.5, 128.5, 126.9, 123.2, 123.2, 121.8, 120.1,
119.0, 118.8, 117.3, 113.9, 104.9, 104.5, 104.5, 104.3, 99.5,
36.9, 36.8, 35.3, 35.3, 31.9, 31.8, 31.6, 31.5, 30.1, 30.0, 28.5,
22.7,22.7,14.2, 14.2, 0.3, 0.1 ppm; one sp>-C signal and one
sp3-C signal missing, presumably due to overlap; HRMS
(MALDI*, FT-ICR, dithranol, m/z) [M*"] caled for
Cs54H70S4Si5°*, 903.3972; found, 903.3985.

Compound 23

In a manner similar to [41], TBAF (1 M in THF, 0.2 mL,
0.2 mmol) was added to a solution of 22 (93 mg, 0.073 mmol)
in THF (10 mL), and the reaction mixture was stirred at rt for
45 min before it was filtered through a plug of SiO, (CH,Cl, as
eluent) and concentrated under reduced pressure to a volume of
approx. 2 mL. The resulting solution was diluted with CH,Cl,
(50 mL). A solution of CuCl (7.0 mg, 0.070 mmol) in CH,Cl,
(5 mL) and TMEDA (0.10 mL, 0.67 mmol) was added along
with 4 A molecular sieves, and the reaction mixture was stirred
in an open flask at rt for 3 days before it was filtered through a
plug of SiO, (CH,Cl, as eluent) and concentrated under
reduced pressure. Flash column chromatography (30% CH;Cl,
(technical grade stabilized with 0.2% EtOH)/heptane) yielded
23 (33 mg, 47%) as a dark green solid. Ry = 0.20 (40% CH,Cly/
heptane); '"H NMR (500 MHz, CDCl3) § 9.17 (s, 1H), 8.83 (d,
J=1.7Hz, 1H), 7.89 (d, J = 7.8 Hz, 1H), 7.88 (s, 1H), 7.80 (d,
J =17.8 Hz, 1H), 7.76-7.71 (m, 2H), 7.60 (d, J = 8.0 Hz, 1H),
7.51-7.28 (m, 8H), 3.02-2.97 (m, 4H), 1.80-1.73 (m, 4H),
1.52-1.50 (m, 4H), 1.48 (s, 9H), 1.47 (s, 9H), 1.37-1.32 (m,
8H), 0.96-0.85 (m, 6H) ppm; 3C NMR (126 MHz, CDCl3) &
150.5, 150.1, 148.3, 140.0, 139.0, 138.7, 138.7, 138.5, 137.8,
137.4, 136.0, 135.8, 131.4, 131.4, 130.6, 129.7, 129.5, 129.5,
129.0, 129.0, 128.8, 128.6, 128.6, 128.5, 127.0, 125.2, 125.0,
123.2,123.1, 121.8, 120.2, 119.0, 117.9, 114.1, 99.6, 96.9, 95.9,
95.4,94.5, 88.0, 87.8, 82.4, 81.2, 36.9, 36.8, 35.3, 35.2, 32.0,
31.9,31.6, 31.5, 30.1, 30.0, 28.5, 22.7, 22.7, 14.2, 14 ppm; one
signal missing in the aromatic region and one signal missing in
the aliphatic region, presumably due to overlap; HRMS
(MALDI*, FT-ICR, dithranol, m/z) [M'"] caled for
CgoH 0254515, 956.3572; found, 956.3620.

Compound 29

To a 250 mL round-bottomed flask equipped with a reflux
condenser and containing a magnetic stir bar, diethylene glycol
(125 mL) and KOH (2.67 g, 47.7 mmol) were added. The solu-
tion was degassed with Ar for 30 min after which 5 (461 mg,
1.17 mmol) was added. Then, NoH4-H,0O (2.4 mL, 50.0 mmol)
was added slowly, resulting in a color change to black within
30 min. The reaction was carried out under inert N, atmosphere.
The reaction mixture was then heated to 185-190 °C for 48 h
after which it was cooled to 100 °C, poured onto ice (400 mL),
and acidified with aq HC1 (20 mL, 6 M), resulting in an
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orange precipitate. The ice was allowed to melt, and
the precipitate was filtered, washed with H20 (100 mL),
and dissolved in EtOAc (200 mL), after which the volatiles
were removed under reduced pressure yielding compound
29 as a light orange crystalline solid (375 mg, 1.02 mmol,
88%). mp > 250 °C; 'H NMR (500 MHz, CDCI3) & 7.89
(s, 2H), 7.71 (d, J = 8.0, 2H), 7.59 (s, 2H), 7.42 (d, J = 8.0,
2H), 3.95 (s, 4H), 1.39 (s, 18H) ppm; 13C NMR (126 MHz,
CDCl3) 6 149.8, 143.8, 142.5, 140.6, 139.5, 124.1, 122.1,
119.2, 116.3, 37.0, 35.0, 31.8 ppm; HRMS (MALDI", FT-ICR,
dithranol, m/z) [M**] calcd for CogH30"*, 366.2342; found,
366.2344.
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Fullerene dimerization inside a peapod is analyzed at DFT level by characterizing the stationary points and deriving the energy

profile of the initial and reversible process named phase 1. We find that the barriers for the radical cation mechanism are signifi-

cantly lower than those found for the neutral pathway. The peapod is mainly providing one-dimensional confinement for the reac-

tion to take place in a more efficient way. Car—Parrinello metadynamics simulations provide hints on structures for the initial steps

of the irreversible phase 2 where bond formation and breaking lead to important structural reorganizations within the coalescence

process.

Introduction

Transmission electron microscopy (TEM) is a technique that
has been used for a long time to provide images of molecules,
but also to monitor the reactions triggered by the energy transfer
of the electron beam to the atoms that build the molecules. In
particular, the advances in TEM as well as in methods to anchor
molecules on surfaces like graphene or carbon nanotubes have
allowed the scientific community to visualize at atomic resolu-
tion the structural changes of molecules in situ by single-mole-
cule atomic-resolution real-time TEM imaging (SMART-TEM)

[1-5]. Since the initial discovery [2], many movies have been

published that record the dynamic behavior of a wide range of
molecules and chemical reactions. One such process was the
dimerization of Cg fullerene in a carbon nanotube peapod, i.e.,
hybrid structures consisting of fullerene molecules encapsu-
lated in single-walled carbon nanotubes (SWCNT) [6-8]. Dif-
ferent stages of dimerization of Cgy molecules inside a peapod,
a reaction confined within a one-dimensional nanoscale space,
have been detected in the last decade [3,4,7,9]. Nakamura and
co-workers termed ‘phase 1’ the stage with reversible bond for-

mation and ‘phase 2’ the stage with irreversible C—C fusions
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[7]. In phase 1, a [2 + 2] cycloadduct C;,g dimer is formed,
which was initially proposed to be with C; symmetry, in
contrast to the X-ray structure for the C,o dimer that shows
Dyj, symmetry [3,9]. In phase 2, irreversible structural rear-
rangements occur leading to a nanotubular-shaped fullerene
inside the peapod. Kinetic analysis with the variable-tempera-
ture (VT) SMART-TEM method for the aforementioned Cgg
dimerization has also been reported by these authors [9]. They
concluded that the SWCNT, which accumulates energy by
the interaction with the electron beam, activates the reaction
either via singlet excitation or via radical cation formation
(Scheme 1). Estimation of the activation barrier for the [2 + 2]
cycloaddition when the nanotube acts as a sensitizer is
33.5 = 6.8 kJ mol™L. This value agrees with computational

predictions for the reaction via an excited singlet state [10].

Although only a few analyses of the reaction mechanisms have
been studied due to the complexity of the system, several inter-
mediates inside the CNT have been proposed [3,11,12], which
may be different from those proposed to take place in the gas
phase or in the solid state at high pressures and high tempera-
tures [13-15]. We aim to shed light in these reaction mecha-
nisms and energy profiles by using complementary methodolo-
gies as standard density functional theory (DFT) calculations
and first-principles Car—Parrinello molecular dynamics
(CPMD) simulations. Firstly, we have analyzed the interaction
between Cgg and the nanotube within the peapod. Next, we
have found that some dimeric Cgp—Cgq fullerene structures
inside the carbon nanotube are thermodynamically favorable.
Experiments indicate that, besides Cg( sensitization via a singlet
excited state, the [2 + 2] cycloaddition can also be activated
through the formation of Cgo** radical cation [3,9]. This mecha-
nistic proposal for phase 1, which to our knowledge has not yet

been explored in detail inside a carbon nanotube, is analyzed
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here and compared to the non-activated Cgq dimerization.
Finally, some intermediates for the subsequent irreversible C—C
fusions occurring in phase 2 are proposed with the help of

accelerated Car—Parrinello MD simulations.

Results and Discussion

Nanotube-Cg interaction: stabilization of the
peapod

First, we estimated the size of the stabilizing interaction that
holds the peapod, that is, the interaction between the Cgq sur-
face and the walls of the armchair (10,10) CNT. The interac-
tion or encapsulation energy of a fullerene inside the CNT,
defined as Eencap = EFu]ler@CNT — Eryller — EcNT, @amounts to
—3.23 eV for Cg at our present computational settings (PBE/
plane waves, see section Computational methods). This signifi-
cant amount of energy, which could be overestimated, comes
from the 71— interactions between the Cg surface and the CNT
wall and is modelled in a first approximation using Grimme’s
corrections to the dispersion energy [16]. This interaction
energy is comparable to those in similar systems with m— inter-
actions, as for example a “buckyball catcher” complex with Cg(
or the interlayer interaction between graphene sheets [16]. It is
found to be significantly smaller than for Cgy@Co49 [17], but
larger than for Cgy@Csqg and Cg@Cogp nanoonions [18]. The
encapsulation energy of two separated Cgp molecules essen-
tially doubles that of a single molecule (—6.48 eV, see Figure S1
in Supporting Information File 1). For different Cgq dimers
(Figure 1), the interaction energies range between —6.45 and
—6.50 eV (Figure S1 in Supporting Information File 1), a range
which is around 1% of the total encapsulation energy. As a
consequence of the effective m—m interactions, the larger the
contact between the fullerene dimer surface and the CNT wall

the larger the encapsulation energy. This significant interaction
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Scheme 1: Proposed radical cation mechanism for the dimerization of two Cgo cages inside a metallic carbon nanotube.
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is also apparent from an inspection of the electronic structure of
the peapod, where we can observe some molecular orbitals with
non-spurious contributions from each of the CNT and Cg frag-

ments (Figures S2—-S4 in Supporting Information File 1).

Relative stabilities of Cgg—Cgg dimers

We computed the reaction energies for the dimerization of two
Cgp molecules in the one-dimensional space within the CNT
and compared the results with those for the same reaction in the
gas phase. We assumed that the cation radical mechanism takes
place, that is, the ionized CNT generates a radical cation Cgo™*
that reacts with a Cgo molecule to yield different C1p0'" dimers.
The energies for the dimerization of two neutral Cgg molecules
were also computed for comparison (Table 1). As products, we
have considered dimer 1-Djj, and dimer 1-Cg, which are prod-
ucts of reversible [2 + 2] cycloadditions (phase 1) between two
[6,6]-bonds in the former case and, between a [6,6]-bond and a
[6,5]-bond in the latter (Figure 1). Dimer 1-Cg is at our compu-
tational settings (PBE/PW), more than 15 kcal mol™! higher in
energy than dimer 1-Djy,, the one characterized by X-ray crys-
tallography in the solid state, both in the gas phase and inside
the CNT. Similar lower stabilities for dimer 1-Cy are also found
for the radical cation products, especially in the gas phase
(second column in Table 1). The reaction energies are, however,
notably more negative for the radical cation products. Besides,
radical cations 1-C** and 1-D,;,"* show comparable energies.
Finally, for the nanotubular-shaped Cy29-NT-Ds,4 isomer, the
formation energies with respect to Cgg + Cgo are up to
-300 kcal mol~!, which reflects the high degree of C—C bond
reorganization needed to obtain this fullerene isomer that satis-
fies the so-called isolated pentagon rule (IPR) [19]. We corrob-
orated our results for the gas-phase products using somewhat
different computational settings with a non-periodic electronic
structure code as ADF, see values in parenthesis in the two first
columns of Table 1 (also at PBE level, but using atomic orbitals

Beilstein J. Org. Chem. 2024, 20, 92—100.

—

Dimer 1-C,

qXIT

N

Figure 1: DFT-optimized structures of Cgo dimers 1-Dyp, 1-Cs and
nanotubular C129-NT-Dsq fullerene.

instead of plane waves as basis sets, see Computational
methods). Although reaction energies are predicted to be some-
what more exothermic in most of the cases, relative energies be-
tween isomers are very similar, both for the neutral as well as
for the radical cation dimers, what confirms the reliability of the
computational settings used in the periodic VASP code.

Table 1: Reaction energies for the dimerization of two neutral Cgo molecules and one neutral Cgo and one radical cation Cgp'* to yield different C129

dimers.2
Gas-phase @SWCNT

Cs0 + Ce0 Ceo + Ceo™* Ceso + Ceo Coo + Ceo™

dimer 1-Dyp, -6.1 -23.6 5.7 -8.9
(-9.9) (-23.4)

dimer 1-Cg +11.3 -10.0 +10.6 -6.6
(+7.6) (-10.7)

C120-NT-Dsgq —296.3 -329.3 -308.3 3322
(~-298.6) (-327.5)

aEnergies referred to 2 Cgg and Cgo + Cgo™* (in kcal mol=1) for the dimers represented in Figure 1 in the gas phase and inside the carbon nanotube
(@SWCNT). Energies calculated using VASP package (PBE/PW-PAW). Energies in parenthesis were obtained with the ADF code (PBE/TZP).
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Energy profile for the reversible [2 + 2]
cycloaddition in phase 1

We analyzed in detail the energy profile for the first step in the
dimerization process, that is, the reversible [2 + 2] cycloaddi-
tion to obtain dimers 1-C and 1-Dy;. We initially considered
dimerization in the gas phase to check the reliability of our
methodology (periodic calculations using VASP code) by
comparing with other more standard procedures (non-periodic
calculations using ADF code; see Computational methods for
details) when computing the energy profile for the radical
cation Cgy + Cgo™. Besides, we computed the profile for the
neutral dimerization Cgp + Cg to assess the effect ionization
produced by the electron beam has in the process. Before the
reaction takes place, a stabilizing van der Waals complex be-
tween the two Cgg molecules was formed (Figure 2), with an
interdimer distance around 3 A (slightly larger for the neutral
profile). For dimer 1-Cg, the stabilization of this complex is sig-
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nificantly more important for the radical cation (around
20 kcal mol™!) than for the neutral complex (less than
10 kcal mol™!). To reach intermediate I-1, the singly-bonded
dimer, a transition state TS-1 has to be overcome. The barrier
for the radical cation is much smaller (6-7 kcal mol™!) than for
the neutral dimer (28.8 kcal mol™!), so we confirm that the
process is activated for the cation. The interdimer C---C dis-
tance is smaller than 2 A for the radical cation and for the
neutral species. Once intermediate I-1 is formed, the interdimer
C—C distance is around 1.60-1.70 A. Formation of the second
C—C bond to yield dimer 1-C requires to overcome a second
transition state TS-2 with energy barriers that range between
10-13 kcal mol™! from the immediate intermediate depending
on the profile. The interdimer C---C distance of the forming
bond is slightly larger than 2 A in all three cases. Finally, for-
mation of dimer 1-Cy is exothermic for the radical cation
profile, but moderately endothermic for the neutral dimer, as
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Figure 2: Energy profiles for the dimerization of 2 Cgg and Cgg + Cgo™* fullerenes in the gas phase. All energy barriers are in kcal mol~' and distances
of the most relevant bonds for the different structures are represented in A in a zoomed image. Energy profile for Cgg + Cgo*" radical dimerization
(phase 1) computed with the periodic (P) approximation (plane waves, VASP) is represented in red, while energy profiles for Cgg + Cgo*" radical and

Cgo + Cgp neutral dimerizations computed with the standard molecular (M) approach (atomic basis functions, ADF) are represented in grey and blue,
respectively.
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previously observed. As general trends, we find that the radical
cation profiles are qualitatively parallel with some minimal
differences, which corroborates the validity of our periodic
approximation to study the dimerization of the radical cation
inside the CNT (see below). The rate-determining transition
state for the radical cation and for the neutral dimer is the same
(TS2) as well as the lowest-energy intermediate (van der Waals
complex), so the two profiles are not that different, according to
the energetic spam model by Kozuch and Shaik [20]. In any
case, the mechanism via radical cation is the most favorable,
both kinetically and thermodynamically. For dimer 1-D,;,"*, the
energy profile up to I-1 is very similar to that of dimer 1-C{**
(see Supporting Information File 1, Figure S9). However, TS-2
is significantly lower in energy. Therefore, in gas phase, dimer
1-D,,"" is predicted to be the thermodynamic and the kinetic
product.

Once our methodology was validated, the energy profile for the
formation of dimer 1-Cg inside the CNT was analyzed. In
contrast to the gas phase reaction, we now only found the initial
van der Waals complex and a single transition state TS for both
the neutral and the radical cation profiles (Figure 3). The van
der Waals complex shows an interdimer C:--C distance of

30 -

20 -

10 A
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2.86 A, slightly shorter than the one observed for the gas phase
reaction. The transition state TS corresponds now to the forma-
tion of the second interdimer C---C distance, around 2.15 A
(Figure 3), once the first C—C bond is already formed. All
the attempts to obtain an intermediate with a single C—C inter-
dimer bond failed. The energy barrier to overcome the TS is
predicted to be 29.1 kcal mol™! for the neutral dimer, but only
2.0 keal mol™! for the radical cation. Therefore, the first step of
the Cgo dimerization is significantly faster for the radical
cation than for the neutral system. Formation of dimer
1-C;@CNT is appreciably endothermic for the neutral profile
(>10 kcal mol™!), but fairly exothermic (-25 kcal mol™!,
Figure 3) for the radical cation dimer (Cgo-Cep)* " @CNT. Albeit
some differences are present, the general features of the energy
profiles inside the CNT are not that different from those in the
gas phase; the Cgg + Cg dimerization is slightly endothermic
with a barrier around 30 kcal mol™!, whereas dimerization for
the radical cation is exothermic with a tiny (or almost nil)
barrier, which makes this initial step of the reaction drastically
faster. Therefore, the main function of the CNT is to constrain
the translation of Cgg molecules to a one-dimensional space to
maximize the rate of collisions between them. Finally, we
would like to point out that in the reversible phase 1, radical

-10 A

Relative Energy (kcal-mol?)
o

-20 A

-30

Dimer 1-C;

Figure 3: Energy profiles for the dimerization of 2 Cgg (neutral) and Cgo + Cgp™* (radical cation) fullerenes inside the SWCNT computed with the peri-
odic (P) approximation (plane waves, VASP). Energy barriers are in kcal mol~! and distances of the most relevant bonds for the different structures

are in A.
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cation (1-D,p,)*"*@CNT, which shows slightly lower energy
than (1-Cy)*"@CNT (2 kcal mol™! with our settings) is also pre-
dicted to be formed. Free energy difference between the two
isomers, estimated in the gas phase, is somewhat reduced when
increasing temperature (see Supporting Information File 1, Ta-
ble S1). Therefore, the molar fraction of (1-Cy)"*@CNT would
increase slightly at higher temperatures.

Mechanistic insights on the irreversible

phase 2: first steps

Once phase 1 was analyzed in detail, we studied the irre-
versible formation of C—C bonds in the interdimer region,
known as phase 2 in the dimerization process. Due to the large
number of possible pathways to be investigated, we made use of
a simulation technique that allowed us to explore the free
energy surface in a fast and efficient way. In particular, we per-
formed Car—Parrinello metadynamics simulations by choosing
collective variables (CVs) that describe the formation and
breaking of C—C bonds in the interdimer region (see Computa-
tional methods for more details). It is not the goal of the present
work to explain all the steps up to the formation of fullertube
C120, but the steps that follow the formation of dimers 1-C,™*
and 1-D,"*. We first run a metadynamics simulation for dimer
1-C;™* using as CV the coordination number of nine carbon
atoms of one Cgp molecule (those of contiguous hexagon and
pentagon) with respect to nine carbon atoms in the other Cgy, all
of them in the interdimer region (see Supporting Information
File 1). Choosing this single CV, we aim to rapidly and effi-
ciently explore the region of the free energy surface that de-
scribes the formation of irreversible C—C bonds. Molecular dy-
namics simulations were done in the radical C,y dimer alone;
we did not consider the interaction with the CNT. After a 4 ps
metadynamics, we observed the sequential formation of C-C
bonds between the two Cgg cages up to a number of six in struc-
tures that we have called dimer 3B-C;"* (three bonds), dimer
4B-C;™* (four bonds), dimer 5B-C,"* (five bonds) and finally
dimer HPR-C'* (six bonds, see Figure 4). In the latter, one
hexagon from each Cg( face each other with six interdimer
bonds formed between the C atoms at the vertexes of each
hexagon forming a hexagonal prism (HPR). Several authors
have already proposed this HPR structure for the dimerization
of two neutral Cg cages [13-15]. We characterized this struc-
ture as a minimum of the potential energy surface at
49.2 kcal mol~! (PBE/TZP) higher than dimer 1-C;"* (Table 2).
The C—C distances of the six new bonds are 1.597 A and the six
C-C distances within each hexagon have been elongated from
1.41-1.49 in Cgg to 1.55-1.57 A (Table S2). Dimers 3B-C,"*
and 4B-C,'* are also characterized as minima at 18.7 and
34.3 kcal mol™! with respect to dimer 1-C,"* (Table 2). Struc-
ture of dimer 5B-C;** found in the metadynamics, however, is

not a minimum and leads to dimer 3B-C** upon geometry opti-
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Ceo + Coo™

1-Cs+

3B-C+

4B-Cs+

HPR-Cs*

Figure 4: Proposed sequence of Cgo dimers up to the formation of
dimer HPR-Cs™*.

mization. C—C distances of the new bonds are within the range
1.53-1.71 A. For dimer 1-C,"*, the two distances are equivalent
(1.587 A) as they are the six distances for HPR-C,™* (1.597 A);
for dimers 3B-C™* and 4B-C,"*, however, more asymmetry in
the distances is found. Similar C-C distances within the inter-
acting hexagons exist, all of them within the range 1.55-1.60 A
(Supporting Information File 1, Table S2). A second metady-
namics run for dimer 1-Dj,"* was also done using as CV the
coordination number of ten carbon atoms of one Cgg molecule
(two contiguous hexagons) with respect to ten carbon atoms in
the other Cg(, analogous to the first run. After 7 ps, we also ob-
served the sequential formation of C—C bonds between the two

cages in structures now called dimer 3B-Dy;,"* (three bonds),
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dimer 4B-Dy;,"* (four bonds), dimer 5B-D5;,"* (five bonds) and
finally dimer HPR-D5;"* (six bonds, see Figure S10). Dimers
3B-Dy,"*, 4B-Dy;,"t and HPR-Dy,*t are characterized as
minima at 32.7, 39.3 and 63.3 kcal mol~! with respect to dimer
1-D,;,"* (Table 2). The C—C bond distances are very similar to
those of the corresponding Cg dimers (Supporting Information
File 1, Table S2).

Table 2: Relative energies for several dimers during the reaction of
one neutral Cgp and one radical cation Cgp™*.2

Cs'™ Dop™*
dimer 1 12.7 0.0
dimer 3B** 31.4 32.7
dimer 4B** 47.0 39.3
dimer HPR™* 61.9 63.3

aRelative energies with respect to dimer 1-Dap™ (in kcal mol~'). Corre-
sponding dimers are shown in Figure 4 and Supporting Information
File 1, Figure S10.

Conclusion

Two different computational methodologies, molecular ap-
proach versus periodic solid-state approach provide analogous
and consistent results, which gives strong support and relia-
bility to the predictions. In general, the reaction of two Cgg mol-
ecules to yield different dimers is exothermic and the exother-
micity is enhanced when radical cation dimers are formed. The
thermodynamics of dimerization inside the nanotube is not that
different as found in the gas phase; the nanotube mainly
provides a 1D confinement for the reaction to proceed. The
barriers for the reversible phase 1 are found to be easily
surmountable at ambient temperature for both the forward and
the inverse processes, especially for the dimerization of radical
cation fullerenes. For the initial steps of irreversible phase 2, up
to six C—C bonds in the interdimer region are formed leading to
a hexagonal prism shared by the two cages, with significantly
larger barriers than in phase 1, and the processes, consequently,
slower. Next steps of radical cation dimerization inside the CNT
(phase 2), which are under study, combined with new SMART-
TEM images and movies will provide us a deeper under-
standing of fullerene coalescence processes in peapods.

Computational Methods

The Amsterdam Density Functional (ADF) code [21,22] was
used for the electronic structure calculations and to optimize
reactants, products, intermediates and transition states. The
Perdew, Burke and Ernzerhoff (PBE) functional provided the
electronic density [23]. Electrons were described with Slater-
type basis functions of triple-¢ + polarization quality. We have
included scalar relativistic corrections using the zeroth-order

regular approximation (ZORA) formalism. Grimme3 BJ-DAMP
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dispersion corrections have also been included in all calcula-
tions [24]. Stationary points were fully characterized by

computing the Hessian matrix.

Car—Parrinello molecular dynamics (CPMD) simulations were
performed by means of the CPMD program [25,26]. The de-
scription of the electronic structure was based on the expansion
of the valence electronic wave functions in a plane wave (PW)
basis set, which was limited by an energy cutoff of 40 Ry. The
interaction between the valence electrons and the ionic cores
was treated through the pseudopotential (PP) approximation
(Martins—Troullier type) [27]. The PBE functional was selected
as the density functional. Dispersion corrections were also
considered in the calculations. We used a fictitious electron
mass of 800 a.u. The simulations were carried out using peri-
odic boundary conditions in a tetragonal cell (side length of
11 A and height of 20 A) and a time step of 0.144 fs. We used
the metadynamics technique to analyze the dimerization reac-
tion mechanism [28-30]. The collective variable (CV) consid-
ered for the exploration of the free-energy surface was the coor-
dination number of nine C atoms of one Cgg (those that are
involved in a hexagon fused with a pentagon) with respect to
the nine C atoms (hexagon-pentagon) on the other Cgn mole-
cule (see Supporting Information File 1 for details). The arm-
chair-type single-wall carbon nanotube (SWCNT) (10,10) with
a length of 22.14 A and a diameter of 13.65 A was employed in
the calculations.

The fullerene dimerization mechanism inside a SWCNT was
also studied by density functional theory applied to periodic
systems through VASP code [31]. The exchange-correlation
functional used was PBE with the zero damping DFT-D3
method of Grimme et al. [16]. Inner electrons were replaced by
PAW pseudopotentials [16] while valence electron density was
expanded in plane waves with a maximum kinetic energy of
400 eV. The model of SWCNT was 29.61 A long and with a di-
ameter of 13.65 A, embedded in a box of 30 x 30 A of vacuum
in the plane perpendicular to the nanotube axis. The gas-phase
structures were in a cubic box of 30 A side. The k-point
sampling was performed through the Gamma-Pack scheme
with one point. Transition states were obtained through the
climbing image version of the nudged elastic band algorithm
[32] and dimer method [33]. These structures showed a single
imaginary frequency or with some negligible imaginary
frequencies (under 10 cm™'). The projected density of states
was calculated and own code estimated the bands that belong to
fullerene or SWCNT. The excited states of the fullerene dimer
inside the SWCNT were studied with a single-point energy
calculation of a given band structure where one electron of the
highest-occupied band of the fullerene is excited to the lowest-
unoccupied band of SWCNT.
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Supporting Information

Supporting Information File 1

Additional details of the computational settings and results:
encapsulation energies, molecular orbitals (MO), MO
diagrams, intermediate structures in metadynamics and
optimized xyz coordinates for the dimers.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-10-S1.pdf]
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Various push—pull chromophores can be synthesized in a single and atom-economical step through [2 + 2] cycloaddition—retroelec-

trocyclization (CA-RE) reactions involving diverse electron-rich alkynes and electron-deficient alkenes. In this review, a compre-

hensive investigation of the recent and noteworthy advancements in the research on push—pull chromophores prepared via the

[2 + 2] CA-RE reaction is conducted. In particular, an overview of the physicochemical properties of the family of these com-

pounds that have been investigated is provided to clarify their potential for future applications.

Introduction

Push—pull chromophores, wherein both electron-donating and
electron-accepting substituents are incorporated into a 7m-elec-
tron-conjugated system, exhibit exceptional optical and elec-
tronic properties. They hold significant promise for applica-
tions in diverse fields, particularly materials science (specifi-
cally in optoelectronics) [1,2]. The synthesis of push—pull chro-
mophores is often achieved through click-type reactions be-
tween electron-rich alkynes and electron-deficient alkenes,
which is a reliable and atom-economical method. Diverse chro-
mophores can be obtained via this method, depending upon the

choice of alkynes and alkenes. The pioneering work by Bruce et

al. in 1981 revealed that the cleavage of tetracyanoethylene
(TCNE) under mild conditions via its reaction with metal
acetylides yields metal complexes featuring the tetracyanobuta-
1,3-diene (TCBD) structural motif [3]. Subsequently, numerous
researchers have explored the synthesis of various push—pull
chromophores, primarily via reactions between alkynes and
alkenes. Several comprehensive reviews of nonplanar push—pull
chromophores have since enriched the scientific literature [4-6].
In 2018, Michinobu and Diederich provided an exemplary
overview of click-type [2 + 2] cycloaddition (CA)-retroelectro-

cyclization (RE) reactions, offering means for preparing these
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coveted push—pull chromophores [7]. A review conducted in
2023 comprehensively explored the optoelectronic properties of
TCBDs along with their photovoltaic applications [8]. The land-
scape of [2 + 2] CA-RE reactions for the preparation of
push—pull chromophores is rapidly evolving and expanding.
This evolution necessitates an update on the latest insights for
materials science researchers. Furthermore, the diverse research
advancements related to the distinctive physicochemical proper-
ties of push—pull chromophores remain fragmented. Thus, the
primary objective of this review is to consolidate the develop-
ments in the research on push—pull chromophores prepared via
[2 + 2] CA-RE reactions between electron-rich alkynes and
electron-deficient alkenes across various domains of chemistry.
This endeavor aims to delineate new directions for prospective
applications of push—pull chromophores. Notably, in polymer
chemistry, significant progress has been made in employing
[2 + 2] CA-RE reactions for polymers as a valuable post-func-
tionalization treatment [9,10]. However, this topic lies beyond
the scope of this review.

Review
Click-type [2 + 2] CA—RE reactions

Click-type [2 + 2] CA-RE and associated reactions were
comprehensively elucidated in a previous review [7].
Succinctly, the [2 + 2] CA reaction is postulated to be a step-
wise process, whereas RE is postulated to be a concerted

process. The [2 + 2] CA-RE sequence proceeds successively, as
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depicted in Scheme 1, where electron-donating groups are
denoted as EDGs. During the [2 + 2] CA process, the nucleo-
philic attack by the terminal alkyne carbon of an electron-rich
alkyne on an electron-deficient alkene, such as TCNE and
7,7,8,8-tetracyano-p-quinodimethane (TCNQ), results in the
formation of a zwitterionic intermediate, wherein the negative
charge evolves into a stabilized carbanion (dicyanomethide
anion). Subsequently, the ring closure of the zwitterionic inter-
mediate generates the corresponding cyclobutene intermediate.
Finally, the ensuing RE process yields the corresponding TCBD
derivatives. The resulting TCBDs and related products exhibit
strong light absorption, resulting from the intramolecular charge
transfer (ICT) in the visible region; they also exhibit a rich
redox chemistry [11]. In the [2 + 2] CA-RE reaction of TCNQ
with electron-rich alkynes, the alkyne terminal carbon executes
a nucleophilic attack on the exocyclic carbon of the
dicyanovinyl (DCV) group of TCNQ, affording dicyanoquino-
dimetanes (DCNQs) [12,13]. Intense ICT bands of TCBD and
DCNQ are observed at around 450-470 nm and 680-710 nm,
respectively. A study confirmed that with appropriate molecu-
lar design, the 7-conjugation relationship between the donor and
acceptor moieties in TCBDs and DCNQs can be retained
despite their non-planarity [14]. Diederich et al. synthesized a
plethora of push—pull chromophores by employing anilino
groups as EDGs [4,5,7]. Notably, the N,N-dimethylanilino
(DMA) moiety activates the reactivity of the neighboring
alkyne moiety so strongly that the [2 + 2] CA-RE reactions

) CN
- = N
N C AR
R N CN
TCBD
CN
- NC P
//~CN CN
EDG EDG.__
N
C AR
R CNCN CN
DCNQ

Scheme 1: Pathway of the [2 + 2] CA-RE reaction of an electron-rich alkyne with TCNE or TCNQ. EDG = electron-donating group.
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with electron-deficient olefins proceed seamlessly [15,16] even
when the terminus of the alkyne moiety is substituted by a
cyano group [17]. In addition to anilino groups, a myriad of
donor entities, including urea-substituted phenyl groups [18,19],
carbazoles [20], phenothiazines [21,22], thiophenes [23-26],
tetrathiafulvalenes (TTFs) [27], extended TTFs [28], ferrocenes
[27,29-46], azulenes and their homologous compounds [32,47-
58], boron dipyrromethenes (BODIPYs) [41,59-61], porphyrins
[62-64], chlorophylls [65,66], triazenes [67,68], ynamides [69-
71], arylynamines [72], indoles [73], and y-pyranylidenes [74],
have been identified as effective donor components for [2 + 2]
CA-RE reactions. Concerning electron-deficient alkenes,
2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane [75],
DCV derivatives [76-80], tricyanovinyl derivatives [79,80],
polyenic DCVs [81], N,N’-dicyanoquinone diimides [82], and
6,6-dicyanopentafulvenes (DCFs) [83,84] have been employed.
Notably, the [2 + 2] CA-RE reaction of DMA-ethynyl-
appended porphyrin with TCNQ is observed to occur on a metal
surface (specifically Au(111)) under high-vacuum conditions,
with successful visualization achieved through scanning tunnel-
ing microscopy [85]. For TCBDs bearing unsubstituted anilino
(p-HoNCgHy4—) groups, their conversion into the p-iodophenyl
derivatives via the Sandmeyer reaction and subsequent post-
functionalization via the Suzuki and Sonogashira coupling reac-
tions are achieved [86]. In the reaction of bisanilino-end-capped
buta-1,3-diynes with TCNE, simultaneous [2 + 2] CA-RE reac-
tions proceed for each of the two alkyne moieties of the buta-
1,3-diyne skeletons, forming octacyano[4]dendralene mole-
cules corresponding to TCBD dimers [87,88]. A well-recog-
nized potent electron acceptor, 2,3-dichloro-5,6-dicyano-1,4-
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Scheme 2: Reaction pathway for DMA-appended acetylene and TCNEO.
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benzoquinone, and its homologous compounds have been em-
ployed in chemical transformation reactions involving electron-
rich alkynes. In particular, a [2 + 2] CA adduct was prepared
through the [2 + 2] CA-RE reaction. Studies have shown that
the thermal treatment of the [2 + 2] CA adduct leads to the for-
mation of a spiro compound [89-94]. Ester-substituted, elec-
tron-deficient alkenes have also been employed in [2 + 2]
CA-RE reactions involving electron-rich alkynes. Alkenes
featuring either one or two ester substitutions exclusively cata-
lyze [2 + 2] CA-RE reactions, yielding multicyanated ethenes
[95]. Contrarily, alkenes bearing three or four ester substitu-
tions partake in a [4 + 2]-type hetero-Diels—Alder (DA) reac-
tion, yielding a third product, presumably through a [3 + 2]
cycloaddition reaction, followed by rearrangement. The [2 + 2]
CA-RE reactions involving cumulenes and TCNE also present
noteworthy chemical transformation reactions [96-99]. Howev-
er, the chemistry of cumulenes is not discussed in detail here;
please refer to a previous review [7] for comprehensive insights.

Upon replacing TCNE with tetracyanoethylene oxide
(TCNEO), the [2 + 2] CA-RE reaction is extremely slow when
applied to mono-substituted alkynes bearing an DMA group.
Conversely, for bis-substituted alkynes, the reaction occurs
readily at room temperature, yielding the corresponding TCBD
products, as shown in Scheme 2. This reaction required the
presence of two equivalents of TCNEO relative to the alkyne
substrate for the generation of the TCBD products [100]. For
the reaction, the formal [3 + 2] cycloaddition reaction is postu-
lated to initiate through the initial nucleophilic attack of the
alkyne carbon on the electrophilic TCNEO carbon, yielding a
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zwitterionic intermediate. Subsequently, following the produc-
tion of an oxide ion through the ring-opening reaction of the
2,5-dihydrofuran ring, the oxide ion attacks another TCNEO
molecule. This sequence culminates in the elimination of the
tetracyanodioxetane moiety (either as dioxetane or carbonyl
dicyanide molecules in the form of degraded fragments),
affording the TCBD products.

A distinguishing feature of the [2 + 2] CA-RE reaction involv-
ing electron-rich alkynes and DCFs is the alternation of regiose-
lectivity, which is contingent upon the specific substituents in-
corporated onto the cyclopentadienyl moiety of the DCF mole-
cule [83,84], as shown in Scheme 3. In the reaction between
4-ethynyl-N,N-dimethylaniline (1) and triisopropylsilylethynyl-
substituted DCF 2a, heating at 80 °C in acetonitrile selectively
yields the corresponding adduct 3a with 64% yield. In 3a, the
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Scheme 3: Pathway of the [2 + 2] CA-RE reaction between 1 and DCFs.
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anilino group forms a covalent linkage, engaging in conjuga-
tion with the fulvene moiety. Conversely, the reaction of
phenyl-substituted DCF 2b with 1 under the same reaction
conditions selectively affords the corresponding adduct 3b with
64% yield. In 3b, the anilino group is conjugated with the DCV
group rather than the fulvene moiety. This variation in the prod-
ucts arises from the difference in the initial reaction step, in par-
ticular, whether the nucleophilic attack of the alkyne carbon in
1 occurs at C(6) or C(1) of the DCF framework. This differenti-
ation can be attributed to the efficient electron conjugation be-
tween the alkyne and cyclopentadiene moieties.

TCBD 4, obtained through the [2 + 2] CA-RE reaction,
continues to function as an electron-accepting alkene, as shown
in Scheme 4. Subsequent [2 + 2] CA-RE reactions involving
electron-rich alkynes yield tetracyano-1,3,5-hexatrienes
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=
=
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O 88% ‘
AN

80%

Scheme 4: Sequential double [2 + 2] CA-RE reactions between 1 and TCNE.
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(TCHTSs). These reactions occur seamlessly in a one-pot
fashion. For instance, the reaction of one equivalent of TCNE
with two equivalents of 1 in chloroform at 50 °C for 36 h yields
the corresponding TCHT 5 with 80% yield [101]. In this reac-
tion, the nucleophilic attack of the alkyne carbon of 1 occurs at
the C(2) carbon of 4. Moreover, when TCBD 6, exhibiting en-
hanced electron-accepting capabilities, reacts with 1, it displays
a more intricate reaction profile compared with that of 4
(Scheme 5). In addition to pentacyano-1,3-5-hexatriene (PCHT)
compound 7, compounds 8 and 9 are generated [102]. This
reaction is notably influenced by the different conditions, par-
ticularly the solvent employed. For instance, when toluene is
used as the reaction solvent, a reaction at 100 °C for 15 h
affords an E/Z mixture of 7 (E/Z =~ 1:1) with 90% yield, 8 with
10% yield, and 9 with 0% yield. In contrast, a reaction at 25 °C
for 15 h in N,N-dimethylformamide (DMF) affords 7 with 16%
yield, 8 with 25% yield, and 9 with 46% yield. Furthermore, 7
and 8 are efficiently converted into 10 and 11, respectively,
with high yields (80% and 95%, respectively) via column chro-
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Scheme 5: Divergent chemical transformation pathways of TCBD 6.
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matography employing silica gel in acetonitrile, thereby insti-
gating further molecular transformation reactions. In these reac-
tions, the nucleophilic attack of the alkyne carbon of 1 occurs at
the C(1) carbon of 6. When the formal [2 + 2] cycloaddition, as
delineated in path A, occurs for the zwitterionic intermediate
featuring the 1,1,3-tricyanoallyl anion obtained through the
nucleophilic attack, subsequent RE affords 7. Conversely, if the
formal [4 + 2] cycloaddition occurs along the course elucidated
in path B, the generation of 8 is expected. Similarly, when the
formal [4 + 2] cycloaddition follows the course depicted in path
C, the generation of 9 is envisaged. Among these compounds,
10 features a DCF structure and is amenable to further molecu-
lar transformations through a reaction with 1 [103].

Considering the structure of 7, the possibility of a multistep
[2 + 2] CA-RE reaction via a reaction with 1 becomes feasible.
To execute such a multistep [2 + 2] CA-RE reaction, it
becomes imperative to suppress the generation of 8 and 9, as
well as the conversion reaction of 7 into 10. Therefore, it is im-

path A

SiO,

N
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portant to use toluene as the solvent. Accordingly, penta-
cyanoocta-1,3,5,7-tetraene (PCOT) 12 was synthesized with
75% yield as a mixture of 3Z,5E/3E,5E isomers in the ratio of
71:29 via a one-pot reaction involving TCNE and one equiva-
lent of 3-(4-(dimethylamino)phenyl)propionitrile in toluene at
90 °C for 24 h. Subsequently, one equivalent of 1 was added at
90 °C for 24 h (Scheme 6) [101]. While the separation of the
isomers was not achieved, the structure of the 3Z,5E isomer was
successfully characterized through single-crystal X-ray crystal-

lography.

A mechanistic investigation of the [2 + 2] CA-RE reactions in-
volving DCV compounds was undertaken by Diederich et al. in
2010 [77]. Their investigation unveiled that the reaction be-
tween 1 and arylated DCV derivatives followed second-order
kinetics, indicating a bimolecular process. Furthermore, their
findings elucidated a compelling linear free-energy relationship
between the rate constants and electronic characteristics of the
para-substituents of the DCV electrophiles, implying a dipolar,
zwitterionic mechanism. The researchers also performed theo-
retical calculations, unveiling that the ring-opening step
presented a higher energy barrier compared with the ring-for-
mation step, particularly when the DCV compounds lacked aryl
substituents. Subsequently, they successfully isolated the corre-
sponding cyclobutene intermediate 13 through the reaction of 1
with 1,1-dicyanoethene (14). They demonstrated that this inter-
mediate was converted into the corresponding TCBD 15 upon

further heating, as depicted in Scheme 7. The kinetics of the RE

toluene, 90 °C
2) 1, toluene, 90 °C
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step conformed well to that of a first-order reaction. However,
notably, they underscored that generalizing the elucidated reac-
tion mechanism to other [2 + 2] CA-RE reactions involving
TCNE and TCNQ as electrophiles might be difficult. They em-
phasized the significance of considering a pre-equilibrium
state of the charge-transfer complexes between the alkynes
and alkenes and mentioned that the positioning of the [2 + 2]
CA or RE step as the rate-determining step may depend upon

the structural attributes of the electrophiles and nucleophiles.

In 2023, Nielsen et al. conducted an exhaustive kinetic analysis
of the [2 + 2] CA-RE reaction involving 4-trimethylsilyl-
ethynylaniline and TCNE by leveraging 'H nuclear magnetic
resonance (NMR) spectroscopy. Their investigation revealed
that the product plays a pivotal role as an autocatalyst in the
kinetics, as illustrated in Scheme 8 [104-106]. The traditional
model posits that an alkyne (A) and TCNE (designated as B in
Scheme 8) initially form a charge-transfer complex AB. Subse-
quently, this complex forms a zwitterion intermediate (C1), fol-

lowed by the formation of a cyclobutene intermediate (C2), ulti-

A+BH; ~.—AB Lo C1 _ﬁ‘ CZ—> P

_1 —5
}L ABPJ’Q

Scheme 8: Autocatalytic model proposed by Nielsen et al.
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Scheme 7: [2 + 2] CA-RE reaction of 1 with 14. TCE = 1,1,2,2-tetrachloroethane.
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mately forming the product P. However, the researchers
strongly advocated for an alternative pathway, which entails the
formation of a complex between AB and P, from which C1 is
generated. Notably, this additional route significantly acceler-
ates the overall reaction. The researchers reported that the
conversion of the ABP complex into C1 transpired at a
markedly accelerated rate compared with the conversion of AB
alone, with a kinetic constant ratio of k4/k, = 62. Consequently,
it is posited that P assumes the role of a template, directing the
arrangement of reactants in a precise manner conducive to the

generation of C1.

Leveraging the irreversibility inherent in the [2 + 2] CA-RE
reaction, 1 can be adeptly employed as a proficient trapping
agent for TCNE. Anthracene-based ynamide 16 offers two
potential reactive sites for TCNE, one residing at the anthracene
moiety and other at the alkyne moiety, as shown in Scheme 9
[71]. As exemplified by Trolez et al., the introduction of one
equivalent of TCNE to 16 at room temperature initiates a
[4 + 2] cycloaddition reaction with the anthracene moiety,
yielding the DA cycloadduct 17. To achieve the conversion of
the alkyne moiety of 16 into TCBD, the addition of five equiva-
lents of TCNE to 16 or one equivalent of TCNE to 17 is re-
quired. This results in the formation of TCBD compound 18
bearing a derivatized anthracene moiety. Subsequently, to
restore the anthracene structure of 18, the retro-DA reaction
must occur efficiently. Therefore, through the addition of 1, fol-
lowed by heating, the generated TCNE is effectively captured
by 1. This maneuver concurrently suppresses the progression of
the DA reaction, leading to the efficient generation of the
anthracenyl TCBD 19.

TCNE (5 equiv),
oC0, e
73%
TCNE NC
(1 equiv), | 80% NC CN TCNE (1 equiv),
CH20|2, ‘ CH,Cly, 1t
17 \\
Ts

Scheme 9: Synthesis of anthracene-embedded TCBD compound 19.
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Concerning [2 + 2] CA-RE reactions, studies have shown that
alkynes exhibiting angular distortion exhibit high reactivity
toward electron-deficient alkenes independent of the presence
or absence of electron-donating substituents on the alkynes. The
remarkable reactivity displayed by angle-strained alkynes
makes them highly valuable tools in biorthogonal chemistry
[107-109]. The reaction between dibenzo-fused cyclooctyne 20
and TCNE was observed to occur at room temperature, quanti-
tatively yielding 22, wherein the TCBD moiety was effectively
integrated, as shown in Scheme 10 [110]. During this reaction,
an intermediate 21 was successfully captured experimentally
along with the occurrence of only the [2 + 2] CA reaction. Simi-
larly, the reaction involving cyclooctadiyne (23) and TCNE
progressed in a stepwise manner, ultimately affording 27 with
90% yield. The formation of intermediates 24, 25, and 26 was
elucidated through "H NMR analysis, of which 24 and 26 were
successfully isolated and characterized. A comprehensive anal-
ysis of the [2 + 2] CA-RE reaction activation parameters via
'H NMR spectroscopy revealed that the rate-determining step in
the transformation of 20 into 22 was the first-order RE step,
which was primarily governed by enthalpy changes. Further-
more, it was observed that the ring strain significantly acceler-
ated the second-order [2 + 2] CA step. The rate enhancement in
the [2 + 2] CA step was approximately 3300 times that for an
acyclic model compound, at 298 K. Regarding the conversion
reaction from 23 to 27, the rate-determining step was identified
to be the final RE step: the conversion of 26 to 27. Compara-
tive analysis using a linear model compound revealed rate
enhancements of 5500 times that for the initial [2 + 2] CA step
and 80 times that for the subsequent [2 + 2] CA step at 298 K,
which was attributable to the ring strain.

CooLe
ZCN

dioxane, 80 °C NC. P
76% N
CN Ts
19

50%
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Scheme 10: Sequence of the [2 + 2] CA-RE reaction between dibenzo-fused cyclooctyne or cyclooctadiyne and TCNE. All reactions were performed

in TCE-db.

Jasti et al. synthesized an array of cycloparaphenylenes (CPPs)
that incorporated alkyne moieties (28a—c) within their ring
structures and investigated their reactions with TCNE
(Scheme 11) [111]. In these reactions, CPP derivatives 30a—c,
featuring TCBD moieties, were obtained with 59-97% yields.
The magnitude of the ring strain exerted a profound effect on
the reactivity of the compounds. Notably, the largest macro-
cycle 28c required heating to 100 °C to generate 30c. Converse-
ly, the transformation of 28b proceeded at 45 °C, and the
smallest macrocycle 28a reacted with TCNE at 0 °C. Kinetic in-
vestigations revealed that the rate-determining step in the reac-
tion involving 28a—c with TCNE was the second-order [2 + 2]

CA step, succeeded by the rapid RE step; the result is in
contrast to those obtained for 20 and 23. This divergence in the
reactivity may be attributed to the pronounced steric repulsion
between the DCV group and the aryl hydrogen, particularly
discernible for 21 and 26 during the RE step. Conversely, for
29a, it is reasonable to posit that the phenyl rings possess a
degree of rotational freedom, thereby circumventing steric

repulsions.
The steric congestion surrounding TCBD moieties can also in-

duce further skeletal rearrangement. For instance, the spatial

constraints proximal to the surface of fullerene derivatives lead

&

TCNE
—_— CN
THF/MeCN _
WO~
CN
. NC NC
conditions
28a(n=1) 0°C,1h 29a (n=1) 30a(n=1) 59%
28b (n=3) 45°C,10h 29b (n=3) 30b (n=3) 97%
28c (n=5) 100 °C, 8 h 29c (n=5) 30c (n=5) 68%

Scheme 11: [2 + 2] CA-RE reaction between the CPP derivatives and TCNE. THF = tetrahydrofuran.
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to novel reactions arising from steric congestion. In a reaction
involving ethynylfullerene derivatives featuring a DMA group
(31) and TCNE, the conventional [2 + 2] CA-RE reaction was
observed to transpire at 20 °C, yielding the corresponding
TCBD derivatives 32, as shown in Scheme 12. Conversely,
upon refluxing in chlorobenzene, a rearrangement ensued,
yielding tetrakis-substituted fullerene derivatives 33 [112].
During this rearrangement, it was postulated that a zwitterionic
intermediate was formed from the nucleophilic attack of the
carbon of the dicyanomethylidene adjacent to the DMA group
on the fullerene sphere. This was followed by a nucleophilic
attack of the fullerene carbanion on one of the cyano groups,
ultimately yielding 33. Computational calculations also sug-
gested that the rearrangement was facilitated by the destabiliza-

tion of the reactant due to steric interactions.

Additional skeletal transformation reactions in TCBD struc-
tures, such as those shown in Scheme 12, have also been re-
ported [113-116], which enable the construction of a wide array
of push—pull chromophore structures. For instance, Shoji et al.
reported that the reaction between 3(4-(N,N-dimethyl-
anilino))prop-2-yn-1-ol (34) and TCNE in dichloromethane at

TCNE,

PhCl, 20 °C
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room temperature yielded 35, which was characterized by a
furan skeleton (Scheme 13) [116]. This transformation occurred
through the intermediate formation of the corresponding TCBD
with a high yield of 85%. Furthermore, when 35 reacted with
pyrrolidine at 0 °C, the pentafulvene derivative 36 was ob-
tained with 63% yield via an additional ring-opening process.
Similar skeletal transformation reactions were observed for

azulene derivatives bearing similar substructures.

The reaction of 1 with TCNE in an aqueous medium containing
a surfactant results in the formation of a 6,6-dicyano-
heteropentafulvene derivative 37 as an additional byproduct
along with the typical TCBD adduct 4 (Scheme 14) [117]. The
yields and formation ratios of 4 and 37 depend on the type and
concentration of the surfactant employed. For instance, when
the nonionic surfactant, Brij 30, was used as the reaction sol-
vent at a concentration of 20 mM, exceeding the critical micelle
concentration, 4 and 37 were obtained in a ratio of 53:47, with
64% yield. Notably, 37 exhibits instability in silica gel and
polar solvents. In particular, when 37 is kept in ethyl acetate or
acetonitrile for 8 h, 38 is obtained with 98% yield. Microscopic
observations suggest that the vesicle structure, with water as the

31a, R=Et

31b, R = iPr
TCNE, | 58% (R = Et)
PhCl, | 38% (R=iPr)
132°C

55% (R = Et)
21% (R = iPr)

32b, R=iPr N

PhCl,
132°C

63% (R = Et)
59% (R = iPr)

Scheme 12: [2 + 2] CA-RE reaction between ethynylfullerenes 31 and TCNE and subsequent thermal rearrangement.
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Scheme 13: Pathway of the [2 + 2] CA-RE reaction between TCNE and 34, followed by additional skeletal transformation.

core, plays a pivotal role in the transformation of 4 into 37. A
similar reaction of TCBD with water was also reported by
Bruce et al. [118].
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Scheme 14: Synthesis scheme for heterocycle 38 from the reaction
between TCNE and 1 in water and a surfactant.
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Scheme 15: Synthesis scheme of the CDA product 41.

The reaction of the anthracene derivative 39, wherein a
DMA-—ethynyl group is introduced at the 9-position, with TCNE
at 40 °C in THF yielded the corresponding TCBD 40 with 91%
yield. Subsequent heating of 40 in toluene at 70 °C led to an
intramolecular cyano-DA (CDA) reaction, which quantitatively
afforded the CDA product 41 (Scheme 15) [119]. The quantita-
tive CDA reaction progression was attributed to be due to the
presence of multiple cyano groups on the skeleton, which in-
creased the dienophile character of the cyano groups and stabi-
lized the structure of the product. The thermal conversion of 40
to 41 was also accelerated by the addition of B(CgHs)3, which
may be due to the enhancement of the dienophilic nature of the
cyano group due to coordination with borane.

Rotaxane synthesis

Push—pull chromophores with nonplanar configurations have
been reported as effective stoppering motifs for rotaxane syn-
thesis. A rational approach toward rotaxane synthesis involves
affixing stoppers at both termini substituents and threading a
molecular thread through a macrocycle. In this threading—stop-
pering strategy, a mild yet high-yield reaction is required for the
stoppering process. The [2 + 2] CA-RE reaction, which yields
push—pull chromophores, is the preferred method for stop-
pering. Accordingly, Li et al. synthesized a rotaxane 44 termi-
nated using push—pull chromophores by incorporating concise

toluene, 70 °C
quant.
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peptide and DCNQ moieties and employing the threading—stop-
pering method (Scheme 16). In 44, the rod moiety and macro-
cycle feature short peptide substructures. Consequently, the
macrocycle was tethered to the peptide segment through
amide—amide hydrogen bonding, and 44 was obtained with 30%
yield. The generation of 44 was accompanied by the formation
of the corresponding free thread with 62% yield, resulting from
the reaction between the thread precursor 42 and macrocycle
43, followed by an additional reaction of the alkyne moiety with
TCNQ [120]. Rotaxane 46 terminated using push—pull chro-
mophores, which exhibited a solvent-driven molecular shut-
tling phenomenon, was synthesized from the thread precursor
45 using a clipping approach; however, the yield for the ring-
formation process was modest at 5% (see Scheme 16)

o) N
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[121,122]. The macrocycle in 46 was observed to engage with
the peptide segment in low-polarity solvents. In contrast,
'H NMR analysis suggested that the macrocycle disengaged
from the peptide segment and relocated along the alkyl chain in
dimethyl sulfoxide. Furthermore, the solvent-driven shuttling
motion of the macrocycle was observed to exert a discernible
effect on the aggregation of the amphiphilic molecular system.
In particular, changing the solvent led to the generation of inter-
laced nanofibers, perforated capsules, and wormlike nanoparti-
cles.

In rotaxanes, the utilization of metal-ligand bonding involving
Cu! is a common strategy for immobilizing a thread moiety

within a macrocycle. However, the efficacy of such a bonding is
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Scheme 16: Synthesis of rotaxanes 44 and 46 via the [2 + 2] CA-RE reaction.
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compromised when catalysts are used in stoppering reactions,
e.g., the copper-catalyzed azide—alkyne cycloaddition reaction.
Consequently, a [2 + 2] CA-RE reaction that can yield
push—pull chromophores without the use of a catalyst is exceed-
ingly valuable as a stoppering method, even for systems
featuring metal-ligand bonding. Accordingly, Diederich et al.
demonstrated the synthesis of a Cu! bis-phenanthroline-based
rotaxane 50 by employing the [2 + 2] CA-RE reaction, as
shown in Scheme 17 [123]. The initial threading reaction in-
volving the rod molecule 47 and macrocycle 48, constructed
using [Cu(MeCN)4]PFg, resulted in the formation of the
pseudorotaxane 49. The ensuing [2 + 2] CA-RE reaction of 49
with TCNQ in dichloromethane at room temperature afforded
50 with an impressive yield of 84%.

Chiroptical properties

Push—pull chromophores synthesized through the [2 + 2]
CA-RE reaction can, in certain cases, exhibit distinct chirop-
tical properties, attributable to their nonplanar geometry and
steric congestion. In previous studies, chiral induction in TCBD
structures was accomplished by introducing chiral allene (51)
[124,125] or binaphthyl (52 and 53) [126,127] moieties, as
shown in Figure 1. These molecules exhibited Cotton effects
related to ICT absorptions, and chiral induction in TCBD
moieties resulted from optically active constituents. Compound
53, due to its elongated rigid structure, holds potential for
use as a chiral dopant in nematic liquid crystals (LCs); however,

the helical twisting powers of 53 within nematic LCs are

[Cu(MeCN),]PFg
MeCN/CH,Cly, rt

quant.

Scheme 17: Synthesis of a Cu' bisphenanthroline-based rotaxane 50.
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limited. Recently, Alonso-Gdémez et al. reported the synthesis
and optical resolutions of spirobifluorenes featuring two
TCBD units located at the 2,2’-positions, designated as 54
[128]. Furthermore, Autschbach et al. prepared chiral
carbo[6]helicene-TCBD derivatives 55 and 56 from enan-
tiopure precursors [129]. For such intricate molecular systems,
the presence of multiple chromophore units induces complexity
in the interpretation of the resulting circular dichroism (CD)
spectra because of the overlap of several exciton couplets. Thus,
exciton coupling CD signals were not discernible for 51-55.
Further, regarding 56, the exciton coupling CD signal in the
ICT region may not be apparent at a glance. Nevertheless,
comprehensive computational analyses employing the matrix
method suggest that the intense long-wavelength CD signal ob-
served for 56 is due to the coupling of individual helicene-to-

TCBD electric-transition dipole moments.

The emergence of axial chirality in TCBDs and DCNQs and
their optical resolutions were first realized in 2010 through their
conjugation with methylated fullerenes, as shown in Figure 2
[130]. The optical resolution was realized using a chiral high-
performance liquid chromatography (HPLC) system equipped
with an (S,5)-WHELK-O1 column. The absolute configurations
of the axially chiral TCBD and DCNQ derivatives were ascer-
tained by a comparative analysis of the experimental CD spec-
tra against the spectra derived from time-dependent density
functional theory (TD-DFT) calculations. The axial chirality
was stabilized by the steric congestion on the surface of fuller-
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(P)-51 (S,S)-52

Figure 1: Structures of the chiral push—pull chromophores 51-56.

Figure 2: Structures of the axially chiral TCBD 57 and DCNQ 58 bearing a Cgq core.
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ene, with its endurance contingent upon the bulkiness of the
substituent incorporated onto the fullerene core. This observa-
tion was supported by the absence of axial chirality in mole-
cules where an additional alkyne moiety is intercalated between
the Cgq core and TCBD or DCNQ unit or where a methyl group
on the Cgq surface is replaced by a hydrogen atom. The
Ceo—TCBD conjugate 57 and Cgy—DCNQ conjugate 58 exhib-
ited substantial optical rotations at 589 nm, presenting +770 for
(P)-57 and +5,800 for (P)-58. In concordance, robust Cotton
effects related to ICT absorption in the visible region were
evident in their CD spectra. Using the Arrhenius and Eyring
formalisms, the kinetic parameters for the thermal racemization
of 57 and 58 were obtained. The activation free enthalpy (AG¥)
for the racemization of 57 (AG¥59g g = 24.8 kcal mol™!) was
~1.5 kcal mol~! larger than that for 58 (AG¥,93 g =
23.3 kcal mol™1), indicating that the cylohexa-2,5-diene-1,4-
diylidene moiety is more flexible and its distortion by out-of-
plane bending is energetically less favored compared to the
DCV moiety.

Guldi et al. reported that the atropisomerism in the TCBD struc-
ture was observed when the TCBD moiety was incorporated at
the axial position of the subphthalocyanine (SubPc) core
(Figure 3) [131]. Axially chiral SubPc—TCBD-aniline conju-
gates 59 and 60 were characterized via optical-resolution analy-
sis through chiral HPLC using a Chiralpak IC column. The

researchers unequivocally determined the absolute configura-
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tions of these atropisomers through the X-ray crystallographic
analyses of (5,)-59 and (R,)-60. Surprisingly, heating the enan-
tiomers of 69 and 60 at 80 °C for 3 h resulted in negligible ther-
mally induced racemization. Meanwhile, in O,-free toluene
solution under illumination, the racemization was observed at
80 °C. Torres et al. performed detailed theoretical calculations
and showed that the racemization observed in 59 and 60 is
caused by triplet-state photogeneration, which leads to the rota-
tion around the sterically hindered buta-1,3-diene chiral axis
[132]. In fact, the estimated energy barrier of ~37 kcal mol™! is
reduced to ~15 kcal mol~! upon the electronic excitation of 59
and 60 to the T state. It is reasonable to consider that the
phototriggered racemization is inhibited in the presence of O,
because O acts as a triplet-state scavenger. Osuka et al. synthe-
sized two types of subporphyrin derivatives 61 and 62, wherein
the subporphyrin skeleton was functionalized at its meso or
axial position with the TCBD moiety (Figure 3). Although the
optical resolution of 61 failed, they succeeded in achieving the
optical resolution of 62 via chiral HPLC using a Chiralpak IC
column. In 62, unlike 59 and 60, thermally induced racemiza-
tion was observed and kinetic parameters were obtained
(AG¥59g k = 25.4 kcal mol™!), which were similar to those re-
ported for 57 and 58 [133].

Photoluminescence properties
Most anilino-substituted TCBD molecules exhibit negligible

fluorescence in chloroform, while only a few exhibit weak fluo-
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Figure 3: Structures of the axially chiral SubPc—TCBD-aniline conjugates 59 and 60 and the subporphyrin—-TCBD-aniline conjugates 61 and 62.
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rescence in hexane [15]. These nonluminescence characteristics
are attributable to the low-energy state of the twisted ICT
(TICT) state, which is capable of deactivating the ground state
through accessible conical intersections (Cls) [15,134-136]. In
particular, Diederich et al. conducted a theoretical investigation
on the photophysical properties of 1,1,2,4,4-pentacyanobuta-
1,3-diene (PCBD) (63) [134]. Compound 63 and the TCBD 64
demonstrated no discernible luminescence at room temperature
and 77 K (Figure 4). Transient absorption spectral measure-
ments of 63 in toluene revealed that the lowest singlet excited
state (S1) decays mono-exponentially to the ground state (Sqg)
within approximately 1 ps, suggesting the existence of an acces-
sible CI between S and S(. In the S| minimum conformation of
63, the PCBD moiety adopted a planar orientation perpendicu-
lar to that of the aniline moiety. The calculations indicated the
presence of accessible S1/Sg Cls. In the lowest-energy S1/Sqg CI
geometry, the aniline moiety exhibited a pronounced quinoidal
character and the carbon atom directly linked to the butadiene
moiety exhibited a conspicuous radical nature. Concurrently,
the excited electron was extensively delocalized over the entire
pentacyanobutadiene moiety. The researchers postulated the

following description for the photophysical properties of 64: a

NC. _CN
B | .
\ITI Z NC” O CN
PCBD 63 TCBD 64

Figure 4: Structures of 63 and the TCBD 64.
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nonradiative deactivation process occurred via a CI, which was
similar to that observed in the case of 63.

Notably, a rigid molecular environment, which induces
constraints on molecular motions, serves to mitigate nonradia-
tive losses in push—pull chromophores. Li et al. synthesized an
oligo(p-phenylenevinylene)-based TCBD derivative denoted as
65, which is noteworthy for its lack of photoluminescence in
solution as well as contradictory propensity to form lumines-
cent nanostructure suspensions in hexane (Figure 5) [137]. It
was posited that 65 features hollow vesicles, with vesicle fusion
releasing curvature energy, leading to a thermodynamically
more stable tubular structure. Such aggregation-induced-emis-
sion (AIE)-active aggregates exhibit emissive behavior in
hexane, with an emission peak at 679 nm and a shoulder at
717 nm along with a fluorescence quantum yield of 8.5%. This
luminescence phenomenon can be aptly considered to be AIE,
considering the pronounced constraints imposed on molecular
rotation in the aggregate state, including rotation around the
central single bond of the TCBD moiety.

Regarding the anthracene-embedded TCBD 19 in dichloro-
methane, no emission signal was observed. However, in the
powdered form or sparsely distributed rigid matrices, a broad
emission spectrum was observed. In particular, the powders of
19 exhibited photoluminescence in the near-infrared (NIR)
region centered at 865 nm, with a long tail extending up to
1,550 nm. This enhancement in photoluminescence can be attri-
buted to the restriction of molecular motion, resulting in the
inhibition of nonradiative processes. Analogously, the TCBDs
66 and 67, consisting of pyrene and perylene moieties, respec-

tively, have been reported to exhibit luminescence in the NIR

Figure 5: Structures of the fluorophore-containing TCBDs 65—67.

139



region in their powdered forms, with the maxima at 810 nm and
890 nm for 66 and 67, respectively, despite their nonemissive

behavior in dichloromethane [138].

Compounds 55 and 56 remain devoid of emissive characteris-
tics even when in a solution or a solid state [129]. When com-
pound 50 was characterized using a standard steady-state fluo-
rimeter, no emission signals were observed across the visible
and NIR regions extending up to 1,600 nm, both in a room-tem-
perature solution (dichloromethane) and as a frozen matrix at
77 K [123]. This is in contrast with the typical homoleptic
phenanthroline-based Cul complexes renowned for their
emissions from a triplet metal-to-ligand charge transfer excited
state. The absence of luminescence may be attributed to the
presence of competitive processes, such as energy or electron

transfer.

Trolez et al. investigated the photoluminescence properties of
various fluorophore-containing TCBDs synthesized via reac-
tions between ynamides and TCNE [139]. The study revealed
that numerous fluorenyl derivatives and their phenanthrenyl and
terphenyl counterparts exhibited noteworthy emission behavior
in solid form and in solutions (Figure 6). For instance, the fluo-
renyl derivatives 68 and 69, phenanthrenyl derivative 70, and
terphenyl derivative 71 exhibited fluorescence characterized by
emission peaks at 596, 595, 639, and 594 nm, with fluores-
cence quantum yields of 6.1%, 7.5%, 1.6%, and 7.8%, respec-
tively, when dissolved in cyclohexane. Notably, the photolumi-
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Figure 6: Structures of the fluorophore-containing TCBDs 68-72.
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nescence characteristics of these compounds depend on the sol-
vent polarities, as evidenced by the observed decrease in the
fluorescence quantum yields in toluene. This phenomenon
aligns with the notion that the TICT states experience stabiliza-
tion with increasing solvent polarity. Conversely, in contrast to
68-70, and 71, a TCBD derivative 72 incorporating a
tetraphenylethylene (TPE) moiety exhibited no emission in tol-
uene, possibly due to the presence of intramolecular motion
within the propeller core of TPE, which promoted nonradiative
decay [140].

A subgroup of compounds that exhibit exceptional lumines-
cence in solution includes 73, 74, and 75, each containing urea-
substituted phenyl groups (Figure 7) [18,19]. When excited at
380 nm, these compounds show broad emission spectra encom-
passing the entire visible region, featuring two peaks centered at
430-472 and 633 nm. The fluorescence quantum yields esti-
mated for 73, 74, and 75 in acetonitrile are 3.4%, 3.3%, and
4.3%, respectively. Notably, in the case of 74 and 75, the inten-
sity of the long-wavelength emission increases when they are
excited at 420 nm, resulting in white-light emission. The under-
lying mechanism governing these luminescence properties
remains unknown. It has been established that 75 does not ex-
hibit luminescence in its solid-state form, which is attributed to
the quenching effects arising from hydrogen bonding and m—m
stacking interactions. In contrast, when 75 is incorporated into a

nanocomposite with polystyrene serving as the matrix, lumines-

cent properties are observed [141].

72
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Figure 7: Structures of the urea-containing TCBDs 73-75.

Photoinduced intramolecular energy and

electron transfer

Exploiting the electron-accepting property of TCBD,
donor—acceptor conjugated systems have been systematically
developed by coupling the TCBD motif with an electron donor,
resulting in the experimental observation of photoinduced elec-
tron- and energy-transfer events. In 2014, comprehensive inves-
tigations on the photophysical properties of conjugates featuring
diethylamino groups and TCBD or DCNQ structures cova-
lently linked to Cgg (76 and 77) and conjugates incorporating
octamethylferrocenyl (OEF) groups and TCBD or DCNQ struc-
tures bonded to Cg (78 and 79) in addition to their respective
reference compounds (80-83) were reported (Figure 8) [142].
In these conjugates, the push—pull chromophores and the Cg
unit were effectively spatially isolated from each other — a feat
achieved through the strategic incorporation of a pyrrolidine
ring as the connecting bridge. Thorough examinations via
steady-state fluorescence spectroscopy in toluene unequivo-
cally demonstrated that compounds 77-83 exhibited negligible
emissions upon excitation in the charge-transfer (CT) band. In
contrast, compound 76 emitted radiations corresponding to fluo-
rescence exhibited by fullerenes, with a peak wavelength of
708 nm, upon CT-band excitation. This observation confirms
the plausible energy transfer from the local charge-separated
(CS) state of the push—pull chromophore (namely N,N-diethyl-
anilino (DEA)"*~TCBD"") to the singlet excited state of Cgg
(1Cgo™). In transient absorption spectral measurements con-
ducted via the femtosecond laser-flash photolysis of compound
80 in toluene, the occurrence of CT-band bleaching along with
increased absorption in the 500-700 nm spectral range and a net
decrease in absorption within the 850—1,200 nm region has been
observed upon excitation at 420 nm, which is proximate to the
CT band. For compound 76, in addition to the CT-band
bleaching and increased absorption within the 500-700 nm
range, an increase in the absorption intensity at 1,021 nm, corre-

sponding to the characteristics of the Cg( radical anion, was ob-
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served initially (20 ps), indicating the formation of the
DEA**—Cg"~ CS state. Furthermore, an increase in the absorp-
tion intensity at 700 nm, corresponding to the triplet excited
state of Cgo (PCgo*), was observed along with the decay of the
CS state with a lifetime of 1,380 ps. Conversely, for compound
77, excitation at 387 nm was required for the formation of the
CS state and an increase in the absorption intensity at 890 nm,
indicating the emergence of !Cgy* state with a lifetime of
115 ps, was accompanied by a subsequent increase in the
absorption intensity at 1,021 nm, corresponding to the forma-
tion of the Cgq radical anion. The lifetimes of the charge separa-
tion and charge recombination events were determined to be 2
and 165 ps, respectively, via multiwavelength analyses. The ex-
citation at 640 nm, a wavelength proximate to the CT band,
failed to induce any discernible electron or energy transfer from
the DEA moiety to the Cgg core. When compound 77 under-
went photoexcitation at 640 nm, the CT band exhibited
bleaching along with an increase in the absorption intensity at
523 nm and a decrease in the NIR region, similar to the trend
observed for 80. Notably, no other distinctive changes were ob-
served. The photoexcitation of 78 at 420 nm caused CT band
excitation, leading to charge separation. This was exemplified
by the emergence of a maximum absorption peak at 1,024 nm,
indicating the one-electron reduced form of Cgg. Although the
observation of the oxidation process of the ferrocene unit was
obstructed by the more substantial absorption changes associat-
ed with fullerene reduction, the lifetimes of the formation and
decay of the CS state, OEF*"—Cg’~, were determined to be 13
and 82 ps, respectively. For 79, the excitation of Cgg at 387 nm
was essential for the development of the CS state, similar to that
observed for 77. In this case, the lifetimes of the charge separa-
tion and recombination events were determined to be 2 and
58 ps, respectively. The observed longer lifetimes attributed to
DEA substitution could be due to the larger distance and the
Marcus inverted region [143] character, compared with the

results obtained for OEF substitution.
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Figure 8: Structures of the fullerene—TCBD and DCNQ conjugates 76—79 and their reference compounds 80-83.

Guldi et al. synthesized zinc phthalocyanine (ZnP¢) covalently
linked with anilino-TCBD molecules, denoted as 84 and 85, and
investigated their optical properties (Figure 9). They observed
robust low-energy ICT absorption peaks at 752/753 nm, along
with the distinctive high-energy ICT absorption peaks at
470 nm, which are characteristic of anilino-TCBD. Further-
more, they identified B-band (355/361 nm) and Q-band
(660/685 nm) transitions, which are hallmarks of phthalo-
cyanines in benzonitrile, and elicit panchromatic optical absorp-
tion properties [144]. In 84 and 85, the two DCV structures
comprising TCBD are primarily contorted and exhibit limited
conjugation. Consequently, these two structures could indepen-
dently contribute to the emergence of two distinct and robust
ICT bands in close proximity to those of their neighboring elec-
tron-rich ZnPc and DMA groups. Notably, in the transient
absorption spectra of 84, acquired upon excitation at 775 nm

(an excitation wavelength corresponding to the low-energy CT

absorption), the direct formation of a CS state, characterized as
ZnPc™*-TCBD"", can be observed.

SubPc-TCBD-aniline conjugates 59 and 60 exhibited distinct
physicochemical properties, depending on whether the periph-
eral substituents introduced into the SubPcs consisted of
hydrogen (as in 59) or fluorine (as in 60) atoms [131]. For 59,
the emergence of a metastable radical ion-pair state
(H{,SubPc**—TCBD" —aniline) was realized after the genera-
tion of the Hi,SubPc singlet excited state via 550 nm and
458 nm excitations, corresponding to the Q-band of H;,SubPc
and the ICT band, respectively. This indicates that similar
ultrafast charge-separation and charge-recombination
dynamics will also be observed in toluene. For 60, the
emergence of new maxima at 500, 660, and 742 nm and
minima at 460 nm accompanied the decay of the excited

singlet state of F{,SubPc, which was first generated by 550 nm

142



ZnPc-TCBD-aniline 84

Figure 9: Structures of the ZnPc—TCBD-aniline conjugates 84 and 85.

excitation in toluene. The transients at 500 and 742 nm were
considered to result from the Fj,SubPc’™ radical anion, that at
660 nm was considered to result from the TCBD~ radical
anion, and the minimum at 460 nm corresponded to the
bleaching of the ICT absorption band. This suggests that exci-
plexes ([(FlZSuch—TCBD)6_—anilineﬁ+]*) are generated where
the negative charge is delocalized over F|,SubPc and TCBD.
The radiative exciplex formation was also confirmed by time-
resolved fluorescence measurements. In fact, in toluene, 60
showed maximum emission at 675 nm and a shoulder emission
at 612 nm. When the solvent was changed from toluene to
benzonitrile and the polarity of the solvent increased, the emis-
sion at 612 nm remained almost unchanged, while the emission
at 675 nm significantly quenched with a red shift of 35 nm. In
the transient absorption spectra of 60 in benzonitrile, the forma-
tion of an exciplex was not observed and it was considered that
the CS state ((Fj,SubPc—TCBD) "—aniline**) was formed from
the singlet excited state of Fj,SubPc before returning to the
singlet ground state. The aforementioned phenomenon, charac-
terized by the switch in the exciplex or the CS-state formation
for 60 depending on the solvent, was also observed for excita-

tion at 458 nm corresponding to the ICT band.

A series of multicomponent systems consisting of anilino-
substituted TCBD or PCBD coupled with zinc porphyrins
(ZnPs) were synthesized, and their photophysical properties

were investigated by Diederich et al. [145]. The representative
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molecules among these are shown in Figure 10. In 86, wherein
ZnP and anilino-PCBD are linked using a spacer, the excitation
of the porphyrin chromophore (at 560 nm, corresponding to the
Q-band) generated an excited singlet state of ZnP (1ZnP*) with
a lifetime of 71 ps in toluene. Meanwhile, the absorption at
640 nm, corresponding to the ZnP radical cation, was not ob-
served. The results obtained from Rehm—Weller’s equation
[146] suggested that photoinduced electron transfer was ther-
modynamically permitted in 86. However, ultrafast energy
transfer from !ZnP* to the PCBD moiety was considered to
have occurred. In 87, the energy transfer from 'ZnP* to the
TCBD moiety was not thermodynamically allowed. Conversely,
the CS state (ZnP**-S-TCBD"") was estimated to be approxi-
mately isoenergetic. The lifetime of !ZnP* was estimated to be
1,080 ps. However, the emergence of the weak absorption band
of the ZnP radical cation at 640 nm was hindered by the over-
whelming absorption intensity of the residual porphyrin. The
transient absorption spectra of 87 were obtained in benzonitrile
solvent, which was expected to stabilize the CS state. Absorp-
tion corresponding to the ZnP radical cation was clearly ob-
served with a lifetime of 2.3 ps. The occurrence of such a long-
living CS state can be rationally associated with the Marcus-
inverted-region [143] behavior of the charge-recombination
process. For 88, which has no spacer between ZnP and TCBD,
as opposed to the case for 87, the excitation of the porphyrin
chromophore in toluene led to the formation of !ZnP* with a

lifetime of 6.6 ps. This was followed by the emergence of the
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Figure 10: Structures of the ZnP-PCBD and TCBD conjugates 86-88.

CS state and subsequent charge recombination within 20 ps.
Thus, the results indicate that a separating bridge is essential for

guaranteeing long-lived CS states.

Guldi et al. synthesized 16 distinct donor—acceptor conjugated
molecules, denoted as 89—104 (Figure 11). These molecules
comprised ZnP as an electron donor and push—pull chro-
mophores with varying reduction potentials as electron accep-
tors interconnected by various rigid spacers [147,148]. Compre-
hensive analyses and characterizations of the photoinduced
electron-transfer processes in these conjugates were conducted.
In these molecular designs, the center-to-center distances of the
electron donor and acceptor ranged from 13.9 A to 25.1 A.
Marcus curves were obtained by measuring the charge-separa-

tion and charge-recombination lifetimes of these molecules by

ZnP-S-TCBD 87
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laser-flash photolysis (excitation wavelength = 420 nm) and the
resulting electron-transfer rates were plotted. In the measure-
ments in toluene, the lifetimes of the CS states and charge-
recombination events differed significantly depending on the
type of spacer and acceptor moiety, with the CS-state lifetimes
ranging from 3 (for 98) to 931 ps (for 103) and the charge-
recombination lifetimes ranging from 12 (for 98) to 24,000 ps
(for 101). The obtained plot is consistent with the Marcus
curves obtained using the semi-empirical approach, which
includes the nuclear factor, particularly the electron-vibration
coupling. This indicates that the consideration of quantum
chemical vibrational effects is important in explaining the elec-
tron-transfer processes in these conjugates. For these molecules,
the dynamics of the charge-recombination processes were found

to be located in the Marcus inverted region. The total reorgani-
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Figure 11: Structures of the porphyrin-based donor—acceptor conjugates (89-104).

zation energies and electronic coupling matrix elements esti-
mated from the fitting of the Marcus curve were determined to
be 0.66-0.79 eV and 13.9-30.9 cm™, respectively. Using a mo-
lecular design similar to that of 102, the rectification property of
a compound wherein TTF and DCNQ are linked by a rigid
spacer has also been reported [149].

Misra et al. designed and synthesized a series of chromophore

molecules 105-112 featuring porphyrin moieties and investigat-

ed their photophysical properties. They found that the introduc-
tion of the TCBD structures switched the role of porphyrins in
photoevents (Figure 12) [150]. In molecules 105, 106, 109, and
110 without the TCBD structure, when the metalloporphyrin
moiety (MP) was subjected to Soret-band excitation (426 nm)
in benzonitrile, the emergence of the S, state was observed; the
subsequent internal conversion of S, into the S; state was also
observed, from which the CS state (MP*"-D"*) emerged. Here,
since the triplet state SMP* is energetically lower than the CS
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Figure 12: Structures of the porphyrin-PTZ or DMA conjugates 105-112.

state, SMP* can partially emerge at the intersystem crossing
from the S; state; a transition from the CS state to MP* is also
possible. In contrast, for molecules 107, 108, 111, and 112
bearing the TCBD structure, the S, state emerges due to Soret-
band excitation (426 nm) in benzonitrile. Further, after the
transition from S, to S| by internal conversion, a CT state
emerges: MPY*~TCBD? —donor, where donor = phenothia-
zine (PTZ) or DMA. From this CT state, electron transfer
occurs to form a CS state (MP**~TCBD*"—donor), which
returns to the ground state by charge recombination. These
results indicate that MP functions as an electron acceptor in
molecules without the TCBD structure, while the presence of
the TCBD structure causes the porphyrin molecule to behave as

an electron donor.

Misra et al. synthesized a series of TCBD and DCNQ deriva-
tives with BF,-chelated BODIPYs and reported their photo-
physical properties [1,151]. Notably, for the CS state to emerge,
it must have energy lower than the excited triplet state of
BODIPY. Conjugates 113 and 114 have molecular structures
wherein the TCBD or DCNQ moieties are inserted between the
BODIPY and triphenylamine (TPA) moieties, as shown in
Figure 13. The energy-level diagrams estimated from the
Rehm—Weller equation suggested that at least two CS states
were possible in the conjugates (BODIPY**—acceptor' —~TPA

Beilstein J. Org. Chem. 2024, 20, 125—154.

107, M=H
108, M =2Zn

111, M=H
112, M =Zn

and BODIPY-acceptor* —TPA'* (acceptor = TCBD or
DCNQ)). In fact, when the transient absorption spectra of 113
and 114 were obtained using an excitation wavelength of
400 nm (the wavelength at which BODIPY is mainly excited),
transient corresponding to the BODIPY **—acceptor’ —TPA and
BODIPY-acceptor —TPA"* states were observed, highlighting
ultrafast CS and charge-recombination events. In compounds
115 and 116 containing TCBD or DCNQ structures incorporat-
ed between BODIPY and PTZ, CS states, namely
BODIPY-TCBD*-PTZ"* and BODIPY-DCNQ"-PTZ"*, with
a time constant of approximately 4 ps were observed after the
formation of the excited singlet state of BODIPY by excitation

at 511-512 nm in benzonitrile.

Sankar et al. designed and synthesized a conjugate consisting of
TCBD coupled with a metal corrole to develop a system that
can achieve an efficient population of the triplet states through
the excited CT state [64]. TCBD derivatives containing copper
or silver corrole complexes, denoted as 117 and 118, respective-
ly, were synthesized in a single step from their corresponding
alkynyl precursors (Figure 14). The corresponding DCNQ de-
rivatives were not successfully synthesized because of degrada-
tion during column purification. For these systems, the compu-
tationally calculated energy of the CT state (EcT) was lower
than the excitation energies at the Soret (i.e., Sy) and visible
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BODIPY-TCBD-TPA
113

BODIPY-DCNQ-TPA
114

BODIPY-TCBD-PTZ
115

BODIPY-DCNQ-PTZ
116

Figure 13: Structures of the BODIPY—Acceptor—TPA or PTZ conjugates 113—116.

peak positions. Furthermore, the Ect was higher than the
triplet-state energies of the metal corroles. When 117 was sub-
jected to the Soret-band (426 nm) excitation in benzonitrile, a
short-lived, vibrationally hot S; state emerged, along with a
broad absorption peak at 592 nm, which is characteristic of the
triplet state; the decay time constant of this state was 4.98 ns.
Although the expected spectral features of the CT state were not
observed in the transient absorption spectra because they were
overwhelmed by the absorption band of the hot S; state, the
results suggested that the hot S1 state formed from the internal
conversion of the initial S; state promoted the formation of the
CT state. Conversely, no transient absorption corresponding to
the triplet state was observed when 117 was subjected to the
visible band excitation (S}). In contrast, for 118, a triplet state
was observed for both S, and S; excitations, with time con-

stants of 3.5 ns and 86 ps, respectively.

Cu117,M=Cu
Ag 118, M = Ag

Figure 14: Structures of the corrole—TCBD conjugates 117 and 118.

Material applications

Due to their high molecular conversion efficiency, [2 + 2]
CA-RE reactions have been employed to develop dendritic
systems [55,63,152-155]. He et al. reported the synthesis of
119, which contains multiple dendritic TCBD motifs that form
porous molecular crystals (Figure 15) [156]. The rotational free-
dom of the covalent linkage within 119 is postulated to be sub-
stantially restricted due to its pronounced steric hindrance. This
tenacious microporous crystalline structure exhibited robust
thermal stability (up to 200 °C), as confirmed by powder X-ray
diffraction studies. Gas-sorption studies were also performed on
the solid samples post activation at 120 °C, revealing CO,
adsorption with pronounced hysteresis. This may be attributed
to the presence of narrow, slit-like pores and voids, as seen in
the crystal lattice of 119. The Langmuir surface area of the

compound was determined to be 317 m?%/g. Furthermore, the

Figure 15: Structure of the dendritic TCBD 119.
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compound exhibits easy fabrication of its thin films due to
exceptional crystalline integrity when deposited on glass plates,
highlighting its good reproducibility in solution-based pro-
cesses. Li et al. analyzed the aggregation tendencies of
push—pull chromophores involving TCBD or DCNQ moieties in
the benzothiazole framework. Their findings revealed potential
for the generation of hollow microstructures characterized by
spherical or tubular morphologies [157].

TCBDs and related push—pull chromophores have attracted
attention as organic nonlinear optical (NLO) materials because
of their highly polarizable m-electron systems [158]. Thus far,
second- and third-order NLO responses of several TCBD com-
pounds have been evaluated [16,61,82,89,135,159-163]. Yang
and Si theoretically calculated the second-order polarizability
values that relate the second-order NLO responses of TCBD de-
rivatives with different substituents and showed that the NLO
properties can be tuned by changing the substituents [164].
Furthermore, Biaggio conducted a detailed study of the third-
order NLO properties of TCBD derivatives — an overview is re-
ported in a recent paper [165]. They experimentally determined
the orientational average of the off-resonant third-order polariz-
ability value (ypot) of 120 (a benchmark compound) to be
12+£2x 108 md v2 (Figure 16). Furthermore, the v,y values
of a series of compounds containing acetylene spacers of differ-
ent lengths between the anilino group and TCBD moiety
(121-126) have been determined, and a correlation between the
length of the acetylene spacer and the y,o; value was estab-
lished: longer linking distances of the acetylene spacer result in
larger the y;o¢ values [160]. The appeal of 120 is its ability to
undergo sublimation without decomposition and produce high-
density, high-quality homogeneous molecular assemblies via
molecular beam deposition [166]. Freude et al. fabricated a
silicon—organic-hybrid slot waveguide by depositing 120 be-
tween two silicon ribs via molecular beam deposition and suc-
cessfully demonstrated the all-optical demultiplexing of a
170.8 Gb s™! telecommunication signal to 42.7 Gb s~ [167].

Figure 16: Structures of the TCBDs 120-126.
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The two-photon absorption (2PA) properties of the TCBD de-
rivatives have also been studied [135,168]. For example, the
2PA cross-section (0p) of 128 measured by the Z-scan method
was estimated to be 390 GM (2PA wavelength = 1,050 nm)
(Figure 17) [135]. Although this value is smaller than that of the
precursor (127; 540 GM; 2PA wavelength = 700 nm), 128 is
expected to be used as a two-photon absorber in the NIR region.
The branched TCBD derivatives 129 and 130 bearing the
triarylamino core have also been synthesized and their 2PA
properties have been evaluated. The o, values for 129 were
80 GM at 1,150 nm and 275 GM at 900 nm, and those of 130
were 90 GM at 1,150 nm and 350 GM at 900 nm, indicating
that both compounds have relatively high 2PA cross-sections.

TCBDs and their related push—pull chromophores have also
been studied as candidate materials for applications in photo-
voltaic devices because of their exceptional redox properties.
Notably, push—pull chromophores, such as TCBD and DCNQ,
exhibit flexible highest occupied molecular orbital/lowest unoc-
cupied molecular orbital levels that can be tuned by the appro-
priate selection of electron donor and acceptor [41,44-
46,169,170]. To date, various bulk heterojunction organic solar
cells (BHJ OSCs) based on TCBD derivatives have been de-
veloped and their photoelectric conversion properties have been
evaluated. A comprehensive overview of the advances in this
regard can be found in the work of Butenschon et al. [8]. While
fullerene derivatives, such as [6,6]-phenyl-Cg;-butyric acid
methyl ester ([60]JPCBM) and [6,6]-phenyl-C7;-butyric acid
methyl ester ([70]JPCBM) [171], have been widely used as elec-
tron-acceptor materials in BHJ OSCs, TCBD derivatives are
considered as promising nonfullerene electron acceptors
[26,172-176]. The power conversion efficiency of the BHJ
OSCs fabricated using the TCBD derivative containing
carbazole and diketopyrrolopyrrole structures, denoted as 131,
as the electron acceptor reached 7.19% (Figure 18) [173]. Some
researchers have also focused on the introduction of electron-
donating substituents into the TCBD structure and studied the
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Figure 17: Structures of the precursor 127 and TCBDs 128-130.
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Figure 18: Structures of 131-134 utilized for BHJ OSCs.
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use of TCBD as an electron donor in BHJ OSCs [24,25,177-
181]. Praveen et al. fabricated BHJ OSCs with a 1:1 blending
ratio of the DCNQ derivative 132 as an electron donor and
[70]PCBM as an electron acceptor and reported that the power
conversion efficiency reached 7.79% [25]. Dye-sensitized solar
cells using 133, a compound with two ferrocenyl TCBD struc-
tures introduced into the TPA structure, as a sensitizer have also
been fabricated, achieving a power conversion efficiency of
4.96% [182]. Further, a power conversion efficiency was 3.65%
was obtained when the precursor compound 134 was used.
Therefore, the light-harvesting capability of the TCBD deriva-
tive is expected to contribute to the conversion efficiency.

Conclusion

In summary, recent research advancements have revealed that
[2 + 2] CA-RE reactions can not only yield nonplanar
push—pull chromophores characterized by TCBD and DCNQ
structures but also an array of m-electron compounds featuring
attractive electronic and optical properties. These push—pull
chromophores have been integrated into various molecules, in-
cluding CPP, rotaxane, and fullerenes. Furthermore, studies
have elucidated the linear and nonlinear optical characteristics
of these compounds along with the dynamics of their excited
states. Substantial progress has been made in the research on
their utilization in photoelectric conversion and NLO materials.
Future studies on these compounds should focus on improving
their physical properties and functions to surpass those of the

existing molecules.
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The regioselective functionalization of fullerenes holds significant promise for applications in the fields of medicinal chemistry,

materials science, and photovoltaics. In this study, we investigate the regioselectivity of the rhodium(I)-catalyzed [2 + 2 + 2] cyclo-

addition reactions between diynes and C7( as a novel procedure for generating C7( bis(fulleroid) derivatives. The aim is to shed

light on the regioselectivity of the process through both experimental and computational approaches. In addition, the photooxida-

tion of one of the C—C double bonds in the synthesized bis(fulleroids) affords open-cage Cyg derivatives having a 12-membered

ring opening.

Introduction

The discovery of Cgg (buckminsterfullerene) in 1985 [1] initi-
ated the search for possible technological applications of fuller-
enes. Nowadays, applications for these carbon-based molecules
have been proposed in different fields such as medicinal chem-
istry [2-6], materials science [7,8], energy production, storage,
and delivery [9-13], and electronics and optoelectronics [14-
16]. Despite fullerenes having immense promise in all of these
areas, their practical applications are still in various stages of
research and development.

The functionalization of fullerenes makes them versatile materi-

als, broadening the range of potential applications [17,18]. It

allows the properties of these carbon cages to be tuned, making
them more soluble (especially in water for medical applications)
and improving their stability, among other desirable properties.
The most common reactions used to functionalize fullerenes are
Diels—Alder and 1,3-dipolar cycloadditions and Bingel-Hirsch
cyclopropanations [19,20].

In most cases, functionalization occurs while preserving the car-
bon cages. However, in other cases, some of the bonds between
the C atoms of the cage are broken and the cage is opened. The
first example of an open-cage fullerene was reported in 1995 by
Hummelen, Prato, and Wudl [21] through the reaction of Cg
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with azides followed by photooxygenation. Since then, many
open-cage Cgq derivatives have been reported. These open-cage
fullerenes can act as molecular containers. Of special interest is
the procedure called molecular surgery designed by Murata et
al. [22-25] in which a hole in the fullerene is opened, an atom or
small molecule is introduced and then the hole is closed
restoring the original cage. Among the species that have been
incarcerated with this procedure, we can find He, Ne, Ar, Kr,
H,, N, O,, HF, CO, CO,, H;0, H,0,, CHy, NH3, HCOH,
HCCH, and CH3OH [26,27]. The encapsulation of atoms or
small molecules inside the fullerene has been found to be able
to produce meaningful changes in the reactivity of the cage [28-
32].

In 2018, our group reported a catalytic process to transform Cg
in bis(fulleroid) derivatives [33-35]. This transformation
encompassed a partially intermolecular Rh-catalyzed [2 + 2 + 2]
cycloaddition reaction between diynes and Cg, followed by a
cage-opening through a Rh-catalyzed di-m-methane rearrange-

[Rh(cod),5]BF4 (10 mol %)
(R)-Tol-BINAP (10 mol %)

Beilstein J. Org. Chem. 2024, 20, 272-279.

ment (Scheme 1). It is well-known that [6,6]-bonds (the bonds
at the junction between two six-membered rings, Figure 1, left)
are more reactive than [5,6]-bonds in Cg [36-38], and, not
unexpectedly, the [6,6]-bond in Cgq was the one involved in this
[2 + 2 + 2] cycloaddition.

Although there are several papers reporting the opening of a
hole in C7¢ [39-45], this chemistry has been less explored
than in Cgg. The lower Ds;, symmetry of Cyo compared to the I,
of Cg increases the number of possible regioisomers. Indeed,
Cyp has eight different bonds, half of which are different types
of [6,6]-bonds, namely the a-, -, y-, and 8-bonds (Figure 1,
right) [46]. The a- and B-bonds of Cy( are the most reactive
ones [47].

With this in mind, the main goal of the present work is to
explore, both experimentally and computationally, the
Rh-catalyzed intermolecular [2 + 2 + 2] cycloaddition reaction
between diynes and Cy( as a new procedure to generate Cyg

(5 equiv)

0-DCB, 90 °C, 4 h

I (non isolated)

Scheme 1: Rhodium(l)-catalyzed cycloaddition of Cgg with diynes to afford bis(fulleroid) derivatives [33].

[6,6]-bond
dC—C =1.355 A
[5,6]-bond

dc,c =1.467 A

Ceo-/n

[6,6]-a-bond
dC—C =1.375A
[6,6]-p-bond

dC—C =1.361A

[6,6]-5-bond
dC—C =1475A

Figure 1: Types of [6,6]-bonds together with the [5,6]-bond of Cgg with their C—C distances in pristine Cgg and C7q.
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bis(fulleroids). We are particularly interested in the analysis of
the regioselectivity of this [2 + 2 + 2] cycloaddition.

Results and Discussion

We started our study by testing the cycloaddition of N-tosyl-
tethered bisalkyne 1a and Cyq (Scheme 2) using our previously
optimized reaction conditions for the Cg derivative [33]: that
is, using 10 mol % of a mixture of [Rh(cod);]BF,4 and Tol-
BINAP in o-dichlorobenzene (0-DCB) and heating at 90 °C for
4 hours. The crude reaction mass obtained with these condi-
tions was then purified by column chromatography (toluene).
After eluting unreacted pristine Cy(, a dark reddish fraction was
isolated and analyzed by HPLC. A major peak was observed at
a retention time of 17.5 minutes, which we analyzed by UV—-vis
spectroscopy. This peak was assigned as a bis(fulleroid) com-
pound by comparing the spectra with the UV-vis absorption
pattern exhibited by previously characterized Cyq bis(fulleroids)
reported by Murata et al. [43,48]. In addition, a minor peak at a
retention time of 20 minutes was also observed in the HPLC
chromatogram, whose UV—vis has a pattern that is similar to a
previously reported a-adduct [49]. We reasoned that this
minor compound was the cyclohexadiene-fused C( intermedi-
ate, analogous to cyclohexadiene-fused Cgg I (see Scheme 1),
which had not completely evolved into the corresponding
bis(fulleroid) product after 4 h of reaction (Figure S1 in Sup-
porting Information File 1). Importantly, the observation of this
intermediate represents an experimental proof of the proposed
reaction mechanism. Confirmation that only one unit of 1a
reacted with Cyq in the reaction was obtained from HRMS,
which gave a single peak at m/z 1138.0868 corresponding to
[2a + Na]™. Further optimization was then carried out to obtain
the bis(fulleroid) derivative alone (Table S1 in Supporting
Information File 1). On increasing the reaction temperature to
120 °C and 180 °C the results were found to be the same,

[Rh(cod),]BF4 (10 mol %)

Beilstein J. Org. Chem. 2024, 20, 272-279.

showing that 90 °C is sufficient for the reaction to proceed. In
contrast, on extending the reaction time to 24 hours, the minor
peak in the HPLC disappeared and only the peak corresponding
to the bis(fulleroid) remained. The yield of derivative 2a was
45%. Other experiments were run using other solvents such as
toluene and chlorobenzene, increasing the C7( concentration
from 1.2 M to 2.4 M, and decreasing the catalytic load to
5 mol % (Table S1 in Supporting Information File 1). However,

none of these trials improved the yield of bis(fulleroid) 2a.

The same reaction was run starting with malonate-tethered
diyne 1b. In this case, the reaction was finished after 4 hours
and bis(fulleroid) 2b was obtained with a 34% yield
(Scheme 2). The corresponding compound 2b was analyzed by
HPLC, giving only one peak. UV—-vis experiments revealed the
formation of a bis(fulleroid) derivative (Figure S2 in Support-
ing Information File 1). The lower yield of 2b compared to
2a is probably due to the [2 + 2 + 2] homocoupling cycloaddi-
tion of the corresponding starting diyne, which is more favor-
able when the tether is a malonate rather than an NTs-sulfon-

amide.

Among the four different [6,6]-bonds (a, f, v, and d) in pristine
C70, a and B junctions are pyracylenic bonds, which happen to
be the most reactive due to their higher degree of pyramidaliza-
tion. Between both the a- and -bonds, the higher curvature
strain in a-bonds compared to f-double bonds makes the first
one more reactive, leading to f-site isomers as minor products.
Taking this into account, we carefully analyzed the NMR spec-
tra of compound 2a. Analysis of "H NMR spectra of 2a provi-
ded valuable information that confirmed the generation of two
regioisomers in a 71:29 ratio (Figure 2). Comparable propor-
tions of reactions at a- and B-bonds were systematically ob-

served at different temperatures.

no symmetry

Cs symmetry

/= CHs (R)-Tol-BINAP (10 mol %)
X + C70
\—=—CH, 0-DCB, 90 °C
(5 equiv) 24 h for 1a; 4 h for 1b
1a (X =NTs)

1b (X = C(CO,Et),)

Scheme 2: Rhodium-catalyzed cycloaddition of C7o with diynes 1a and 1b.

isomer o isomer f

a-2a/p-2a  45% yield (71:29)
a-2b/B-2b  34% yield (80:20)
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Figure 2: "H NMR (CS»/CDCl3, 400 MHz) spectrum of compound 2a as a mixture of two isomers.

The protons of the two methyl groups around & 2.30 ppm were
used as diagnostic signals. For the major isomer (red dots,
Figure 2), the spectrum exhibits two singlets at & = 2.27 and
2.28 ppm, corresponding to the two different methyl groups in
the six-membered ring formed in the cycloaddition and coming
from the starting diyne 1a (highlighted in red in Scheme 2). In
contrast, for the minor isomer (green dots), which has Cj
symmetry, the two methyl groups (highlighted in green in
Scheme 2) appear as a single peak at 8 = 2.40 ppm. A second
signal that also helps us to determine the ratio between the two
isomers is the methyl of the tosyl group. For the major isomer
the methyl appears at & = 3.24 ppm, whereas for the minor
isomer the peak is observed at & = 2.62 ppm. Considering that
isomer a has no symmetry and isomer p has Cg symmetry [50],
we can conclude that the major product formed was the
a-isomer, as previously anticipated. All attempts to separate the
two isomers by column chromatography and preparative TLC
were unsuccessful. Malonate-tethered compound 2b had the
same spectroscopic behavior as 2a though in this case the ratio
in favor of the a-isomer was higher (80:20, Figure S6 in Sup-

porting Information File 1).

To gain theoretical insight into the regioselectivity of the reac-
tion, a density functional theory (DFT) investigation was
carried out, as depicted in Figure 3. In the computations, the
tosyl group was substituted by a mesyl substituent and BIPHEP
was used as a model phosphine ligand instead of Tol-BINAP to
reduce the computational cost. The calculations, conducted at
the B3LYP-D3/cc-pVTZ-PP(SMD=0-DCB)//B3LYP-D3/cc-
pVDZ-PP level (see full computational details in Supporting
Information File 1), unveiled the following reaction mechanism:
initially, an oxidative coupling of the two alkyne moieties of

our model 1a leads to the formation of INT 1, as previously re-

ported [33]. This step, with a Gibbs energy barrier of
25.7 kcal-mol ™!, is the rate-determining step for this process.
Next, INT 1 readily coordinates with a C;o molecule
to generate INT 2, with this step being exergonic by
16.7 kcal-mol~!. From INT 2, the reaction can follow two
distinct pathways, culminating in either an a-adduct or a
B-adduct. In the a-adduct pathway (black line), a formal [2 + 2]
cycloaddition occurs between the rhodacyclopentadiene moiety
and a [6,6]-a-bond of Cy, yielding rhodabicyclo[3.2.0]hepta-
diene intermediate a-INT 3. This step has a cost of
9.5 kcal-mol™!. Alternatively, a [6,6]-f-bond of C7q can be
involved in this step (grey line) to produce B-INT 3, albeit with
a slightly higher Gibbs energy barrier (AAG = 0.9 kcal-mol™1).
The formation of intermediate o-INT 3 and B-INT 3 was found
endergonic by 9.3 and 7.6 kcal-mol™!, respectively. Subse-
quently, both site isomers of INT 3 can undergo reductive elim-
ination with barriers of 6.9 and 9.4 kcal-mol~! to deliver the
corresponding cyclohexadiene-fused adducts, denoted as o-INT
4 and B-INT 4, which will ultimately evolve into the final
bis(fulleroid) reaction products [33]. As the site-selectivity of
the reaction depends on these two consecutive steps, it indi-
cates a preference for the a-bonds over the -bonds, consistent
with the experimental findings discussed earlier. Once INT 1 is
formed, for the rest of the process, the TOF determining transi-
tion state (TDTS) of the process is a/p-TS 2 and the TOF deter-
mining intermediate (TDI) is INT 2 and the energetic span (3G)
is 16.2 kcal-mol™! for the a-attack and 17.0 kcal-mol™! for the
B-attack [51,52].

As previously described for our analogous Cg( bis(fulleroids)
[33], one of the double bonds of the eight-membered ring in 2a
can undergo oxidative cleavage affording open-cage Cy fuller-

enes that bear a twelve-membered orifice. There has been con-
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Figure 3: B3LYP-D3/cc-pVTZ-PP(SMD=0-DCB)//B3LYP-D3/CC-pVDZ-PP Gibbs energy profile of the [2 + 2 + 2] cycloaddition between our model
diyne 1a and C7. Comparison between o- and B-reaction pathways. Black line: a-pathway. Grey line: B-pathway. Molecular structures correspond to

the a-pathway. [Rh] = [Rh(BIPHEP)]*.

siderable interest in the construction of larger orifices in C7q de-
rivatives given that the larger cavity compared to its Cgg coun-
terpart can facilitate the encapsulation of multiple atoms and
molecules [40,43,53,54]. To fulfil this objective, compound 2a
was subjected to oxidative cleavage by exposing it to light in

the presence of air (Scheme 3).

Given the lower symmetry of Cy( in comparison to Cg, the oxi-
dative opening of the eight-membered ring of the mixture of a-
and B-isomers 2 can result in more than two oxidized isomers,
depending on which double bond is cleaved. After 5 hours of ir-
radiation, the crude mixture was purified by column chromatog-

raphy, giving an inseparable mixture of different isomers. The

a-2a (X = NTs)
a-2b (X = C(CO,Et),)

B-2a (X = NTs)
B-2b (X = C(CO4EL),)

Scheme 3: Oxidative cleavage of bis(fulleroid) derivatives 2a and 2b.

a-3ala’-3a
a-3b/a'-3b

3a, 40% yield (/B 71:29)
3b, 53% yield (o/p 90:10)
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oxygenation process was confirmed by HRMS, which gave a
single peak at m/z = 1170.0756 corresponding to [3a + Na]*. On
analyzing carefully the mixture by 'H NMR spectroscopy, we
observed three different sets of three methyl groups correspond-
ing to the two methyls derived from bisalkyne 1a and the
methyl in the tosyl group in the spectrum (Figure 4). These
results indicate that there are three regioisomers found in a ratio
of 56:29:15. Two of them result from the oxidation of a-2a,
whose lack of symmetry results in two different bonds avail-
able for oxidative cleavage. Site-isomer B-2a displays Cj
symmetry, and thus both bonds available for oxygenation are
enantiotopic. Considering that starting 2a consisted of a 71:29
mixture of a- and f-2 isomers, we assumed that a- and
o’-isomers (56% + 15% = 71%) correspond to the protons
marked in red and the ones marked in green might be those of
the p-isomer (29%). Unfortunately, NMR experiments did not
allow to differentiate between a- and B-3a derivatives. The
reaction was carried out also with bis(fulleroid) derivative 2b,
exhibiting the same behavior.

Conclusion

In this study, we have explored the regioselectivity of the
rhodium(I)-catalyzed [2 + 2 + 2] cycloaddition reaction be-
tween two different diynes and C( with the objective of pro-
ducing Cyq bis(fulleroids). Mixtures of a- and B-site isomers
were obtained, with the a-adduct being the major product of the
reaction in both cases. This preference was rationalized by
means of DFT calculations. Moreover, the photooxidation of
one of the C—C double bonds of the new bis(fulleroids) afford
open-cage Cr( derivatives having a 12-membered ring opening.
It is noteworthy to mention that examples of open-cage C( de-
rivatives are relatively scarce, likely owing to the challenges as-

sociated with their synthesis and the characterization of asym-

P
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metric structures. The findings of this study contribute to the
ongoing efforts in the field of fullerene chemistry and provide a
foundation for further exploration of regioselective [2 + 2 + 2]
cycloaddition reactions as a means to tailor the properties of ful-
lerenes for specific applications.

Supporting Information

Supporting Information File 1

General materials and methods, experimental procedures
and characterization of all new compounds.
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Abstract

The “precursor approach” has proved particularly valuable for the preparation of insoluble and unstable m-conjugated polycyclic
compounds (m-CPCs), which cannot be synthesized via in-solution organic chemistry, for their improved processing, as well as for
their electronic investigation both at the material and single-molecule scales. This method relies on the synthesis and processing of
soluble and stable direct precursors of the target -CPCs, followed by their final conversion in situ, triggered by thermal activation,
photoirradiation or redox control. Beside well-established reactions involving the elimination of carbon-based small molecules, i.e.,
retro-Diels—Alder and decarbonylation processes, the late-stage extrusion of chalcogen fragments has emerged as a highly promis-
ing synthetic tool to access a wider variety of m-conjugated polycyclic structures and thus to expand the potentialities of the “pre-
cursor approach” for further improvements of molecular materials’ performances. This review gives an overview of synthetic
strategies towards 7-CPCs involving the ultimate elimination of chalcogen fragments upon thermal activation, photoirradiation and
electron exchange.

Introduction

m-Conjugated polycyclic compounds (7-CPCs), including poly-  from their structural, optical and electronic properties at the mo-
cyclic aromatic hydrocarbons and their heteroatom-based coun-  lecular level, but the last decades witnessed the rise of molecu-
terparts, have attracted the attention of the scientific commu- lar materials and m-conjugated polycyclic compounds appeared

nity for two centuries already. Initially, major interest resulted as particularly valuable in this field. Indeed, many of them
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demonstrated excellent performances as active components of
electronic devices such as organic field effect transistors
(OFETs), organic photovoltaic cells (OPVs) and organic light-
emitting diodes (OLEDs). This has prompted an ever-increas-
ing number of research groups to design new synthetic routes
towards -CPCs, aiming at i) new organic structures for im-
proved performances, ii) higher synthetic efficiency and modu-
larity, and iii) better processability of target compounds to build
opto-electronic devices [1-8]. In this regard, the planar char-
acter of most (non-substituted) m-CPCs represents a challenge,
as it results in very low solubility in common organic solvents
due to favorable intermolecular 71— stacking interactions. This
inherently hampers the purification of the target compounds,
thus limiting their final purity, and restricts the processing tech-
niques to physical vapor deposition. In addition, some m-CPCs
appear to be sensitive to oxidative and/or photolytic degrada-
tion, which hinders their use in devices under ambient condi-
tions.

The case of acenes is representative of this situation. Acenes are
a class of aromatic compounds composed of linearly fused
benzene rings, which can be regarded as the narrowest graphene
nanoribbons. They are highly promising p-type organic semi-
conductors, but suffer from insolubility and instability leading
to dimerization and/or endoperoxide formation. To overcome
these issues, the “precursor approach” was developed and
relies on the synthesis, purification and characterization of
soluble and stable precursors of the target active -CPCs, fol-
lowed by their (solution) processing and their final deprotec-
tion once assembled in thin-films or crystals, or adsorbed on
metallic substrates [9-12]. Conversion of the non-planar soluble
precursor into the flat m-conjugated target compound is trig-

gered on demand by a stimulus such as thermal activation, irra-
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diation with light or injection of electrons, leading to the elimi-
nation of small volatile molecules. Importantly, this ultimate
synthetic step, performed in situ, should be quantitative and
should not require the addition of chemical reagents, since any
non-volatile byproduct would be trapped in the material and
thus impact its performances. The “precursor approach” was
introduced by Herwig and Miillen as early as in 1996 for
pentacene, which was ultimately obtained in a thin-film by a
thermally-activated retro-Diels—Alder reaction from a
tailor-made tetrachlorobenzene-pentacene soluble adduct
(Scheme 1, top left) [13,14]. Over the years, thermally-induced
retrocycloadditions were further exploited from bridged bi-
cyclo[2.2.2]octadiene solubilizing fragments to generate
(hetero)acenes and larger bidimensional -CPCs such as ex-
tended porphyrin derivatives with the concomitant release of
ethylene (Scheme 1, bottom left) [9,11,15]. It is important to
note here that in the “precursor approach”, a synthetic strategy
has to be devised according to a multi-step route to prepare the
soluble precursor, in turn specifically designed to deliver the
target m-CPC after activation in situ. This is thus fundamentally
different from the approach consisting in reacting a pristine
acene with a dienophile to transiently form a cycloadduct with
increased solubility for processing purposes, and unmasking it
afterwards via a retro-Diels—Alder reaction [16-19].

In parallel to retro-Diels—Alder reactions, another efficient
strategy for the in situ aromatization of target 1-CPCs relies on
the extrusion of carbon monoxide (CO) from soluble precur-
sors incorporating bridging ketone fragment(s). In contrast with
the thermal activation required in retro-Diels—Alder reactions,
photoirradiation of a-diketones triggers a Strating—Zwanenburg
decarbonylation leading to the release of two CO molecules

(Scheme 1, top right). After a proof of concept on pentacene

lati
)

photoinduced or
thermal extrusion

‘7'5 -2CO
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—co E;

Scheme 1: “Precursor approach” for the synthesis of m-conjugated polycyclic compounds, with the thermally- or photoinduced late-stage extrusion of
carbon-based fragments resulting from retro-Diels—Alder and decarbonylation reactions. The seminal design of pentacene’s soluble precursor, as re-

ported by Millen and Herwig [14], is depicted in the top left.
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with soluble precursors including a bicyclo[2.2.2]octane-2,3-
dione framework [20,21], a-diketones were intensely exploited
as soluble photoprecursors for the synthesis of acenes of in-
creasing length up to undecacene, in matrices [22-25] or in a
single crystal [26]. This strategy has also been extended to the
synthesis of dyads involving an acene moiety combined with a
chromophore [27]. Alternatively, when inserting a monoketone
bridging fragment, i.e., a norbornadien-7-one moiety, in the
soluble precursor, recovery of the target m-CPC is possible via a
cheletropic decarbonylation step upon photolysis or thermo-
lysis (Scheme 1, bottom right). This dual activation mode has
led to the solid-state formation, on a preparative scale, of higher
acenes up to nonacene [28-33] and bidimensional structures
such as starphenes [34] from custom-made stable and soluble
precursors. Interestingly, extrusion of CO from mono- or a-di-
ketone precursors has also been achieved on metallic surfaces
under ultra-high vacuum (UHV) conditions upon thermal
annealing, photoirradiation or activation by the tip of a scan-
ning tunneling microscope (STM) [11,34-36]. Owing to the
subatomic resolution now available with scanning probe
microscopy techniques (STM and non-contact atomic force
microscopy, nc-AFM), the “precursor approach” has opened
the way for in-depth structural and electronic investigations at
the single molecule scale of m-CPCs, which could otherwise not
be synthesized and/or deposited on surface.

As seen above, the “precursor approach” has proved particular-
ly valuable i) for the preparation of insoluble and unstable
7-CPCs which cannot be synthesized (and purified) via conven-
tional in-solution organic chemistry techniques, ii) for their
improved processing, as well as iii) for their in situ structural
characterization and electronic investigation both at the materi-
al and single-molecule scales. Reactions involving the elimina-
tion of carbon-based small molecules, i.e., retro-Diels—Alder
and decarbonylation processes, have been predominantly
exploited as an ultimate step performed in situ to release the
target compounds. However, the bridging character of the bi-
cyclo[2.2.2]octadiene, bicyclo[2.2.2]octane-2,3-dione and
norbornadien-7-one fragments in the appropriate soluble precur-
sors inherently limits the applicability of these reactions to the
synthesis of m-CPCs containing linearly-fused benzene rings in
their core scaffold (i.e., at least an anthracene pattern), or to the
deprotection of peripheral benzene rings. To reach a wider
variety of structures, novel synthetic strategies in line with the
“precursor approach” have been recently reported, in which
chalcogen-containing precursors undergo a ring contraction
combined with the extrusion of a chalcogen fragment in the ulti-
mate step. In view of the diversity of r-conjugated polycyclic
structures potentially accessible via this route, the extrusion of
chalcogen fragments appears as a highly promising synthetic

tool to complement the retro-Diels—Alder and decarbonylation
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reactions mostly exploited up to now, and thus to expand the
potentialities of the “precursor approach” for further improve-

ments of molecular materials performances.

Since the synthesis of -CPCs involving as final step the elimi-
nation of C-based molecules, i.e., a retro-Diels—Alder reaction
or a decarbonylation, has already been thoroughly reviewed in
the past years [4,5,9-12], this review focuses on the late-stage
extrusion of chalcogen fragments triggered by thermal activa-
tion, photoirradiation and electron exchange as a powerful syn-
thetic strategy to prepare a variety of m-CPCs.

Review
Contraction of 7-membered rings: chalcogen

extrusion from heteropines

The family of chalcogen heteropines, i.e., cycloheptatriene ana-
logues incorporating one group-16 atom, have attracted atten-
tion from the chemists’ community since the 1950s, when the
first syntheses of oxepine [37] and thiepine [38] were reported
(Scheme 2). Analogues containing heavier atoms such as Se
[39] and Te [40] appeared later in the literature. In relationship
with its structure, this class of compounds is prone to valence
isomerization via 6m-electrocyclization leading to the formation
of heteroatom-containing norcaradiene, and oxepine has been
shown to exist in equilibrium with its valence isomer benzene
oxide [37]. In contrast with the parent oxepine, which is isolable
at room temperature, other group-16 heteropines suffer from
thermal instability. Indeed, the low activation barrier for S, Se
or Te cheletropic extrusion from the norcaradiene valence
isomer, combined with the irreversibility of this process, shifts
the tautomerization equilibrium and delivers benzene as the
organic product along with inorganic species [41-44]. Over the
years, many efforts were thus devoted to the synthesis of
thiepine derivatives with increased thermal stability, with the
aim to disfavor the formation of the transient thianorcaradiene
intermediate as a way to prevent the sulfur extrusion [44]. It
appeared that thiepines carrying sterically demanding substitu-

ents on the sulfur a-positions as well as annelated analogues

chalcogen
heteropines chalcogen extrusion

3 2 3 "
4 = 4 2

Ty =0 2 O

5 — 5 7 _

6 7 6 Y =S, Se, Te

Y=0,S, Se, Te

Scheme 2: Valence isomerization of chalcogen heteropines and
subsequent cheletropic extrusion in the case of sulfur, selenium and
tellurium derivatives.
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show substantially increased lifetimes, owing to steric and elec-
tronic effects [45]. With these criteria in mind, a variety of ther-
mally-stable annelated thiepines were progressively isolated as
a result of very diverse synthetic strategies [46-49], which were
further applied to the preparation of stable selenepines and
tellurepines [50-53].

Extrusion reactions from sulfur-, selenium- and tellurium-con-
taining compounds have long been recognized as valuable syn-
thetic tools in organic chemistry [54], with the most famous
S-extrusion process to generate new C—C bonds probably being
the Ramberg—Bécklund reaction [55]. In the case of
heteropines, chalcogen extrusion leads to a six-membered ring
via the intramolecular formation of a C—C bond, and this
reactivity pattern was exploited as early as in the 1950s to
generate in a controlled way polycyclic aromatic compounds
from isolable heteropine precursors. By way of example, the
phenanthrene derivative 2 was obtained by heating the
dibenzol[b f]thiepine precursor 1 in the presence of copper
bronze in refluxing quinoline, thus triggering a S-extrusion
along with a decarboxylation reaction (Scheme 3) [56]. From a
retrosynthetic point of view, this example nicely illustrates the
fact that polyannelated thiepines, and more generally S-, Se-
and Te-based heteropines, are straightforward precursors of
1-CPCs bearing non linearly-fused benzene rings. In addition,
the non-planar geometry of such heteropines appears as an asset
towards increased solubility, and the existence of several oxida-
tion states for these heteroatoms expands the panel of reaction
conditions applicable to trigger the extrusion process. In line
with these considerations, chalcogen extrusion from heteropines
has thus been explored in the frame of the “precursor ap-
proach” as a synthetic tool to complement retro-Diels—Alder
and decarbonylation reactions and reach diversified 7-conju-

gated polycyclic structures.

In 2020, Yamada, Fukui, Shinokubo and co-workers tackled the
synthesis of perylene bisimide (PBI), a valuable n-type semi-
conductor, via a “precursor approach” based on the late-stage
extrusion of S-based fragments [57]. Dinaphthothiepine
bisimides 3a and 3b, bearing octyl- and butylimide substituents
respectively, were synthesized as direct soluble precursors of
PBIs 6a,b, along with the corresponding oxides, namely sulfox-

9@y
Me NO,

copper bronze
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ides 4a,b and sulfone 5 (Scheme 4). An X-ray crystal structure
of the extended thiepine 3b confirmed its bent structure, with a
protrusion of the sulfur atom out of the m-surface (Figure 1). As
expected, the non-planar thiepine derivatives 3-5 exhibit sub-
stantially higher solubility in organic solvents compared with
the parent PBI compounds, with a 150- to 1700-fold increase in
dichloromethane depending on the sulfur oxidation state.
Conversion of the dinaphthothiepine core into the correspond-
ing perylene moiety was next tested upon different stimuli, such
as electron injection, thermal activation and photoirradiation.
Importantly, the dinaphthothiepine S,S-dioxide, i.e., the sulfone
soluble precursor 5, failed to deliver PBI whatever the activa-
tion mode (Scheme 4, bottom). For dinaphthothiepine 3 and the
related sulfoxide 4, it was first demonstrated that electron injec-
tion is able to trigger S- (or SO-) extrusion, electrochemically
but also chemically, employing decamethylcobaltocene CoCp*,
as a reducing agent (Scheme 4, top). Under the latter conditions,
the target PBI compound 6a was obtained in 89% yield on a
~10 mg scale from its sulfoxide precursor 4a. In anticipation of
device fabrication, activation methods which do not require the
addition of chemical reagents were next tested. Thermally-in-
duced S-extrusion was first investigated by means of thermo-
gravimetric analysis: the thiepine precursor 3a exhibited a mass
decrease at 300 °C in agreement with the expected elimination
of sulfur to yield almost quantitatively the corresponding PBI
6a. Its sulfoxide analogue 4a exhibited higher thermal reactivi-
ty, with the loss of SO identified at lower temperature (225 °C).
As a proof of concept, a thin-film of the latter sulfoxide precur-
sor, spin-coated onto a glass sample, yielded full conversion to
PBI 6a in only 2 min, confirming the potential application of
this precursor in electronic devices. Light irradiation was next
tested as an alternative activation method, since photoextrusion
of S and SO, fragments are classical methods in organic synthe-
sis [54,58,59], whereas photoextrusion of SO from bisaryl sulf-
oxide moieties has been evidenced more recently by Wolf et al.
[60,61]. Solutions of dinaphthothiepine 3a and its sulfoxide an-
alogue 4a in dichloromethane were irradiated using a high-
pressure mercury lamp equipped with a sharp cut filter
(A > 380 nm), which resulted in a smooth conversion into the
PBI product 6a within 20 min. Interestingly, the sulfoxide de-
rivative exhibited enhanced kinetics, as confirmed by UV-vis
spectroscopy and NMR experiments. The latter was also reac-

HO,C

quinoline, reflux, 4 h

50%

1

Oy (oo

2

Scheme 3: Early example of phenanthrene synthesis via a chemically-induced S-extrusion (and concomitant decarboxylation) from a dibenzo-

thiepine precursor [56].
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Scheme 4: Top: Conversion of dinaphthothiepine bisimides 3a,b and their sulfoxide analogues 4a,b into PBls 6a,b by S-extrusion triggered by elec-
tron injection, photo- and thermal activation. Bottom: Dinaphthothiepine S,S-dioxide 5 fails to deliver PBI 6a whatever the activation mode [57].

(@) ; (b)

Figure 1: Top view (a) and side view (b) of the X-ray crystal structure of thiepine 3b showing its bent conformation. Thermal ellipsoids are shown at
the 50% probability level, and all hydrogen atoms as well as propyl groups on imide substituents have been omitted for clarity. Reprinted with permis-
sion from [57]. Copyright 2020 American Chemical Society. This content is not subject to CC BY 4.0.

tive as a thin-film on a glass substrate, with the generation of
the desired perylene upon photoirradiation with a blue LED
(A =470 nm) [62]. Finally, cooperativity of light and heat was
demonstrated on a crystalline sample of sulfoxide 4a, where
photoirradiation enhanced the SO-extrusion process at lower
temperature (140 °C) than previously.

These preliminary studies thus validated the suitability of the
dinaphthothiepine core and particularly its S-oxide as soluble
precursors for perylene, with three different activation modes to
generate the target PBI semiconductor. This “precursor ap-
proach” was next tested at the device fabrication stage in the
case of OFETs. An Al,03/Si0, dielectric layer with a self-
assembled monolayer of 12-cyclohexyldodecylphosphonic acid

was chosen as substrate and thin-films of sulfoxide 4a were

formed by spin-coating from a chloroform solution. After ther-
mal annealing at 230 °C for 5 min to induce SO-extrusion and
subsequent vacuum deposition of the source and drain gold
electrodes, the resulting OFET exhibited a typical n-type behav-
jor with an electron mobility up to 0.41 cm? V™! 57!, compa-
rable to vacuum deposited films of pristine PBI. When
repeating the same protocol with a photoconversion of 4a thin-
film instead of thermal conversion, a decrease of the charge
transport efficiency was observed, with electron mobilities of
8.4 x 1072 cm? v! s_l, which can be ascribed to the lower
quality of the PBI thin-film generated upon photoextrusion due

to the absence of thermal solid-state reorganization [62].

This work thus unequivocally revealed the potential of thiepines

and thiepine S-oxides as direct soluble precursors of polycyclic
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aromatic compounds with dual stimuli-responsiveness, thus
opening the way to solution-based processing for the fabrica-
tion of devices and in situ generation of the active material by
late stage S-extrusion. Nevertheless, the synthetic route towards
dinaphthothiepine bisimides initially reported suffered from
several drawbacks: it had limited efficiency (1.2% overall yield
over 8 steps for the synthesis of thiepine 3a), it was non-scal-
able and displayed low modularity. Indeed, the imide groups
along with their substituents were introduced at a rather early
stage of the synthesis, with the ultimate synthetic step being the
formation of the thiepine ring via a two-fold nucleophilic aro-
matic substitution by sodium sulfide (Na;S). Since the nature of
the imide substituents is very important to control the solid state
molecular arrangement, the same authors revised their initial
synthetic route to allow for a late stage introduction of the imide
groups, thus leading to the preparation of a series of variously-
substituted soluble precursors 3a—f owing to increased modu-
larity (Scheme 5) [62]. To this aim, acenaphthene was selected
as key building block and it underwent two successive regiose-
lective halogenations to give bromochloroacenaphthene 8 in
64% overall yield. The latter was next converted into the corre-
sponding boronic acid 9 and a Suzuki-Miyaura cross-coupling
between 8 and 9 gave rise to dimer 10, followed by the oxida-
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tion of both acenaphthene units into 1,8-naphthalic anhydrides.
Installation of the thiepine ring was achieved by a double
nucleophilic aromatic substitution induced by sodium sulfide
(NapS) to afford dinaphthothiepinetetracarboxylic anhydride 12
as key precursor of a series of thiepine bisimides bearing
diverse substituents. Due to its very low solubility, the tetracar-
boxylic anhydride 12 was not isolated and was directly reacted
with a variety of amines to yield the target soluble precursors
3a—f. Diverse primary alkylamines were well tolerated, also
when an electron-withdrawing polyfluoroalkyl group (3d) was
included, and bulkier amines, such as 3-pentylamine (3e) or
trimethylaniline (3f), could also be inserted. As a matter of fact,
the choice of amines was limited by the temperature required
for the imide formation, as high temperature (>130 °C) induced
undesired thermally-activated S-extrusion as side-reaction. Ac-
cording to this new synthetic route, compound 3a carrying octyl
substituents was obtained on a gram-scale in 7 steps from
acenaphthene, in 14% overall yield. The series of thiepines
3a—d could finally be smoothly oxidized to give the correspond-
ing sulfoxides 4a—d in high yields. Thermogravimetric analysis
of these thiepine S-oxides interestingly revealed that the temper-
ature required for SO-extrusion is almost independent of the
nature of the imide substituents, and the dinaphthothiepine

8
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’O O Br 1) n-Buli ’O B(OH), K,COj; O "
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25-55% from 11 3a R=C3H17 4a R=C3H17
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3d R =CHy(CF;).CF3 4d R = CHy(CF;),CF3
3e R = CH(CH,CHj),
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Scheme 5: Modular synthetic route towards dinaphthothiepines 3a—f and the corresponding S-oxides 4a—d, incorporating a variety of imide substitu-

ents [62].
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S-oxides bearing long alkyl chains are thus very promising
soluble precursors to afford n-type semiconducting layers by in

situ SO-extrusion.

As part of their work dedicated to mechanically-responsive ma-
terials controlled by an electrochemical stimulus, Song and
Swager synthesized thiepine-containing polymers designed to
undergo redox-driven bent-to-planar conformational changes
[63]. However, upon electrochemical oxidation of the drop-cast
film of polymer 13, the authors observed the conversion of the
dithienobenzothiepine monomeric units into dithienonaph-
thalenes, which can be ascribed to a redox-driven S-extrusion
(Scheme 6). This behavior of extended thiepines upon oxida-
tion was further confirmed by investigating the corresponding
sulfoxide, which appeared labile and readily underwent ring
contraction. Since thiepine precursors (such as 15) and the cor-
responding dithienonaphthalene products (e.g., 16) exhibit very
different fluorescence properties, S-extrusion from thiophene-
annelated thiepines was consequently exploited for peroxide

sensing.

Very recently, Zhou et al. reported the synthesis of S-doped
phenanthrene and triphenylene derivatives via the thermally-in-
duced ring contraction of thiepine scaffolds, fused with two or
three thiophene, thiopyran or polycyclic hydrocarbon moieties
[64]. Indeed, a series of polyannelated thiepine derivatives were
prepared according to an original approach, consisting in the
introduction of the bridging sulfur atom from the outset of the
synthesis and a final closure of the 7-membered ring by C-C
bond formation. This is in sharp contrast with the widely
adopted strategy relying on the late-stage insertion of the sulfur

RO OR RO OR
electrochemical
oxidation
/\ I\ -¢
S S s /,
13

peroxide

15
weakly emissive
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atom with concomitant ring closure, using either electrophilic or
nucleophilic sulfur reagents. By way of example, thiepine deriv-
ative 21 was synthesized in six steps in 14% overall yield from
3-bromothiophene (17, Scheme 7). In the first step, the sulfur
atom embedded in the final thiepine ring was introduced via a
palladium-catalyzed S-arylation of 3-bromothiophene in the
presence of potassium thioacetate, to afford the corresponding
bis(thiophenyl) thioether, which then underwent successive bro-
mination and iodination to give intermediate 18. Next, a two-
fold Suzuki—Miyaura cross-coupling occurring chemoselective-
ly on the iodinated positions allowed the symmetric extension
of the hydrocarbon scaffold, with the insertion of two naphthyl
substituents carrying each an alkyne moiety on the ortho posi-
tion. Ring expansion of both thiophene units in 19 was then
triggered by platinum catalysis to generate the corresponding
thiopyrans, and finally the bromine atoms located on the latter
rings were exploited for the ring closure of the thiepine via a
two-fold Suzuki—-Miyaura cross-coupling with 1,2-phenylenedi-
boronic pinacol ester. The resulting S-doped extended triben-
zothiepine 21 proved stable under ambient conditions for
several months and exhibited good solubility in common
organic solvents, which is ascribed to the boat-shape conforma-
tion of the thiepine ring, thus weakening the r— stacking inter-
molecular interactions. Finally, solid-state S-extrusion could be
triggered in a controlled way upon thermal activation of 21, as
observed in thermogravimetric analysis, with the loss of sulfur
detected at 223 °C to yield the planar S-doped triphenylene de-

rivative 22.

In the same year, An et al. reported their investigations
regarding chalcogen-doped hexa-peri-benzocoronene (HBC)

16
highly fluorescent

Scheme 6: Top: Conversion of dithienobenzothiepine monomeric units into dithienonaphthalenes, upon S-extrusion triggered by electrochemical oxi-
dation. Bottom: Exploitation of the S-extrusion process for peroxide sensing, taking advantage of the lability of oxidized dithienobenzothiepine to

generate highly fluorescent dithienonaphthalene [63].
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Scheme 7: Synthesis of S-doped extended triphenylene derivative 22 from 3-bromothiophene (17) with the thermally-induced ring contraction of

thiepine 21 as key step [64].

derivatives and their controllable conversion into hydrocarbon
nanographenes by ring contraction of the heteropine moiety
[65]. The authors first tackled the synthesis of a series of HBC
precursors incorporating a group-16 heteroatom embedded in a
seven-membered ring. In the case of oxygen, the fully cyclized
HBC 26a containing an oxepine ring and exhibiting a saddle-
shape tridimensional structure was successfully prepared
(Scheme 8, top). Conversely, with heavier chalcogens, only
partially cyclized backbones, namely seco-HBCs 28, were ob-
tained (Scheme 8, bottom). The synthesis of these helical
compounds was based on S-, Se- or Te-dibenzo[b f]hetero-
pines 23b-d as key intermediates, which were engaged in a
Diels—Alder reaction with tetrabromothiophene S,S-dioxide
24 at 120-140 °C to yield the corresponding S- and
Se-tribenzo[b.d flheteropines, 25b and 25¢ respectively, after
oxidative aromatization mediated by DDQ. In the case of
tellurepine 23d, attempts of thermally-activated Diels—Alder

reaction resulted in Te-extrusion to afford phenanthrene as the

main product. This result highlights the higher sensitivity of the
Te-heteropines compared to S- and Se-counterparts towards
thermal chalcogen extrusion. Next, four-fold Suzuki—-Miyaura
coupling of the tetrabrominated tribenzoheteropines 25b and
25c¢ delivered compounds 27b and 27c¢ as direct precursors of S-
and Se-inserted HBCs. The subsequent Scholl reaction allowed
the formation of four new C—C bonds, but failed to afford the
fully cyclized chalcogen-embedded HBC whatever the condi-
tions tested, presumably due to large strain in line with the size
of S and Se atoms as compared with O. The helical S- and
Se-doped seco-HBCs 28b and 28c¢ were thus obtained as
racemic mixtures in three steps from dibenzoheteropines 23b
and 23c in 45% and 18% overall yield, respectively. To eval-
uate the impact of the heteroatom oxidation state on reactivity,
the sulfur and selenium oxides were next prepared via selective
oxidation of thiepine and selenepine to give rise to the corre-
sponding sulfoxide 29b, selenoxide 29¢ and sulfone 30b in

excellent yields.
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Scheme 8: Top: Synthesis of thermally-stable O-doped HBC 26a. Bottom: Synthesis of S- and Se-based soluble precursors of seco-HBC 31 and their

conversion by chalcogen extrusion upon thermal activation [65].

All the prepared chalcogen-doped HBC derivatives exhibit
good solubility in organic solvents, in line with their highly dis-
torted saddle-shaped or helical structure induced by the embed-
ded heteropine ring. By way of example, the solubility of SeO-
doped seco-HBC 29c is more than 100-fold higher than pristine

HBC carrying four fert-butyl groups in both dichloromethane
and ethanol.

Ring contraction was next attempted on the series of

heteropines synthesized previously. Importantly, photoirradia-
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tion at 254 nm or 365 nm failed to induce any chalcogen extru-
sion. When thermal activation was tested on solid samples,
oxepine 26a, thiepine 28b and thiepine S,S-dioxide 30b were
not converted upon heating at 250 °C for 2 hours, thus high-
lighting their high thermal stability. Conversely, selenepine 28¢
and selenepine Se-oxide 29¢ were quantitatively converted into
the seco-HBC 31 by thermal activation at 200 °C for 5 min, as
evidenced by UV-visible absorption and HPLC monitoring.
SO-extrusion from thiepine S-oxide 29b was also successfully
triggered in the solid state, but it required prolonged heating at
higher temperature (250 °C). In this work, seco-HBC 31 was
thus successfully obtained via thermally-induced ring contrac-
tion of certain heteropines with the concomitant cheletropic
elimination of chalcogen fragments. These results nicely illus-
trate how the nature, as well as the oxidation state of the embed-
ded chalcogen atom, allows controlling the stability of the
heteropine, and thus its propensity to undergo thermal extru-
sion. Although beyond the scope of this review, it is note-
worthy that the authors successfully converted the selenepine
Se-oxide 29c into the corresponding planar HBC at room tem-
perature upon acidic treatment under air, thus triggering SeO-

elimination as well as cyclodehydrogenation in a single step.

As mentioned above, oxepine derivatives display higher
stability compared to other chalcogen heteropines and direct
oxygen extrusion from oxepines under photo- or thermal activa-
tion has not been reported. Oxygen thus appears as the
chalcogen element of choice to obtain stable heteropines em-
bedded in m-CPCs and study the properties of such non-planar
compounds.

Very recently, Fukui, Shinokubo and co-worker reported the

synthesis of dinaphthooxepine bisimides [66], which are ana-

O
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logues of the dinaphthothiepine bisimides presented above with
an oxygen atom substituting the sulfur atom (Scheme 9). Their
synthesis was successfully achieved in two steps from the
known intermediate 5,5’-linked 4-chloro-1,8-naphthalic an-
hydride dimer 11, already exploited in the previous thiepine
synthesis (see Scheme 5). Installation of the imide groups was
performed first and dianhydride 11 was thus treated with 2,4,6-
trimethylaniline to afford the corresponding bisimide 32 in good
yield. Subsequently, reaction with a-benzaldoxime in the pres-
ence of sodium hydride resulted in the formation of the oxepine
ring by a double substitution reaction, to yield the desired
dinaphthooxepine 33.

The non-planar character of dinaphthooxepine bisimides was
confirmed by X-ray crystal structure, and stability towards ther-
mal or photoactivation was also established. Cyclic voltammet-
ry studies revealed that reduction of dinaphthooxepine 33
proceeds irreversibly, giving rise to a new chemical species
(Figure 2), and this was further confirmed by chemical reduc-
tion in the presence of decamethylcobaltocene CoCp*, at room
temperature. Using two equivalents of this 1-electron reducing
agent, O-extrusion takes place with concomitant ring contrac-
tion to give the corresponding PBI 6f, isolated in 63% yield
after oxidative quenching and work-up. Contrary to photo- or
thermal activation, it is important to note that the mechanism
for O-extrusion involves in this case the dianion of
dinaphthooxanorcaradiene bisimide valence isomer obtained
upon electron injection and not its neutral form, as shown by
UV-vis absorption and DFT studies. The mechanism of the
final release of oxygen still remains unclear.

This example shows that a careful molecular design allows

endowing chalcogen heteropines with thermal- and photosta-

_OH
Ph N

NaH

32

electrochemical
reduction

o1,

Mes~N
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+2e”

chemical reduction /

\ (0)

A
Mes—N O.' N—-Mes
o o

0] (o}

CoCp*, (2 equiv), rt

33 63%

6f

Scheme 9: Synthesis of dinaphthooxepine bisimide 33 and conversion into PBI 6f by O-extrusion triggered by electron injection [66].
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Figure 2: Cyclic voltammogram of dinaphthooxepine 33, evidencing the irreversibility of the reduction process during the first cycle, leading to the for-
mation of PBI 6f upon redox-triggered O-extrusion. Reprinted with permission from [66]. Copyright 2023 American Chemical Society. This content is

not subject to CC BY 4.0.

bility by the choice of oxygen as heteroatom, while keeping the
possibility to trigger chalcogen extrusion via a radically differ-
ent mechanistic route, as a result of the injection of electrons.
Here, the presence of the imide functions appended to the naph-
thyl scaffold is crucial, since previously reported bare and aryl-
substituted dinaphthooxepines exhibited reversible reduction
[67].

In summary, owing to the heteroatom-dependent behavior of
heteropines, it is possible to control the structure of the target
compound: on the one hand, thermally stable chalcogen-doped
m-CPCs with distorted structures can be obtained and their
intrinsic properties investigated, and on the other hand, with a
subtle choice of the chalcogen element and its oxidation state,
controlled extrusion coupled to 7-membered ring contraction
will lead to planar benzenoid m-CPCs in situ, in response to

diverse stimuli.

In the next section, chalcogen extrusion resulting from the
contraction of 6-membered rings upon photo- and thermal acti-
vation will be detailed.

copper bronze

Contraction of 6-membered rings coupled to

chalcogen extrusion

Ring contraction of 6-membered heterocycles containing
chalcogen atoms has been employed as a strategy to synthesize
1-CPCs containing S-membered rings. The controlled extrusion
of sulfur from 1,2-dithia-3,5-cyclohexadienes (1,2-dithiins)
was exploited as early as in the 1950s to prepare extended
thiophene derivatives, such as dibenzo- and dinaphthothio-
phene (Scheme 10, top) [68,69]. Similarly to the early transfor-
mations of thiepines, sulfur elimination was triggered by copper
bronze at high temperature, thus leading to the conversion of
the 6-membered cyclic disulfide into the corresponding thio-

phene.

The 1,2-dithiin scaffold is found in natural products such as
thiarubrines A and B, which have been shown to be particularly
sensitive to light [70]. Upon exposure to UV or visible light,
thiarubrine A (36) undergoes a desulfurization process to give
rise to the corresponding thiophene 37, exhibiting enhanced
antibiotic activity (Scheme 10, bottom). This naturally-occur-
ring S-extrusion under light activation thus prompted the inves-

neat, 260-280 °C, 1.5 h
5

ew I

hv

S-S
N

36 (thiarubrine A)

Scheme 10: Top: Early example of 6-membered ring contraction with concomitant S-extrusion leading to dinaphthothiophene [69]. Bottom: Photoacti-

vated S-extrusion occurring in natural product thiarubrine A [70].
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tigation of 1,2-dithia-3,5-cyclohexadienes as synthetic photo-
precursors of thiophene-based m-CPCs.

In this sense, Schroth et al. reported the synthesis of thienothio-
phene and benzothienothiophene 40 from dithiin key intermedi-
ates (Scheme 11, top) [71]. Benzo[4,5]thieno[3,2-c][1,2]dithiin
(39) was prepared by intramolecular oxidative coupling of a
dithiolate generated in situ from dithioacetate 38, and subse-
quent exposition to daylight of a solution of 39 triggered ring
contraction with concomitant elimination of sulfur to yield
target benzothienothiophene 40. Importantly, light-induced
S-extrusion from 1,2-dithiins appears to be structure-dependent,
as di-annelated dithieno[1,2]dithiin analogues (i.e., 1,2-dithiins
fused with two thiophene moieties) proved stable upon light

exposure.

In their work aiming at deciphering the electronic interactions
between carboranes and chalcogen-doped m-conjugated hetero-
cycles, Yang and co-workers devised a two-step strategy for
the synthesis of carborane-fused thiophene 43 (Scheme 11,
bottom) [72]. Double lithiation of carboranyl indole 41 was fol-
lowed by trapping with disulfur dichloride as chalcogen source
to afford 1,2-dithiin 42. At room temperature, the latter then
spontaneously evolved via a S-extrusion to yield the desired
carborane-fused thiophene 43. The same method was further
employed to prepare other analogues incorporating a group-16

heteroatom.

The strategy involving 6-membered ring contraction by
chalcogen extrusion thus appears as highly promising for the
synthesis of conjugated materials containing thiophene or
selenophene moieties. However, 1,2-dichalcogenin cycles stabi-

lized in highly conjugated scaffolds are not easily converted by

JAc
S
s. 1) KOH/MeOH
J 2) 15, =30 °C
S~Ac 80%
38
1) n-BulLi
—78°Ctort
2) S,Cl,
—78°Ctort, 12 h
53%
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light or thermal activation, as mentioned above, and their reac-
tivity in the absence of external reagent (i.e., their photo- and
thermal reactivity) has been far less explored than for
heteropines. Nowadays, the most common protocol to trigger
extrusion from 1,2-dichalcogenins and generate S- and
Se-doped 7-CPCs still relies on copper (as nanopowder) at high
temperature under neat conditions [73-77].

In order to promote light-induced ring contraction of 1,2-dithiin
scaffolds, Furukuwa et al. explored the reactivity of precursors
bearing one sulfur atom in a higher oxidation state [78]. In their
synthesis of dibenzo[1,4]dithiapentalene 46, the 1,2-dithiin pre-
cursor 44 was first oxidized by means of m-CPBA into thiosul-
fonate 45, which was subsequently irradiated with light in
benzene to give dithiapentalene 46 in 61% yield upon SO,-
extrusion (Scheme 12).

In the same context, the thermal and photochemical extrusion of
SO has been exploited as well in 6-membered rings containing a
sulfoxide moiety. For instance, Grainger and co-workers de-
signed a series of naphthotrithiin-2-oxides, such as 47, to act as
SO transfer reagents (Scheme 13) [79]. These triplet SO precur-
sors were prepared by treatment of 1,8-naphthalene dithiols
with thionyl chloride to generate the trisulfide-2-oxide moiety.
Thermal activation of 47 in refluxing chlorobenzene triggered
the elimination of SO, which was subsequently trapped by a
variety of conjugated dienes such as 2,3-dimethylbutadiene
(48), to afford in good to excellent yields 2,5-dihydrothiophene
S-oxides, along with the 5-membered 1,8-naphthalene disulfide
49 resulting from the ring contraction of precursor 47. Such SO
transfer process, favoured by the peri-interaction existing in the
trisulfide-2-oxide substrate, was also successfully promoted by

light and the cyclic sulfoxide 50 was obtained under milder

S hv (daylight) S
4 \ acetone, rt, 12 h %
S-S S
45%
39 40
/
N N/
VAR /s
S —_—
7"\ rt, 24 h A,
> >
38%
42 43

Scheme 11: Examples of S-extrusion from annelated 1,2-dithiins under photoactivation (top) or thermal activation (bottom) [71,72].
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Scheme 12: Synthesis of dibenzo[1,4]dithiapentalene upon photoextrusion of SO, [78].

0 thermal extrusion 99%
I
55 \ CeHsCl, 132 °C, 10 h S—s
" O
OO (10 equiv) hv (300 W sunlamp) " OO
47 48 CeHsCl, rt, 3 h 49
photoinduced extrusion 93%

Scheme 13: Extrusion of SO in naphthotrithiin-2-oxides for the synthesis of 2,5-dihydrothiophene 1-oxides [79].

S
46

55%

conditions in 55% yield. For increased synthetic utility, the
latter could be converted in a straightforward manner into the
corresponding thiophene under Pummerer conditions.

A 6-membered ring contraction through SO-extrusion was also
introduced as key step in a molecular “surgical” method de-
veloped by Murata, Komatsu et al. [80]. In this approach, Cgg or

Me,N NMe,

MezN NMez
Sg

0-DCB, 180 °C

94%

51

(H2),@51

C7g fullerenes are modified stepwise towards an open-cage de-
rivative in order to encapsulate small molecules such as Hy
[81,82]. Eventually, the chemical modifications are reversed to
close the hole and give an endohedral fullerene. As depicted in
Scheme 14, the 12-membered ring orifice of fullerene 51 was
first enlarged by electrophilic addition of sulfur. After encapsu-

lation of H, molecule(s) (n = 1 or 2), four synthetic steps were

H, (890 atm.)

230 °C
o m-CPBA
66% | cs,, tt, 10 h
photoinduced
extrusion
hv (visible)

CeHg, 40 °C, 5 h

86%

(H2),@53

Scheme 14: SO-extrusion as a key step in the synthesis of fullerenes (Cgp and C7¢) encapsulating H> molecules [80,82].
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required to reduce the hole size and ultimately obtain cage-
closed compound (H),,@54. In order to remove sulfur and
regenerate the initial 5S-membered carbocycle, the thiopyran
scaffold in (Hy),, @52 was first oxidized with m-CPBA to yield
the corresponding sulfoxide (Hj),,@53. As a key step, the latter
was next subjected to photoinduced SO-extrusion under visible
light, leading to a ring contraction in 86% yield. At that stage,
the initial ring size of precursor 51 was recovered, and two
further steps including a McMurry reaction and a thermolysis

were then necessary to obtain endohedral fullerene (H,),,@54.

As seen in the two first parts of this review, synthetic strategies
involving a late-stage ring contraction, accompanied with the
extrusion of a chalcogen fragment, have led to the preparation
of a variety of m-CPCs, displaying a wide range of 2D or 3D
structures. While contraction of 6-membered rings has not been
exploited yet for the in situ generation of molecular materials,
chalcogen extrusion from group-16 heteropines was successful-
ly implemented as a key step in the fabrication of devices with
highly promising properties. Elimination of chalcogen frag-
ments coupled to ring contraction thus appears as a powerful
synthetic tool to complement retro-Diels—Alder reactions and
decarbonylations widely used in the frame of the “precursor ap-
proach”, and further contributions to this field will most proba-
bly widely expand the range of m-conjugated polycyclic struc-
tures to be investigated as active materials in opto-electronic

devices.

In contrast with the two previous sections, the last part of this
review focuses on extrusion of chalcogen fragments which does
not involve ring contraction. In such case, the soluble precur-
sors display a bridged structure, reminiscent of the
bicyclo[2.2.2]octadiene, bicyclo[2.2.2]octane-2,3-dione and
norbornadien-7-one exploited as photo- and thermal precursors
of acenes, as described in the introduction.

0]

\ /;
TMSOTf CsF
Tfo ™S MeCN, 45 °C

16 h
55 40%

56 (syn/anti 1:1.7)
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Chalcogen extrusion from bridged
precursors: access to acenes

Deoxygenation of endoxides belongs to the classical methods
used in organic chemistry to generate polycylic aromatic hydro-
carbons, through a reductive aromatization relying on a variety
of chemical reagents [4]. The non-planar character of the
bridging epoxide moieties endows the precursors with in-
creased solubility, and endoxides have thus been envisioned as
soluble precursors of acenes. Since the addition of chemical
reagents is not desirable in this context, thermal activation and
electron injection were investigated as stimuli to trigger
O-extrusion.

Moresco, Pefia and co-workers thus designed diepoxytetracene
precursor 56, displaying an oxabicyclo moiety at each extremity
(Scheme 15) [83]. The latter was prepared in one step via a
double Diels—Alder reaction between furan and 2,6-naph-
thodiyne, generated in situ from bistriflate 55 in the presence of
cesium fluoride. Diepoxide 56 was obtained in 40% yield as a

syn/anti mixture in a 1:1.7 ratio.

Diepoxide 56 (as a diastereoisomeric mixture) was deposited on
a Cu(111) surface by sublimation under UHV conditions and
the molecular species adsorbed on the metallic surface were
characterized by combined STM and nc-AFM at low tempera-
ture (5 K), thus evidencing the presence of the two bridging
oxygens. Next, the STM tip-induced extrusion of oxygen was
investigated: application of a bias voltage of 2.2 V on top of
one 1,4-epoxide bridge led to a planarization of the carbon-
based scaffold along with the elimination of one oxygen atom to
give a monoepoxide species. When the latter was submitted to a
second voltage pulse, a fully planar and aromatic backbone
made of four linearly-fused benzene rings was observed on
STM and AFM images, thus unambiguously proving the forma-
tion of tetracene 57. Importantly, the oxygen atoms extruded

thermal extrusion
120°C,5min >\
on Cu(111) surface

bias voltage > 2.2 V /

STM tip-induced extrusion

57

Scheme 15: Synthesis of diepoxytetracene precursor 56 and its on-surface conversion into tetracene upon O-extrusion. Inset in the top right shows a
Laplace-filtered AFM image of a tetracene molecule produced on a Cu(111) surface. Inset adapted with permission from [83]. Copyright 2016 Amer-

ican Chemical Society. This content is not subject to CC BY 4.0.
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from precursor 56 were observed on the copper surface in close

proximity to the converted molecule.

In contrast with this tip-induced conversion of soluble precur-
sor 56, which occurs stepwise and gives rise to one single target
molecule after each manipulation cycle, thermal activation of
the population of adsorbed diepoxides 56 was next attempted.
Annealing at 120 °C for 5 min successfully promoted the
O-extrusion to yield the corresponding tetracene molecules,
without any trace of partially-converted monoepoxide interme-
diate.

As mentioned in the introduction section, the quest for longer
unsubstituted acenes has captivated chemists and physicists for
almost two decades now, with the aim to explore their elec-
tronic properties. In this context, on-surface synthesis of higher
acenes according to the “precursor approach” is particularly
interesting, since the as-prepared m-extended structures can
undergo in-depth structural characterization and electronic in-

58
LI T el ) ;
on Au(111)
59
QIO )
on Au(111)
60
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vestigations in situ at the single molecule scale, thanks to scan-
ning probe microscopy and spectroscopy. The synthetic route
relying on O-extrusion was thus transposed to the synthesis of
hexacene [84], decacene [85] and ultimately dodecacene [86],
which is the longest acene prepared to date. The related soluble
precursors 58—60 incorporate 3 to 5 oxabicyclo moieties in their
hydrocarbon scaffold (Scheme 16), and are sufficiently stable
and soluble to undergo purification by column chromatography

prior to their on-surface deposition.

By way of example, the synthesis of decacene precursor 59 was
achieved in three synthetic steps by iterative [4 + 2] cycloaddi-
tions with an overall yield of 4.7% (Scheme 17). The synthesis
of epoxyacene 59 started with the mono-Diels—Alder reaction of
naphthodiyne precursor 55 with isobenzofuran 61 to give
monoepoxide 62 as a mixture of regioisomers. Further treat-
ment of the latter with one equivalent of cesium fluoride
allowed the regioselective Diels—Alder with the previous diene
61, to afford 63 as another mixture of position isomers. Finally,

A
hexacene
on Au(111)
decacene
dodecacene

Scheme 16: Soluble precursors of hexacene, decacene and dodecacene incorporating 1,4-epoxides in their hydrocarbon scaffold, and on-surface

conversion into higher acenes by thermally-activated O-extrusion [84-86].
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Scheme 17: Synthesis of tetraepoxide 59 as soluble precursor of decacene [85].
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reaction of this bisaryne precursor with an excess cesium fluo-
ride and bare isobenzofuran gave rise to the end-capped soluble

precursor 59 via a double cycloaddition process.

All polyepoxides 58-60 were deposited by sublimation on a
Au(111) surface, triggering in some cases partial deoxygena-
tion during this physical vapor deposition. Subsequent
annealing in the 150-220 °C range led to the thermally-induced
surface-assisted cleavage of oxygen to give rise to the corre-
sponding acenes, namely hexacene, decacene and dodecacene.
Their structure was unambiguously assigned thanks to high-
resolution STM and AFM images, revealing the linear fusion of
benzene rings with a zigzag edge (Figure 3), and their elec-
tronic properties were investigated at the single-molecule scale,
with a particular attention devoted to the evolution of the
HOMO-LUMO gap along the incremental series of acenes.

Conclusion

Over the last decades, the “precursor approach” has proved
particularly valuable for the preparation of insoluble and
unstable 7-CPCs, which cannot be synthesized via in-solution
organic chemistry, for their improved processing, as well as for
their structural characterization and electronic investigation
both at the material and single-molecule scales. Beside reac-
tions involving the elimination of carbon-based small mole-
cules, i.e. retro-Diels—Alder and decarbonylation processes, the

large tip height

small tip height

current (
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late-stage extrusion of chalcogen fragments has emerged as a
highly promising synthetic tool to access a wider variety of
m-conjugated polycyclic structures upon thermal activation,

photoirradiation and redox control.

While contraction of 6-membered rings has not been exploited
yet for the in situ generation of molecular materials, chalcogen
extrusion from group-16 heteropines was successfully imple-
mented as a key step in the fabrication of devices. Notably, the
use of heteropines as soluble precursors allowed to expand the
“precursor approach” to new families of organic semiconduc-
tors, such as PBIs and triphenylenes. It is important to mention
here that, depending on the nature of the soluble heteropine pre-
cursor, the extrusion process may lead to volatile and/or non-
volatile chalcogen species. In the latter case, the target m-CPCs
may be contaminated by inorganic impurities, especially when
extrusion reactions are performed in the solid state, which may
in turn alter the properties of the resulting molecular materials.
Further investigations regarding the fate of the extruded
chalcogen fragments and their impact on device performances
are thus desirable and will surely drive the design of future

chalcogen-based soluble precursors.

Chalcogen extrusion has also been investigated in the absence
of concomitant ring contraction, and in this context, endoxides
have been envisioned as soluble precursors of higher acenes.

Figure 3: Constant-height STM measurement of decacene on Au(111) using a CO-functionalized tip (sample voltage V = 20 mV), with the chemical
structure of decacene superimposed in blue as a guide to the eye. Two different tip height domains were employed to resolve the Au(111) lattice as
well as the adsorbed molecule with atomic resolution. Adapted with permission from [85], J. Krlger et al., “Decacene: On-Surface Generation”,
Angew. Chem., Int. Ed., with permission from John Wiley and Sons. Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. This content

is not subject to CC BY 4.0.
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Conversion of polyepoxide precursors was successfully
achieved on metallic surfaces, at the single-molecule scale,
upon STM tip-induced or thermally-activated O-extrusion to
yield acenes of increasing lengths, up to the long-sought dode-

cacene.

Following the pioneering works detailed in this review, further
contributions to this field will most probably widely expand the
range of m-conjugated polycyclic structures accessible via

chalcogen extrusion in the upcoming years.
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A dication of [5]cycloparaphenylene ([5]CPP2*) was selectively encapsulated by neutral [10]CPP to form the shortest double-layer
carbon nanotube, [10]JCPP>[5]CPP2*. While the same host—guest complex consisted of neutral CPPs, [10]JCPPD[5]CPP, was
already reported, the cationic complex showed an about 20 times higher association constant in (CDCly) at 25 °C (103 mol L™1).

Electrochemical and photophysical analyses and theoretical calculations suggested the partial electron transfer from [10]CPP to

[5]CPP2* in the complex, and this charge-transfer (CT) interaction is most likely the origin of the higher association constant of the

dicationic complex than the neutral one.

Introduction

Since the first bottom-up organic synthesis of cyclopara-
phenylenes (CPPs) [1-7], which are the carbon nanorings with
the shortest possible structural constituent of armchair carbon
nanotubes (CNTs), a new science of cyclic nanocarbons has
emerged through synthesizing new CPP analogs [4-8] and
unveiling their unique physical properties, such as size-depend-
ent photophysical [9-15] and redox properties [16-21]. The
other, and one of the most exciting, functions of CPPs derived
from the ring structure is their host function. After our first
report on the selective encapsulation of Cgg by [10]CPP (the

number in the brackets is the number of paraphenylene units in

the CPP) (Figure 1a) [22], the concave inner surface of CPPs
was found to interact with a variety of molecules with convex
surfaces through m—m interactions [23-26] and CH— interac-
tions [27-30], forming the corresponding host—guest complexes.
In addition, the concave outer surface of the CPP also interacts
with the convex surface of the CPP (Figure 1b) [31-33], result-
ing in the formation of the shortest possible double-layer CNTs.
Furthermore, Isobe and co-workers also showed that the carbon
nanorings with the simplest structural unit of chiral CNTs, such
as cyclochrysenylene [34], cyclonaphthylenes [35], and

cycloanthanthrenylene [36], are also excellent hosts of fuller-
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[10]CPP D[5]CPP2*

Figure 1: Structures of a) [10]CPP=Cgg, (b) [1+5]CPP2[n]CPP, and (c) [10]CPP[5]CPP2+ (this work).

enes with exceptionally high binding constants. These results
open up new possibilities for the fabrication of supramolecular
structures based on the non-covalent interactions using carbon

nanorings [37,38].

Despite the unique structure of the host—guest complexes, how-
ever, their electronic structures are not very attractive. This is
because the complex formation is driven by van der Waals
interactions, and no new electronic states are created by elec-
tronic perturbations between the host and the guest, except for a
few examples using special fullerenes as guest molecules, i.e.
[11]CPPDLa@Cg, [39], and [10]JCPPDLi*@Cg [40], and
[10]CPPD(Cs9N), [41], or applying high pressure (6 GPa) in
the complexation between [9]CPP and Cg( [42]. In these exam-
ples, partial charge transfer (CT) from the CPP host to the guest
was observed, but the degree of CT was limited. Furthermore,
no clear effects of CT on the physical properties have been re-
ported.

We have already reported that two-electron oxidation of
[n]CPPs yields dications, [n]CPPs2+ [17,21,43], which are
unusually stable due to the presence of in-plane aromaticity
derived from the ring structure [19]. Therefore, we speculated
that the CPP dication could be used as a host or a guest to alter
the electronic state of the corresponding host—guest complex.
Here, we report on the size complementary formation of the
host—guest complex between [10]CPP and the dication of
[S]CPP, [10]CPPD[5]CPP2+ (Figure 1c). The association con-
stant, K,, determined by IH NMR titration, was about 20 times
higher than that of the host—guest complex consisting of neutral
[10]CPP and [5]CPP, [10]CPPD[5]CPP [31]. While the

'H NMR analysis also supported the closed-shell electronic
structure of both the host and the guest, neutral [10]JCPP and
[5]CPP2*, respectively, a partial CT from the host to the guest
was suggested by the photophysical and electrochemical
analyses and DFT calculations. Therefore, this CT is most
likely the origin of the increased K, value. We also discuss the
charged double-layer structure, as determined by X-ray crystal-

lographic analysis.

Results and Discussion

The size-complementary interaction between CPP2* and
neutral CPP was first examined by adding a solution of
[5]CPP2+[B(C6F5)4_]2 in CD,Cl;, to a mixture of [8]-, [9]-,
[10]-, [11]-, and [12]CPPs in CD,Cl, at 25 °C (Figure 2a). In
the 'H NMR spectrum of the resulting mixture, only the signals
of [10]CPP and [S]CPP2+ shifted downfield by about 0.44 ppm
and upfield by about 0.23 ppm, respectively, with peak broad-
ening. The other spectra derived from [8]-, [9]-, [11]-, and
[12]CPPs did not change at all. A separate experiment mixing
an equimolar amount of [10]CPP and [5]CPP2+[B(C6F5)4‘]2
gave the same result (Figure 2b), indicating a size-complemen-
tary interaction between [5]CPP2+ and [10]CPP. The same size
selectivity was observed for the complex formation between
neutral CPPs [31]. As the protons in the IH NMR of [10]CPP?*
and neutral [S]CPP resonate at 4.72 and 7.84 ppm, respectively
[21], the observed chemical shifts of the complex indicate that
the complex formation occurs between neutral [10]JCPP and
[5]CPP2* forming [10]CPP>[5]CPP2 (Figure lc, path A) [21].
The absence of signals in the ESR measurements at room tem-
perature also suggests the formation of complexes with a

closed-shell electronic structure.
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Figure 2: "H NMR spectra (CD5Clp, 25 °C) of a) a mixture of [8]-[12]CPPs and [5]CPP2*[B(CgFs)4]o before and after the addition of
[5]CPP2+[B(CgFs)4 ]2, and b) [10]CPP and [5]CPP2*[B(CgFs)4 ]2 before and after the addition of [5]CPP2+[B(CgFs)4]o.

The same complex was formed regardless of the oxidation state
of the starting CPPs. Thus, when neutral [S]JCPP was mixed
with [10]CPP2* (SbClg")s, only the signals at 8.0 and 5.3 ppm
corresponding to [10]CPP[5]CPP%* were observed (Figure 1c,
path B), suggesting a quick electron transfer from [S]CPP to
[10]CPP2* has occurred. The same complex was also formed by
mixing a 1:1 mixture of radical cations of [5]- and [10]CPP,
[SICPP** (SbClg™) and [10]CPP** (SbClg™), respectively
(Figure 1c, path C). The observed results can be explained by
two reasons; one is the oxidation potentials of [10]- and
[5]CPPs. In sharp contrast to linear m-conjugated molecules,
CPPs with shorter conjugations have lower oxidation potentials
than larger CPPs, and the first and the second oxidation poten-
tials of [5]CPP are by 0.69 and 0.51 V lower than those of
[10]CPP, respectively [43]. The other is the stability of the CPP
dications. Since the dications are stabilized by in-plane
aromaticity, the single-electron transfer from [10]CPP to
[5]CPPZ* to form [10]CPP**>[5]CPP"* is energetically unfa-
vorable.

The association constant (K,) between [10]CPP>D[5]CPP2*
[B(CgFs)4 717 in 1,1,2,2-tetrachloroethane-d, (TCE-d,) at 50 °C

was determined to be 1.07 x 103 L-mol~ by "H NMR titration
experiments (see Supporting Information File 1, Figure S1),
indicating that the complexation was exergonic with a
AG = —19 kJ mol~!. This value is about 20 times higher
than that of the neutral complex, [I0]JCPPD[5]CPP
(K, = 0.053 x 103 L-mol™! in TCE-d, at 50 °C,
AG =-11KkJ mol_l) [31]. The increased K, is most likely attri-
buted to the ionic interaction caused by the presence of the
cationic species, as will be discussed below. To clarify the
effect of the polar interaction, the host—guest complexation was
studied in a polar solvent, such as nitrobenzene and acetonitrile.
However, the low solubility and stability of the dication in polar
solvents prevented confirmation of the solvent effect.

To clarify the additional interaction in the complex, the electro-
chemical analysis of the [IO]CPPD[5]CPP2+[B(C6F5)4_]2 was
examined by using cyclic voltammetry, which was performed in
a 1,2-dichloroethane solution of a sample containing
0.10 mol L™! BuyN* B(CgFs)4~. The cyclic voltammogram of
the complex showed one reversible oxidation wave of [10]JCPP
at 0.92 V versus (vs) ferrocene/ferrocenium couple (Fc/Fc*)

(Figure 3a), which was positively shifted by 0.13 V from that of
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neutral, free [10]JCPP. Upon scanning into the negative direc-
tion, two pseudo reversible reduction waves of [5]CPP%* were
observed at 0.22 and 0.17 V vs Fc/Fc* (Figure 3b), which were
negatively shifted by 0.11 and 0.10 V from that of free
[5]CPP2+[B(C6F5)4_]2. These results suggest the electron
density of [10]CPP and [S]CPP2+ decreased and increased, re-
spectively, upon complex formation and clearly indicate the
partial electron transfer from [10]CPP to [5]CPP2* in the com-
plex.

[10]CPP[5]CPP [B(CgF5)41o

[10]CPP

12 10 08 06 04 02 00
E (V) vs. Fc/Fc*

(®) [10]CPP=[5]CPP [B(CeFs),l,
0.17
500 0.22

08 06 04 02 00
E (V) vs. Fc/Fc*

Figure 3: Cyclic voltammograms of [10]CPP>[5]CPP2*[B(CgF5)47]2,
[10]CPP, and [5]CPP2*[B(CgF5)4]2 in BusN* B(CgFs)4~/1,2-dichloro-
ethane upon scanning in (a) positive and (b) negative directions.

The involvement of a CT in the complex was further supported
by the UV—-vis—NIR absorption spectra. The complex showed
several absorption bands in the visible region and characteristic
broad absorption bands extending to the NIR region
(=2000 nm) (Figure 4, black line). According to time-depend-
ent density functional theory (DFT) calculations at the wB97-
XD/6-31G* level of theory, the NIR absorption of the most
thermodynamically stable complex (see below) can be ascribed
to the transition from the HOMO (highest occupied molecular
orbital) to the LUMO (lowest unoccupied molecular orbital)
with oscillator strengths (f) = 0.0001. As the HOMO and
LUMO are selectively localized to [10]CPP and [5]CPP%, re-
spectively (see below), this transition corresponds to the CT
band.

Beilstein J. Org. Chem. 2024, 20, 436—444.
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Figure 4: UV-vis—NIR spectra of [10]CPP>[5]CPP2*[B(CgFs)4 ]2
(black), [10]CPP (blue), and [5]CPP2*[B(CgFs)4 ]2 (red) in CHxClo.

The structure and stability of [10]CPPD[5]CPP2+ were esti-
mated by DFT calculations at the wB97-XD/6-31G* level of
theory. Three isomeric structures were optimized, of which
complex 1, with two CPPs aligned in parallel, is the most ther-
modynamically stable (Figure 5a). The other two isomers, 2 and
3 (Figure 5b,c), with two CPPs tilted at 15.6° and 45.5°, are 2.5
and 4.2 kJ mol™! less stable than complex 1, respectively. The
stability among the isomers is low, and the activation energy for
isomerization should be very low. Therefore, all isomers are ex-
pected to be present in solution when the solvent effect is negli-
gible.

Formation of complex 1 in the gas phase was highly exother-
mic with AG = 222 kJ mol™! at 298.15 K and 1.00 atm, and
this value is about two times higher than that of the complex
formation of neutral [10JCPP2[5]CPP (AG = —114 kJ mol™)).
Therefore, the same trend of the relative stability between
[10]CPP>[5]CPP2* and [10]CPP>[5]CPP was also observed in
the gas phase. The significant increase in relative stability in the
gas phase compared to the solution state is likely due to the
overestimation of electronic interactions due to CT in the
absence of a solvent.

Complex 1 possesses a 5-fold rotational axis through the focal
point of the complex, and each paraphenylene unit of [5]CPPZ*
interacts with that of [10]CPP every other unit (Figure 5a). The
interfacial distance between the nearest neighbor centroid of a
paraphenylene unit of [5]CPP2* and [10]CPP is 0.365 nm,
which is very close to the sum of the van der Waals radii of an
sp2 carbon (0.340 nm) [44]. This mode of interaction is similar
to that observed in the complex formed from [10]CPP and Cy
[24]. In contrast, complex 2 has a less ordered interaction com-
pared to 1; while each paraphenylene unit of [5]CPP2* interacts
with that of [10]JCPP every other unit like in 1, the interfacial
distance between the nearest neighbor centroid of a paraphenyl-

ene unit is in the range of 0.356-0.379 nm due to the inclina-
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(c) 3 (4.2 kJ mol™")

Figure 5: Top and side view of [10]CPP>[5]CPP2+ complexes a) 1, b) 2, and c) 3 obtained by DFT calculation at the wB97-XD/6-31G(d) level of
theory. The distances (nm) between the nearest centroids of a paraphenylene unit of [10]CPP and [5]CPP are shown by the black dotted lines in the
top view. The orange dotted lines in the top view of ¢) show the CH— interactions between the hydrogen of [5]CPP and the nearest sp? carbon of

[10]CPP within 0.30 nm.

tion (Figure 5b). Despite the slight structural differences be-
tween complexes 1 and 2, the observed interlayer distances in-
dicate the importance of the m— interactions in complex forma-
tion. In contrast, complex 3 has fewer m— interactions between
[10]CPP and [5]CPP%* than complexes 1 and 2 have. However,
several CH—m interactions are observed, as indicated by an
orange dotted line (Figure 5c¢), significantly stabilizing the com-
plex formation. These results confirm the importance of van der
Waals interactions for the formation of [10]CPP2[5]CPP2.

Mulliken population analysis indicates 10 to #15% electron
transfer from the host [10]CPP to the guest [5]CPP2+ in com-
plexes 1, 2, and 3. While the extent of the CT in the current
complexes is slightly greater than that in [11]JCPPDLa@Cg;
(7%) [39], the results are still far from being sufficient for the
formation of a radical ion complex, [10]CPP**>[5]CPP**.
Indeed, the structural properties, as seen from the bond length
alternation, showed that the [10]CPP host and [S]CPP guest of
the complex were in good agreement with the neutral [10]CPP
and [5]CPP?* (see Supporting Information File 1, Table S3).
All these theoretical results agree well with the experimental

results.

In the molecular orbital analysis, the HOMO and HOMO-1s
are exclusively localized on the [10]CPP host, while the LUMO
and LUMO+1 are solely localized on the [5]CPP2* guest
(Figure 6). No orbital mixing was observed between [10]CPP

and [5S]CPP. However, the complex formation significantly

lowered the HOMO and HOMO-1 energies derived from
[10]CPP and increased the LUMO and LUMO+1 energies
derived from [5]CPP2*. Similar changes in orbital energies are
also observed for complexes 2 and 3 (see Supporting Informa-
tion File 1, Figure S2), and the results are attributed to the
partial electron transfer from [10]CPP to [S]CPP2+ in the com-
plex. These observations also agree well with the change in oxi-
dation and reduction potentials upon complex formation ob-

served in the electrochemical analysis.

The double-layered structure of the complex was unambiguous-
ly determined by single-crystal X-ray analysis (Figure 7), which
was performed on a crystal obtained by slow evaporation of a
solution of [IO]CPPD[5]CPP2+[B(C6F5)4’]2 in CH,Cl, at
=20 °C. In the crystal, [10]CPP encapsulated [S]CPP with an
inclination angle of 20.2° (Figure 7a), and the observed struc-
ture was similar to the second most stable complex 2 obtained
by the calculations. The discrepancy between the most stable
calculated structure 1 and the crystalline structure is likely due
to crystal packing forces, the presence of the counterion, and the
inclusion of solvent molecules. The interfacial distances be-
tween the nearest neighbor centroid of a paraphenylene unit of
[10]CPP and [S]CPP were in the range of 0.35-0.39 nm
(Figure 7b), illustrating the importance of — interactions. The
Hirshfeld surface of the [S]CPP guest in the complex has a
cylindrical structure and is confined to the interior of [10]CPP
(Figure 7¢) [45,46]. In the d. mapping (Figure 7d), which shows

the distance between the Hirshfeld surface and the contacting
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Figure 6: HOMO-1, HOMO, LUMO, and LUMO+1 orbitals of [10]CPP=[5]CPP2* (1), [5]CPP2+, and [10]CPP.

atoms, most sp>-hybridzed carbon atoms of the [10]CPP host
have short contact with the Hirshfeld surface, as shown in
green, despite the tilting of [10]CPP and [5]CPP.

In the crystal packing, there were two orientations, as high-
lighted in blue and red in Figure 7e. In the packing shown in
red, the host—guest complex is alternately stacked with two
counterions to forms a one-dimensional (1D) columnar struc-

ture in which the complex is tilted at approximately 45° rela-

tive to the short axis (Figure 7f and Supporting Information
File 1, Figure S3). Furthermore, the tilting of the complex in
adjacent columnar structures with respect to the short axis is
opposite to each other, as in a herringbone structure, and such
columnar structures are parallel to each other through a
columnar structure consisting of a host—guest complex in blue
and its counterions. On the other hand, the complex in blue
forms a 1D columnar structure with alternating counterions

(Figure 7g), and each column is parallel to the others. Further-
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Figure 7: X-ray crystal structure of [1 0]CPP2[5]CPP2+[B(CgFs5)4]o. a) Side and b) top views of ORTEP drawings. The thermal ellipsoids are scaled at
the 50% probability level. All hydrogen atoms and solvent molecules are omitted for clarity. c) Hirshfeld surfaces of [5]CPP in the complex (side
images). d) The Hirshfeld surfaces are colored according to the local value of de (distance from the surface to the nearest external atomic nuclei), and
the colors range from cool (blue, 2.0 A) to hot (red, 1.0 A) as dg decreases. e) Space-filling view of packing structure containing four crystalline unit
lattices viewed from the b-axis. Wire-flame view of the packing structure of crystalline unit lattices viewed from f) the a-axis and g) the b-axis.
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more, the complex is tilted at approximately 30° relative to the

long axis of the unit lattice.

Conclusion

[10]CPP encapsulates [5]CPP** in a highly size-complementa-
ry manner, forming the corresponding host—guest complex.
While several electronic structures are possible, such as
[L0]CPPD[5]CPP2*, [10]CPP2*>[5]CPP,
[L0]CPP**>[5]CPP"*, experimental and theoretical results
reveal the formation of [10]CPPD[5]CPP2+ with ca. 10% CT
from [10]CPP to [5]CPP2*. The association constant of the
complex formation is about 20 times higher than that of the

and

complex consisting of neutral [10] and [5]CPPs, and the in-
creased association constant is ascribed to the increase of elec-
tronic interactions between the host and the guest. These find-
ings will help tune the electronic properties of the host—guest
complexes and design novel materials based on hierarchical
supramolecular structures involving cyclic nanocarbons.
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We theoretically analyze possible multiple conformations of protein molecules immobilized by 1-pyrenebutanoic acid succinimidyl

ester (PASE) linkers on graphene. The activation barrier between two bi-stable conformations exhibited by PASE is confirmed to

be based on the steric hindrance effect between a hydrogen on the pyrene group and a hydrogen on the alkyl group of this molecule.

Even after the protein is supplemented, this steric hindrance effect remains if the local structure of the linker consisting of an alkyl

group and a pyrene group is maintained. Therefore, it is likely that the kinetic behavior of a protein immobilized with a single

PASE linker exhibits an activation barrier-type energy surface between the bi-stable conformations on graphene. We discuss the ex-

pected protein sensors when this type of energy surface appears and provide a guideline for improving the sensitivity, especially as

an oscillator-type biosensor.

Introduction

Consideration of the atomic-scale motion of molecules based on
nanoscience can lead to a better understanding of the behavior
of target biomaterials and improve the sensitivity of specific
dynamical systems, such as biosensors. In this study, we inves-
tigate the behavior of proteins immobilized with linker mole-

cules on graphene substrates. It is known that graphene may not

easily adsorb proteins [1]. On the other hand, proteins can be
immobilized on graphene by using appropriate linker mole-
cules, such as 1-pyrenebutanoic acid succinimidyl ester
(PASE). Actually, pyrene and its derivatives have been demon-
strated to form stable bindings to carbon materials [2,3]. The

properties and characteristics of these linker molecules are keys
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not only to the purpose of protein immobilization, but also to

the behavior of the entire biosensor system.

In oscillator-based biosensors, further adsorption on the sensor,
such as viruses using antigen/antibody reactions, may be
detected via elastic-wave measurements. For this purpose, the
antibody protein must first be immobilized on graphene. The
antibody that specifically reacts with the target antigen is immo-
bilized onto a graphene surface via the PASE linker. After that,
the antigen is injected on sensor chips and specifically binds to
the antibody. The antigen is then detected by observing the
change in the vibrational frequency before and after the injec-
tion of the antigen.

The immobilization of a protein using a PASE linker on carbon
nanotube [1], graphite [4], and graphene [5] has been reported.
The adsorption of PASE has been considered to mainly come
from the pyrene fragment, which forms m—m stacking on these
graphitic carbon materials [6-8].

The sensitivity of the oscillator-based sensor depends on the
structure of the linker molecule. Therefore, understanding the
adsorption mechanism of the PASE linker on graphene and
identifying characteristic conformations of the adsorbed mole-
cules are of great importance. Recently, a research group in-
cluding two of the present authors theoretically investigated the
adsorption structure of PASE [9], revealing that PASE on
graphene has a stable configuration (conformation 1) in a
straight form on graphene. There is at least one metastable bent
configuration (conformation 2) on the potential energy surface.
Besides, the reaction barrier of the conformational change of the
PASE was determined.

In this paper, we further examine a reaction pathway on the
adiabatic potential energy surface that connects these conforma-
tions caused by the deformation of the PASE linker. The reac-
tion pathway for the conformational change of the PASE itself
was found to have a reaction activation barrier [9]. First, we
identify that the origin of the barrier is the steric hindrance

effect between two hydrogen atoms in the molecule.

A discussion on how the activation barrier between possible
conformations of a protein immobilized on graphene by linkers
appears is also provided. We consider the adsorption of the
linker molecule forming a bond with a protein, and derive the
sufficient conditions for the adiabatic potential energy surface

to have an activation barrier.

The reaction pathway having an activation barrier has an advan-
tage in the detection of adsorbed molecules using elastic wave

measurements. We explore the conditions under which this

Beilstein J. Org. Chem. 2024, 20, 570-577.

advantage can be expected for proteins immobilized on
graphene. As a result, we propose a strategy for improving the
accuracy of the sensing process in elastic wave measurement
sensors through antigen/antibody reactions.

Results and Discussion
PASE and PASE-derivatives on graphene

Among pyrene derivatives, PASE is widely used as a linker to
connect carbon materials and proteins (Figure 1a) [1,4,5]. The
PASE linker and a certain protein can be connected through a
dehydration condensation reaction so that the succinimidy] ester
group is replaced by an amido group with a protein (Figure 1b).
This dehydration-condensed linker with the protein may be used
to immobilize proteins onto graphene. Since the connecting
linker becomes a pyrenebutanoic acid derivative (PBA), we will
call them PBA-linked molecules. The adsorption of such mole-
cules on graphene is known to happen by a mechanism similar
to the adsorption of PASE on graphene [3,4].

The protein and pyrene are connected via an alkyl chain. The
atomic configuration of this alkyl chain is believed not to be
largely affected by the substitution of the succinimidyl group
with an amino group. On the other hand, proteins alone do not
readily form adsorbed structures on graphene [1]. Therefore, the
pyrene moiety is bound to graphene, and at the same time, the
protein is supplemented by a dehydration-condensed linker with

the protein.

As introduced, on graphene, PASE is found to be straight
as the most stable conformation (conformationl in Figure 1c)
[9]. On the potential energy surface, a curved conformation
(conformation 2 in Figure 1d) exists. Our previous results
suggested that conformation 2 is a metastable state. The
relative stability of these conformations is known to vary
depending on the surrounding environment, e.g., solvents and
solutes [9].

Actually, the presence of solutes consisting of water and pro-
teins improves the stability of conformation 2. This stabiliza-
tion is explained partly by the formation of hydrogen bonds be-
tween water molecules and PASE. Conformation 2 increases
the number of sites where hydrogen bonds can form with water
molecules because the chain portion of PASE turns upward.
Therefore, the stabilization energy of hydrogen-bond formation

is greater in conformation 2 than in conformation 1.

To improve the stability of conformation 2, hydration effects by
electrostatic interactions between PASE and the solvent are also
important. A selective hydration of the polar moiety while
keeping the pyrene moiety stable can relatively strengthen the

stability of conformation 2. Thus, as the polarity of the solvent
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© Rotation
Conformation 1
(d)

Rotation

Conformation |

~

Conformation 2

Conformation Il

Figure 1: (a) Molecular structure of 1-pyrenebutanoic acid succinimidyl ester (PASE). The black, white, red, and blue balls represent C, H, O, and N
atoms, respectively. The solid, broken, and dotted red lines represent the rotation axis. Atomic geometry is visualized by Xcrysden [10] throughout this
paper. (b) Schematic diagram of the dehydration-condensation structure of a hypothetical protein and PASE. Lys indicates lysine, and RC is the
active center of the antigen/antibody reaction. (c) Structures of PASE linker on graphene for conformation 1 and 2, respectively [9]. (d) Schematic
PBA-linked molecular structures on graphene for conformation | and Il, respectively.

increases, the probability of conformation 2 appearance is ex-
pected to increase.

Mechanism of bi-stability in PASE on
graphene

Conformations of PASE are interconverted by mutual transi-
tion when the molecule is twisted around one of the carbon—car-
bon single bonds in the alkyl chain. The rotational motion
connecting conformation 1 and conformation 2 happens around
the single bond indicated by the solid red line in Figure 1a. The
results of the nudged elastic band calculations show that the
energy difference between the conformations is about 0.35 eV
and the activation barrier on the path is about 0.55 eV
(Figure 2) [9]. We will refer to the pathway on the potential
energy surface with such an activation barrier as an activation
barrier-type pathway.

The pathway connecting conformations 1 and 2 appears as a
torsion of the alkyl chain around the carbon—carbon single
bond, as indicated by the solid red line in Figure 1a. This is a
kind of rotational motion. We determined the dihedral angles
formed by the four carbon atoms connected by the red line in
Figure 3, and the values of dihedral angles for conformations 1,

2, and the conformation at the activation barrier top are

collected in Table 1. From these values, we can interpret the
torsion as an approximate rotation. We call the rotations 0, 71/3,
and 27/3 as an approximation, where conformation 1 corre-
sponds to a 0 rotation, conformation 2 a 271/3 rotation, and the
conformation at the activation barrier top a 71/3 rotation, respec-

tively.

To confirm the origin of the activation barrier that appears be-
tween conformation 1 and 2, we discuss the structural features
of the activation barrier in detail. Figure 3 shows the structure at
the activation barrier top. Two hydrogen atoms connected by
the green line are characteristically close to each other. One
hydrogen is on the pyrene skeleton and the other is on the alkyl
chain. The distance between these hydrogens is close, with
about 1.8 A (Table 1). If we compare this distance with the dis-
tance between the same hydrogen pairs in conformation 1 and
conformation 2, we can see that 1.8 A is indeed very short com-
pared with that for the others (about 2.2 A). Therefore, we con-
clude that a local steric hindrance occurs at the activation

barrier.
This steric hindrance effect is analogous to the well-known

steric hindrance effect of the rotation around the C—C bond in

ethane. Indeed, on the graphene surface, the possible conforma-
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Figure 2: (a) Local structures around the butyl chain in conformation 1, the structure at activation barrier top, and conformation 2 of PASE. (b) Rela-
tive energies of PASE in a vacuum are compared to those of reported values for PASE on graphene for each conformation [9]. The energy of confor-

mation 1 is taken as an origin.

1.8217 A

Figure 3: Structure of PASE on graphene at the activation barrier top
[9]. Detailed values of the torsion angle and the distance between
hydrogen atoms reveal appearance of a steric hindrance effect.

Table 1: The dihedral angles formed by the four carbon atoms
connected by the red line in Figure 3, and the distance between hydro-
gen atoms connected by the green line in Figure 3, for conformation 1,
2, and the conformation at the activation barrier top, respectively.

Conformation Dihedral angle  Distance between
[degree] H atoms [A]
conformation 1 3.244 2.2443
activation barrier top 69.082 1.8217
conformation 2 107.601 2.1785

tions resulting from the rotation are effectively limited to con-
formation 2, due, in part, to the restricted direction of rotation.
In this case, the activation barrier is created by the proximity of

two hydrogen atoms.

Interpretation of the steric hindrance in the molecule is certified
by looking at an activation barrier caused by the rotational
motion of isolated PASE. In Figure 2b, we added an estimation
of the energy pathway of isolated PASE. The barrier height is
around 0.2 eV. At the top of the barrier, the proximity of corre-
sponding two hydrogen atoms happens. A reason for a higher
barrier of PASE on graphene than for the isolated one is a larger
exothermic adsorption energy of conformation 1 (1.63 eV), than
that of conformation 2, which is about 1.28 eV. The stabiliza-
tion of conformation 1 partly comes from interaction between

the succinimidyl ester part and graphene.

There are other C—C single bonds in the alkyl chain, such as
those shown by the dashed and dotted lines in Figure 1a. Rota-
tions around each bond can also happen and we expect similar
steric hindrance effects to appear.

Mechanical properties of PBA-linked

molecular structure on graphene

Here, we discuss possible conformations of the PBA-linked
molecule. Would a similar activation barrier-type potential
energy surface be expected to appear in the case of succinimide
substitutions by proteins? To answer this question, we consider
imide substitutions extensively. In principle, if the effect of
substitution only provides a weak perturbation, the potential
energy surface is only slightly changed and the barrier is main-
tained.

A substitution effect that does not effectively change the poten-

tial energy surface is isotopic substitution. In fact, the adiabatic
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potential surface defined for a hypothetical motion at the
absolute zero is not changed by a change in nuclear mass. Even
in density functional theory calculations, for example, the adia-
batic potential energy surface, defined as the Born—-Oppen-
heimer surface, is invariant for substitution between isotopes of
carbon. This is an example of the weak perturbation.

In substitutions where the mass effect can be regarded as the
predominant effect, it is safe to assume that similar steric
hindrance effects appear when rotation around the alkyl chain
occurs. Such an assumption may not be valid when substitu-
tional binding of the linker to the protein causes some effects to
the extent which rotation is not defined, such as a strong chemi-
cal bond change, a conformational change around the alkyl
chain, or a distortion effect appearing in the adsorption struc-
ture of the linker itself. Those effects are not represented by
mass substitution.

Thus, we suppose that a substitution occurs to the extent which
rotational motion around a C—C single bond in the alkyl chain is
defined. We assume that this is a case that can be treated as a
weak perturbation that manifests itself as a mass effect. Then,
two (meta-)stable conformations would appear, one with the
protein-containing part linearly lying on graphene (conforma-
tion I), and the other with the conformation resulting from rota-
tion at the alkyl chain (conformation II), as shown in Figure 1d.
Rotational motion at the alkyl chain inevitably involves steric
hindrance effects around the C-C bond. In particular, for
motions corresponding to rotations around the C—C bond in
PASE represented by the solid red line in Figure 1a and b, the
magnitude of the activation barrier is expected to be close to
that in PASE. This is expected to be the case since a protein
weakly bound to the carbon graphitic network can be supple-
mented onto graphene only by linkers as PASE, which has often
been observed experimentally [1]. This type of proteins is
weakly coupled to graphene. It can be concluded that except for
bulky structures that allow multiple binding on graphene by
several linkers, the above cases will be of a weakly perturbed

nature when making a single link for protein capture.

Discussion on strategy for improving

biosensors

The vibrational properties of elastic waves, such as phase and
amplitude, are known to be highly sensitive to the mass of
adsorbed materials on multilayered graphene. Recently, a bio-
sensor that detects target antigens by elastic wave measurement
has been developed [11,12], using the method of immobilizing
an antibody protein on graphitic material by a linker. The target
antigen is introduced onto the sensor chips through antibody/
antigen reaction. The present study is concerned with the me-

chanical deformation of the linker molecule. The mechanical

Beilstein J. Org. Chem. 2024, 20, 570-577.

properties of the rotational motion are almost the same whether

modelled in single-layer graphene or in multilayer graphene.

Graphene has been considered as an ideal material for the plat-
form of biosensors [13-23], benefiting from its excellent proper-
ties such as large detection area and high thermal conductivity
[14,24,25]. Various biosensors have already been developed,
many of which require immobilization of antibody proteins on
graphene surface. Therefore, protein capture by linkers is used

in a relatively large number of sensors.

In the elastic wave measurement system, elastic waves are
generated by laser irradiation and their responses are observed.
The elastic wave is excited by a pump light, and the response of
the substrate is observed via the probe light. The refractive
index of metallic substrates such as graphene may change due
to the arrival of elastic waves, and this change can be observed
by detecting the reflected light of the probe light. For such
laser-based biosensors, graphene's conductivity can provide a
unique advantage. In fact, the conductivity of multilayered
graphene is highly anisotropic. Therefore, the use of multilayer
graphene avoids the burning of biomaterials by lasers irradiated
from the backside of the substrate.

Here, we will see how the sensitivity of this sensor can be im-
proved when there is such rotational motion of the linked mole-
cules adsorbed on graphene. There are two steps improved
effectively by our strategy, i.e., i) creation of PBA-linked mo-
lecular structures densely on graphene, and ii) enhancement of
the antigen/antibody reaction.

As already mentioned, the stability of conformation 2 of PASE
is improved in solution. When the energies of two conforma-
tions come close, the activation barrier is expected to be
lowered. This tendency holds in the result of Figure 2b. When a
PBA-linked molecule is used, the relative energy of conforma-
tion II to that of conformation I can be better suited using our
strategy.

This stabilization is explained partly by the formation of hydro-
gen bonds between water molecules and PASE. As in the case
of PASE, the chain portion of the PBA-linked molecule turns
upward, increasing the number of sites that can form hydrogen
bonds with water molecules in conformation II. Therefore, the
formation of hydrogen bonds can stabilize conformation II rela-
tively more strongly than conformation I. The hydration effect
also improves the stability of conformation II. Thus, as the
polarity of the solvent increases, the probability of the appear-
ance of conformation II is expected to increase. Then, condi-
tions of the temperature and the external pressure of gases have

to be chosen properly, too. We need to keep the pyrene part
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stable in the whole procedures while activating the rotational
motion.

Antigen/antibody reactions occur at the active center in the pro-
tein portion. Therefore, the reaction at this active center should
be more activated at the stage of contact with the antigen. In a
relatively large number of cases, specimens such as viruses are
collected in a captured state in a solvent. The specimen is intro-
duced onto a graphene substrate linked with a protein prepared

as a sensor.

Therefore, the rotational motion at the linker portion should be
more active in a solution consisting of a solvent having higher
polarity, and this will lead to an increase in the probability that
the active center of the antigen/antibody reaction reacts with the
antigen. To realize a good temperature condition, the barrier
height should be close to or even less than 0.3 eV. Reducing the
barrier height may be achieved by optimizing the solution to
achieve nearly equal stability in between two conformations.
Selection of a solute with a solvent, e.g., those considered in
reference [9] can be a solution. Therefore, it is desirable to
select the solvent and temperature conditions so that the proba-
bility of appearance of conformation II increases as well as con-
formation 2 in the protein capture step.

On the other hand, at the time of sensing, the proteins and sam-
ple antigens bound by the linker should be strongly bound on
the graphene surface. This makes it easier to observe the in-
creased mass by generating a reflected wave with a strong
amplitude relative to the incident elastic wave. Therefore, it is
advisable to adjust the protein portion containing the supple-
mented antibody to be on the graphene surface corresponding to
conformation I by evaporating the solvent or by changing
the temperature and gas pressure conditions. To convert all
reacted sites in the planer conformation I at the detection stage,
we may dry the sensor system by controlling the external gas
pressure.

Here, we mention another merit that a pyrene derivative has for
another type of biosensor. In immobilizing proteins on
graphene, a pyrene derivative has another merit: non-covalent
functionalization, i.e., weaker in bonding with graphene than
covalent one for functionalization. Actually, widely employed
covalent functionalization may not be suitable for a special
purpose [26]. This approach is known to have an undesirable
effect of disturbing the electronic properties of graphene [15].
On the other hand, in non-covalent functionalization, the elec-
tronic properties of graphene can be preserved [27-29]. There-
fore, the PASE linker and its properties may be relevant for
another type of the electronic sensing strategy, such as field

effect transistor-based biosensors.
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Conclusion

We discussed how an activation barrier appears on the potential
energy surface in PASE adsorbed on graphene. The conforma-
tional change between two bi-stable PASE structures can be
regarded as rotational motion around a C—C bond in the alkyl
chain. An origin of an activation barrier is the steric hindrance
coming from the proximity of a hydrogen on the pyrene to that
on the alkyl group.

We also considered the state after a protein is supplemented,
and discussed how a similar potential energy surface to that
in PASE is expected. If the supplementation of protein
can be regarded as a weak perturbation, the rotational
motion is expected to remain and the activation barrier
is maintained. Then, the probability of the appearance of
conformation 2 relative to conformation 1 and vice versa can be
adjusted by arranging the environment such as temperature and
solvent.

We provided a guideline for an improvement of a biosensing
device. In oscillator-type biosensors, by arranging an appro-
priate surrounding environment, an improvement of the sensi-

tivity is expected.

Computational Method

The density functional theory (DFT) calculation determined
stable atomic configurations of conformation 1 and 2 of PASE
on graphene. In the DFT calculation realized by the PWscf code
of Quantum ESPRESSO [30-32], the DFT-D3 correlation [33]
together with PBEsol functional [34] for the exchange-correla-
tion functional described van der Waals interaction between
graphene and pyrene fragment in PASE. Ultrasoft pseudopoten-
tials [35] with the energy cutoff of 35 (350) Ry for the expan-
sion of wavefunction (charge density) described the electron-
nuclear interaction. Using the 2 X 4 X 1 k-point mesh of
Monkhorst—Pack [36], the Brillouin zone sampling was safely
performed. Additional details of calculation conditions may be

found in a previous paper [9].

After the structural optimization calculation of the (meta)stable
conformations until the Hellman—Feynman force acting on each
atom was less than 107® Ry/Bohr, the nudged elastic band
method determined the minimum energy pathway. Intermediate
images created by linear interpolation between conformation 1
and 2 were optimized so that each image had lower energy
while adequate spaces between neighboring images on the
energy surface were kept.

To explore the origin of the activation barrier, we analyzed the

structure of the saddle point on the minimum energy pathway.

Having conformation 1, 2, and the conformation at the saddle
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point, we measured the dihedral angles and the distance be-

tween two hydrogen atoms using Xcrysden [10].
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Lithium ion-endohedral fullerene (Li*@Cgg), a member of the burgeoning family of ion-endohedral fullerenes, holds substantial

promise for diverse applications owing to its distinctive ionic properties. Despite the high demand for precise property tuning

through chemical modification, there have been only a few reports detailing synthetic protocols for the derivatization of this novel

material. In this study, we report the synthesis of Li*@Cg derivatives via the thermal [2 + 2] cycloaddition reaction of styrene de-

rivatives, achieving significantly higher yields of monofunctionalized Li*@Cgn compared to previously reported reactions. Further-

more, by combining experimental and theoretical approaches, we clarified the range of applicable substrates for the thermal [2 + 2]

cycloaddition of Li*@Cg, highlighting the expanded scope of this straightforward and selective functionalization method.

Introduction

Chemical functionalization of fullerenes is a fascinating and ex-
tensively studied approach, playing a pivotal role in fullerene-
based materials science to introduce various characteristic func-

tionalities [1-7]. Significant progress in synthetic procedures

has contributed to diversifying their properties, enabling wide-
spread and interdisciplinary applications in various research
fields, such as biomedicine, photovoltaic devices, and materials

chemistry.
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Meanwhile, lithium ion-endohedral fullerenes (Li*@Cg) [8],
the first member of the emerging ion-endohedral fullerene
family, have attracted significant attention owing to the distinc-
tive ionic properties originating from the ion pair structure
consisting of a cationic endohedral fullerene core and an
external counter anion. Despite being a relatively recent addi-
tion, Li*@Cgq has been the focus of intensive studies in chem-
istry, physics, and related interdisciplinary fields over the past
13 years [9]. A noteworthy discovery during these investiga-
tions is the significant enhancement of reactivity arising from
the encapsulated Li*. Both experimental and theoretical ap-
proaches have diligently explored the details of reaction
kinetics, quantitatively elucidating the impact of encapsulated
Li* on the reactivity of the outer fullerene cage as a specialized
“encapsulated” Lewis acid catalyst [10,11]. While previous
studies have revealed valuable insights, such as accelerated 1,3-
dipolar and Diels—Alder reactions [12,13], it is noteworthy that
the anticipated diverse properties resulting from the derivatiza-
tion of Li*@Cgq have not yet been fully realized. To further
leverage the unique properties of the novel ion-endohedral ful-
lerene, achieving diverse property tuning through chemical
modification has been in high demand for its further applica-
tions, which is similar to what has been developed during the
recent empty fullerene sciences.

As a continuation of our studies on the synthesis of Li*@Cgq
derivatives, we herein focus on the modification of Li*@Cgq
through thermal [2 + 2] cycloaddition. The [2 + 2] cycloaddi-
tion reactions of empty Cgy have been known to proceed with
unsaturated substrates having HOMO levels suitable for the
thermal or photoinduced single-electron-transfer (SET) process
(Scheme 1) [14-23]. Although the thermal [2 + 2] reactions are
generally simple and scalable, the reactions are scarcely applied
for the derivatization of fullerenes due to the limitation in the
variety of possible substrates. Considering the electronic effect

~A T
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of the encapsulated Li* on the outer Cg cage, Lit@Cgq can
react with a wider range of unsaturated substrates having a rela-
tively lower HOMO level.

With the previously uncovered reactivity of Lit*@Cg in hand,
we synthesized Li*@Cg( derivatives in this study through the
thermal [2 + 2] cycloaddition of styrene derivatives, which do
not react with empty Cg through the same reaction pathway.
Although a major issue in the derivatization of Li*@Cgy is the
formation of multifunctionalized byproducts, it was significant-
ly prevented in the reaction, leading to a much better yield of
the target monofunctionalized Li*@Cgq derivatives [24]. Addi-
tionally, we investigated the range of the HOMO level of the
reactants suitable for the thermal [2 + 2] cycloaddition of
Li*@Cgq using both experimental and theoretical approaches.
This study clearly demonstrated the significantly improved re-
activity of Li*@Cgp in the thermal [2 + 2] cycloaddition reac-
tion, highlighting the expanded scope of this straightforward
and selective reaction for Li*@Cgp.

Results and Discussion

We began by performing density functional theory (DFT) calcu-
lations to screen the substrates with suitable HOMO levels for
the thermal [2 + 2] cycloaddition with Li*@Cgg. The structures
of several kinds of possible reactants were optimized at the
B3LYP/6-31G(d) level of theory. The calculated HOMO levels
are summarized in Figure 1 along with the LUMO levels of
Li*@Cgp and empty Cg computed at the same level of theory.
Among the computed substrates having a carbon—carbon unsat-
urated bond, thermal [2 + 2] cycloaddition of N,N.N',N'-
tetraethylethynediamine and 1-morpholino-1-cyclopentene with
empty Cgo has been reported [17,23], while electron-rich
styrene derivatives 1 and 2 can react with empty Cgg only
through a photoinduced SET pathway [19,22]. From these
results, the energy gap between the HOMO of the alkene sub-

R = anisyl or
morpholinyl

* . ion or radical

Scheme 1: Reaction mechanisms of thermal and photoinduced [2 + 2] cycloaddition on Cgg [19,22,23].
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Figure 1: HOMO levels of unsaturated substrates and LUMO levels of fullerenes computed at the B3LYP/6-31G(d) level of theory.

strate and the LUMO of the fullerene acceptor, where the ther-
mal SET reaction is presumed to occur, is estimated to be
approximately less than 1.84 eV. Taking these results into
consideration, Li*@Cgp with a LUMO level of —4.24 eV is ex-
pected to undergo thermal [2 + 2] cycloaddition with reactants
having a HOMO level of —6.08 eV or higher, such as styrene
derivatives 1, 2, and 3.

Based on the results of theoretical calculations, styrene deriva-
tives 1, 2, and 3 were selected as the reactants for the thermal
[2 + 2] cycloaddition with Li* @Cg. For comparison, we also
investigated the reaction of reactant 4, which has a larger
energy gap between its HOMO and LUMO of Li*@Cgq
(1.92 eV). All reactions were conducted in the dark to avoid
photoinduced SET reactions (Scheme 2). First, the reactivity
was assessed by monitoring the reaction progress using a previ-
ously developed electrolyte-added HPLC technique [25]. As ex-
pected, both substrates 1 and 2 reacted with Li*@Cg( at room
temperature and exhibited HPLC signals assignable to the desir-
able monoadducts Sa and 5b (Figure 2). It is noteworthy that
the reaction of 2 proceeded faster than that of 1, although 2 has
a lower HOMO level than 1. This is likely due to the steric
effect caused by the methyl group directly connected to the
alkenyl C=C bond in reactant 1. After optimizing the reaction

conditions, compounds 5a and 5b were isolated in 71% and

53% yields, respectively. Importantly, the generation of multi-
adducts in the thermal [2 + 2] cycloaddition was significantly
prevented, even under conditions with an excess amount of
reactant, resulting in much better yields of the target products
compared to other reported reactions of Li*@Cg. It should also
be mentioned that while these products were stable at ambient
temperature in the dark, photoirradiation triggered the elimina-
tion of the addends, reforming the starting Li*@Cgq (Figure 3).
No other insoluble or undetectable products by HPLC were
identified during the study. On the other hand, the reactions of 3
and 4 with Li*@Cgq did not proceed significantly even under
higher temperature reaction conditions (5¢: 1.6% and 5d: 0.5%
in HPLC yields, Figures S1 and S2 in Supporting Information
File 1). This result indicates that the HOMO levels of com-
pounds 3 and 4 are around the threshold HOMO level for the
thermal reaction with Li*@Cgg. The slightly higher reactivity of
3 than 4 can be simply explained by the higher HOMO level of
3 compared to that of 4.

The products were characterized by spectroscopic and spectro-
metric analyses (Figures S3—S11 in Supporting Information
File 1). 'H, and 13C NMR spectra clearly indicated the forma-
tion of [2 + 2] monoadducts. ’Li NMR spectra showed a sharp
singlet signal at —12.4 (5a) and —13.5 ppm (5b), which clearly
indicated that the Li* was encapsulated in the highly shielded
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o-dichlorobenzene
temp.? in dark

1: R' = OMe, R2 = Me
2: R'=0Me, R2=H
3:R'=H,R2=H
4:R'=CI,R2=H
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R2

R1

5a: R' = OMe, R2 = Me 71%°
5b: R'=OMe, RZ=H 54%°
5c:R'"=H,R2=H 1.6%4
5d:R'"=CI,R2=H 0.5%4

Scheme 2: Thermal [2 + 2] reaction of Li*@Cgp TFSI~ with substrates 1-4. 2100 equiv for the reaction screening, 20 equiv for the synthesis of 5a,
and 40 equiv for the synthesis of 5b. PRoom temperature for the reaction screening, 50 °C for the synthesis. Clsolated yield. 9HPLC yield.

(a) 5a

Li*r@Cg TFSI-
120 h
multi-adducts 24 9 h
(not found) P 6 ‘%
- z4n
N Oh 120 h
VSl | W—
00 25 50 75 100 125 15.0 175 20.0 min
(b) 5b
Li*@Cg TFSI-
0h
24 h 1.5h

el

00 25 50 75 100 125 150 175 20.0 min

Figure 2: HPLC profiles of themal [2 + 2]reaction of Li*@Cgg with sub-
strate 1 (a) and 2 (b) in o-dichlorobenzene at room temperature.

Oh
21h
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(b) 5b

Oh
21h
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Figure 3: HPLC profiles of 5a (a) and 5b (b) before and after photoirra-
diation at room temperature.
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inner space of the fullerene cage. The observed chemical shift
was almost identical to that of reported Li*@Cg( derivatives
[10,12,24]. Although the product 5a may have stereoisomers,
only the E-isomer was observed, as confirmed by 'H-'H
2D-NOESY NMR spectrum (Figure 4). This is not surprising
because similar stereoselectivity has been reported in the photo-
induced [2 + 2] cycloaddition reaction of empty Cg, where the
E-isomer is most thermodynamically stable [19,22]. The posi-
tive mode high-resolution matrix-assisted laser desorption
ionization mass spectra showed the formation of the mono-
adducts at m/z 875.10431 (5a) and 861.08866 (5b), which were
assigned to each molecular ion ([M]* caled for C79H1,OLi (5a):
875.10427 and CgoHoOLi (5b): 861.08862, respectively). The
UV-vis absorption spectra showed broad absorption in the
visible region with an absorption maximum at 711 nm, which
was known to show a characteristic pattern of functionalized
fullerene having an addend on a [6,6] bond [26].

As mentioned above, a distinctive feature of this reaction is the
significantly lower yield of multiadducts compared to previ-
ously reported functionalizations of Li*@Cgg. The reason can

be explained by the difference in electron-accepting ability be-

a
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tween the monoadduct and pristine Li*@Cg investigated by
cyclic voltammetry (Figure 5). Both products exhibited revers-
ible first and second redox waves, with subsequent reduction re-
sulting in an irreversible electrochemical response. The first
reduction potentials of 5a and 5b were measured at —0.51 V and
-0.52 V (vs Fc/Fc*), respectively, which were more negative
than that of pristine Li*@Cgg (E;2"9! = —0.39 V). While the
detailed reasons for the irreversible redox properties after
the second reduction process have not been thoroughly
investigated, the observed phenomena could potentially be attri-
buted to ring opening or simple decomposition under the condi-
tions. From these results, the LUMO levels of the compounds
were estimated according to the following equation [27]:
E;umo (eV) = —-[4.80 + El/zredl (V vs Fc/Fct)], and the results
were summarized in Table 1. The monoadducts with a higher
LUMO level are expected to have lower reactivity in the ther-
mal [2 + 2] cycloaddition than pristine Li*@Cgp. Moreover, it is
plausible that unreacted Li*@Cg serves as an oxidant for the
reduced monoadducts potentially generated by SET from reac-
tants to monoadducts. These factors contribute to the suppres-
sion of multiadduct formation, resulting in the selective genera-

tion of the target monoadducts. Specifically, Li*@Cg, influ-

Figure 4: 'H-'H 2D-NOESY NMR spectrum (600 MHz, CD,Cly) of 5a (a) and NOE correlations between two protons. The spectrum (700 MHz,

CD2Cly) of 5b is shown in (b).
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enced by the electronic effects of the encapsulated Li* Lewis
acid, commonly exhibits significantly higher reactivity com-
pared to empty Cgo. The much-enhanced reactivity often leads
to the formation of multiadducts more notably than in the case
of empty fullerenes, and hence, achieving the selective mono-
functionalization of Li*@Cg( has been a major challenge. The
approach we developed in this study proves highly advanta-
geous for the selective formation of monofunctionalized
Lit@Cgq derivatives, holding great promise for the design,
properties tuning, and synthesis of Li*@Cgg-based materials for
future applications.

+
5a + * >
-0.52
+
s =%
0 05 -1 15 2 25 3

potential / VV (vs Fc/Fc*)

Figure 5: Cyclic voltammograms of 5a, 5b, and Li*@Cgo TFSI~ with
the potentials relative to the ferrocene/ferrocenium (Fc/Fc*) reference
couple. Working electrode: Pt, counter electrode: Pt, reference elec-
trode: Ag/Ag* in acetonitrile, solvent: o-dichlorobenzene, supporting
electrolyte: 50 mM TBAPFg.

Table 1: First reduction potential and estimated LUMO level of 5a and
5b. The values of Li*@Cgq are also listed as a reference.

Eq0d" (V, vs Fc/Fc*)  LUMO level (eV)

5a -0.51 -4.29

5b -0.52 -4.28

Lit@Cgo TFSI- -0.39 -4.41
Conclusion

In summary, we successfully synthesized Li*@Cg derivatives
through the thermal [2 + 2] cycloaddition of styrene derivatives.
Due to the lower-lying LUMO of Li*@Cg, the styrene reac-
tant, which did not react with empty Cg( through the same path-
way, underwent a reaction with Lit@Cg, yielding the target
monofunctionalized products. The results underscore the signif-
icantly enhanced reactivity of Li*@Cg in the thermal [2 + 2]
cycloaddition reaction due to the electronic effect of the encap-
sulated Lit Lewis acid. Moreover, the formation of undesirable

bis- and multiadducts was notably suppressed, resulting in

Beilstein J. Org. Chem. 2024, 20, 653-660.

much better yields of the target monoadducts. Electrochemical
measurements revealed that the functionalization raised the
LUMO level of Li*@Cg, leading to lower reactivity for the
second addition. With this facile, selective, and high-yield ap-
proach for the derivatization of ion-endohedral fullerene, the
design and synthesis of novel Li*@Cg derivatives for further
application in various research fields are currently underway.

Experimental

General procedure

Unless otherwise noted, all chemicals, including anhydrous sol-
vents, were obtained from commercial suppliers (FUJIFILM
Wako Pure Chemical Corp., TCI, Sigma-Aldrich) and used as
received without further purification. Li*@CgoTFSI™ was pur-
chased as PFg~ salt from Idea International Corp., and then its
counter anion was exchanged to TFSI™ according to reported
procedures [9].

NMR spectra were recorded on a JEOL JNM-ECZ400S ('H:
400 MHz, "Li: 155 MHz, '3C: 100 MHz), a Bruker ADVANCE
III ("H: 600 MHz) and a Bruker ADVANCE III 700 ('H:
700 MHz, 7Li: 272 MHz, '3C: 176 MHz) spectrometer. Chemi-
cal shifts () were reported in parts per million (ppm) relative to
residual proton of solvent for 'H (5.32 ppm, CDHCl,), LiCl in
DO for TLi (0 ppm, external standard), and carbon of the sol-
vent for 13C (53.84 ppm, CD,Cl,). High-resolution matrix-
assisted laser desorption ionization (HR-MALDI) mass spectra
were obtained on a Bruker solariX 12T mass spectrometer with
dithranol as a matrix. UV-vis absorption spectra were measured
on a JASCO V-670 and a Shimadzu UV-1800 spectropho-
tometer. Cyclic voltammograms were recorded on a BAS ALS
600A and a BAS ALS 620D apparatus with a three-electrode

system.

Reactivitiy comparison of Lit@Cgg TFSI~ and

styrenes

In an Ar-filled glove box, Li*@Cgo TFSI™ and styrenes 1-4
were dissolved in anhydrous chlorobenzene. 100 puL of
Li*@Cgp TFSI™ solution (2.0 mM) and 100 pL of each styrene
solution (200 mM) were mixed, respectively. The solutions
were stirred in glove box for the indicated reaction time. At the
time, 20 pL of solution was divided, taken out from glove box,
frozen by lig. Ny, and stored in a freezer until HPLC measure-

ment.

The solutions were subjected to analytical HPLC. HPLC
profiles are shown in Supporting Information File 1. HPLC
conditions: column: Buckyprep ¢ 4.6 X (10 + 250) mm; mobile
phase: chlorobenzene/acetonitrile 95:5 containing 30 mM
LiTFSI; flow rate: 1.5 mL/min; temperature: 50 °C; detector:

UV 337 nm; injection sample volume: 5 pL.
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Synthesis of Litf@Cgo{(4-
MeOCgH,4)CH=CHMe} TFSI- (5a)

To 2.5 mL of a chlorobenzene/acetonitrile 1:1 (v/v) solution
containing Li*@Cgg TFSI™ (8.5 mg, 8.4 umol) was added
trans-anethole (25 pL, 24.7 mg, 0.17 mmol). The solution was
stirred at 50 °C for 15 hours. The resulted solution was subject-
ed to preparative HPLC. Condition: solvent: chlorobenzene/
acetonitrile 4:11 (v/v) containing 2 mM LiTFSI; column:
Inertsil CX (GL Sciences), ¢ 4.6 X 250 mm. The fraction con-
taining Li*@Cgp{ (4-MeOCgH4)CH=CHMe} was collected and
evaporated under reduced pressure. The resulting solid was
washed with diethyl ether and dissolved in dichloromethane.
The desired monoadduct Li* @Cg{(4-MeOCgH,)CH=CHMe}
TFSI™ (5a, 6.9 mg, 6.0 umol, 71%) was afforded from the solu-

tion by vapor-diffusion recrystallization with diethyl ether.

'H NMR (400 MHz, CD,Cl,) 8 2.23 (d, J = 6.9 Hz, 3H), 3.88
(s, 3H), 5.07 (qd, J = 6.9 8.7 Hz, 1H), 5.38 (d, J = 8.7 Hz, 1H),
7.12 (d, J = 8.7 Hz, 2H), 7.92 (d, J = 8.8 Hz, 2H); '3C NMR
(100 MHz, CD,Cl») & 19.83, 47.39, 55.80, 58.72, 70.58, 73.03,
115.10, 119.84 (q, Jcg = 320 Hz, CF3), 129.96, 130.56, 136.89,
136.93, 139.24, 139.66, 140.23, 140.50, 141.45, 141.62, 141.70,
141.79, 141.82, 141.85, 142.02, 142.34, 142.50, 142.53, 142.76,
142.84, 142.85, 142.92, 142.96, 143.00, 143.19, 144.04, 144.24,
144.32, 144.80, 144.89, 144.93, 145.02, 145.20, 145.23, 145.35,
145.39, 145.50, 145.57, 145.62, 145.79, 145.82, 145.91, 145.96,
145.99, 146.05, 146.12, 146.66, 146.72, 147.48, 147.85, 153.12,
153.33, 156.27, 156.48, 160.24; "Li NMR (155 MHz, CD,Cly)
0 —12.4; HRMS-MALDI-TOF, positive ion mode, dithranol
(m/z): [M]" calcd for Cy9H;,0OLi, 875.10427; found,
875.10431.

Synthesis of Lit@Cgo{(4-
MeOCgH4)CH=CHy} TFSI~ (5b)

To 2.5 mL of a chlorobenzene/acetonitrile 1:1 (v/v) solution
containing Li*@Cgg TFSI™ (9.4 mg, 9.3 umol) was added
4-methoxystyrene (50.1 uL, 50.1 mg, 0.37 mmol). The solution
was stirred at 50 °C for 45 min. The resulted solution was sub-
jected to preparative HPLC. Conditions: solvent: chloroben-
zene/acetonitrile 95:5 (v/v) containing 30 mM LiTFSI; column:
Buckyprep (Nacalai tesque), ¢ 10 x (20 + 250) mm. The frac-
tion containing Li*@Cgo{ (4-MeOCgH4)CH=CH,} was concen-
trated under reduced pressure. The desired monoadduct
Lit@Cgo{(4-MeOCgH4)CH=CH,} TFSI~ (5b, 5.6 mg,
4.9 umol, 53%) was afforded by precipitation with diethyl ether
and filtration.

'H NMR (700 MHz, CD,Cl,) & 3.87 (s, 3H), 4.59 (dd, J =
10.8 Hz, 13.8 Hz, 1H), 4.69 (dd, J = 8.6 Hz, 13.8 Hz, 1H), 5.89
(dd, J = 8.6, 10.7 Hz, 1H), 7.12 (d, J = 8.8 Hz, 2H), 7.95 (d, J =
8.7 Hz, 2H); '3C NMR (176 MHz, CD,Cl,) & 37.94, 49.75,
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55.65, 64.70, 74.90, 114.85, 120.07 (q, JcF = 321 Hz, CFj3),
129.69, 131.42, 136.98, 137.32, 137.89 ,138.88, 139.99, 140.14,
140.24, 140.27, 141.24, 141.34, 141.55, 141.57, 141.60, 141.66,
141.68, 141.71, 142.18, 142.23, 142.35, 142.37, 142.61, 142.65,
142.66, 142.73, 142.76, 142.80, 143.01, 143.90, 144.02, 144.06,
144.09, 144.73, 144.83, 144.90, 144.94, 145.02, 145.14, 145.22,
145.29, 145.43, 145.57, 145.61, 145.63, 145.67, 145.72, 145.77,
145.82, 145.90, 146.51, 146.69, 146.85, 153.12, 155.45, 155.75,
155.85, 159.84; 'Li NMR (272 MHz, CD;,Cly) & —13.3;
HRMS-MALDI-TOF, positive ion mode, dithranol (m/z): [M]*
calcd for CgoH;oOLi, 861.08862; found, 861.08866.

Supporting Information

Supporting Information File 1

HPLC profiles, NMR, HRMS, UV-vis absorption spectra,
and computational details.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-58-S1.pdf]
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With the aim of developing biocompatible and water-soluble Cg derivatives, three types of Cgo—peptide conjugates consisting of

hydrophilic oligopeptide anchors (oligo-Lys, oligo-Glu, and oligo-Arg) were synthesized. A previously reported Prato reaction

adduct of a biscarboxylic acid-substituted Cgq derivative was subjected to a solid phase synthesis for amide formation with N-termi-

nal amines of peptides on resin to successfully provide Cgg—peptide conjugates with one Cg and two peptide anchors as water-

soluble moieties. Among three Cgo—peptide conjugates prepared,

Cgo—oligo-Lys was soluble in water at neutral pH, and Cgg—oligo-

Glu was soluble in buffer with a higher pH value, but Cgy—oligo-Arg was insoluble in water and most other solvents. Cgy—oligo-Lys

and Cgg—oligo-Glu were characterized by 'H and 13C NMR. Photoinduced 'O, generation was observed in the most soluble

Cgo—oligo-Lys conjugate under visible light irradiation (527 nm) to show the potential of this highly water-soluble molecule in bio-

logical systems, for example, as a photosensitizer in photodynamic therapy.

Introduction

Since the seminal discovery in 1985 by Kroto, Smalley, Curl,
and co-workers [1], fullerenes, specifically buckminster-
fullerene Cgg, have intrigued the scientific community. The
unique structure of fullerenes, characterized by a fully conju-
gated closed-cage structure, containing a mixture of hexagonal
and pentagonal rings, have been recognized for the unique elec-
tronic [2-4], optical [5,6], and mechanical properties [7,8].

Despite the notable achievements in fullerene research and the
potential applications in diverse fields, a significant obstacle
remained for the use in biological studies: fullerenes are poorly
soluble in polar solvents, including water and other water-
miscible solvents [9]. This challenge consequently restricted the
studies of fullerenes as biomaterials since related in vitro

bioassay systems require water solubility of the chemicals for
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testing. To overcome this important obstacle, over the past
decades, a variety of water-soluble fullerenes have been re-
ported [10].

General approaches towards enhancing the water solubility of
fullerenes involve either 1) covalent functionalization of the ful-
lerene surface with polar moieties or 2) complexation with
water-soluble host molecules or polymers. Related to the former
approach, the Nakamura group [11], Wudl group [12], and
Hirsch group [13] reported initial work in the early 1990s on
water-soluble Cgq derivatives by covalently attaching water-
soluble moieties to the fullerene core. Subsequently, Nakamura
and co-workers further developed reactions between Cgg and
organocopper reagents, enabling the sequential addition of
functional groups to obtain penta- and decaadducts, which
largely enhanced the water solubility [14,15]. As early exam-
ples of the latter approach in the 1990s, Wennerstrom and
co-workers reported the study of supramolecular BICAP com-
plexation of Cg with y-cyclodextrin (y-CD) [16]. Shinkai and
co-workers synthesized water-soluble calixarene derivatives to
form water-soluble complexes with Cgg [17,18]. By either
chemical functionalization or complexation of the fullerene
core, a number of biocompatible fullerene materials with inter-
esting biological activities were recently prepared and reported
[19-24].

We have reported water-soluble complexes of Cgg with a
nontoxic and nonionic polymer, poly(vinylpyrrolidone) (PVP)
[25] and applied these to several in vitro biological assays to
report DNA photocleavage [26] and related ROS generation
[27,28], antimicrobial photoactivity [29], chondrogenesis-
promoting activity [30,31], photocytotoxicity [32,33], and GST
enzyme inhibition [34]. For the covalent functionalization, we
have previously developed a versatile and convenient biscar-
boxylic acid-substituted Cg derivative (3, Figure 1) [35], which
was prepared via the Prato reaction [36]. We used this deriva-
tive 3 as a starting material and synthesized a series of water-
soluble Cgo and Cy( derivatives by covalently attaching
biocompatible water-soluble polymers, such as polyethylene
glycol (PEG) [37,38] and PVP [39]. Although these Cgp— and
Cy0—polymer conjugates revealed high water-solubility, it was
found that they, especially the PEG conjugates, formed micelle-
like aggregations in aqueous solution, as observed by dynamic
light scattering (DLS), cryoTEM, and concentration-dependent
surface tension measurements [40]. Despite the small size
(=10 nm in hydrodynamic diameter), the aggregation of these
fullerene moieties was not ideal for biological applications as
photodynamic therapy photosensitizers (PDT PSs) [41] and
magnetic resonance imaging contrast agents (MRI CAs) [42],
which are the most relevant topics in fullerene biological

studies. Aggregated fullerenes in the micelle structure may
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cause self-quenching of the excited state of PS fullerenes or
may inhibit the approach of bulk water molecules to the fuller-
ene core and hamper water exchange — an important factor for
enhancement in MRI. Well-dispersed water-soluble Cg( deriva-
tives exhibiting less aggregation are in high demand.

To address the challenge mentioned above, we developed
highly water-soluble Cgp—peptide conjugates in this study. In
addition to the water solubility introduced by the peptides, these
conjugates have a superior biocompatibility compared to those
with synthetic polymers, such as PEG and PVP. We utilized the
previously reported biscarboxylic acid derivative 3, which was
suitable for the coupling to peptides on resin, prepared by solid-
phase peptide synthesis (SPPS) [35]. The detailed conditions for
the amide-forming reaction were optimized using biscarboxylic
acid-substituted Cg derivative 3 and a similar peptide with a
primary amine derived from y-aminobutyric acid (GABA) at the
N-terminus of the Lys pentamer peptide on resin. Using the
optimal reaction conditions, three types of hydrophilic peptide
pentamers on resin, oligo-Lys (2a), oligo-Glu (2b), and oligo-
Arg (2¢), were subjected to the reaction with 3 for the synthesis
of Cgp—peptide conjugates Sa—c (Figure 1).

Results and Discussion
Syntheses of Cgp—oligopeptides 5a—c

The oligopeptides 2a—c were synthesized on resin using Fmoc-
protected amino acids with a standard SPPS method (Figure 1a)
[43]. A moderate loading (0.4 mmol-g~1) of the initial amino
acid was used. After synthesizing the pentamer of Lys on resin,
a GABA residue was attached to the N-terminus of the peptide
in order to provide a less-hindered primary amine, enabling an
efficient amide conjugation reaction with biscarboxylic acid-

substituted Cgg derivative 3.

Compound 3 was prepared by Prato reaction of Cgg and an
N-glycine derivative and subsequent deprotection of the #-Bu
group under acidic conditions, without affecting the Cg cage
(Figure 1b). Challenges in this step included finding suitable
conditions to conjugate one Cgy moiety and two peptide anchors
on the resin. Preliminarily, the reaction conditions were opti-
mized using a similar peptide (GABA-(Lys)5-peptide-PEG) on
resin for the reaction with compound 3. Initial trials, using
2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU) and N-methylmorpholine
(NMM), respectively, as a coupling reagent and a base, and 5
equiv of peptide on resin (rink amide MBHA) relative to 3, pro-
vided a rather low yield (13%, isolated by HPLC), which was
increased to 24% by changing the solid phase to 2-chlorotrityl
chloride resin. By replacing the base with N,N-diisopropylethyl-
amine (DIPEA), the yield was slightly increased to 28%, which
became higher (32%) when HBTU was used as a coupling
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Figure 1: a) Synthesis of Cgg—oligopeptide conjugates 5a—c and b) synthesis of compound 3. Fulleropyrrolidine-based biscarboxylic acid derivative 3
was prepared by Prato reaction and subsequent deprotection. Compound 3 was subjected to SPPS with the peptides on trityl resin (i.e., 2a—c) to
provide 4a—c. By simultaneous deprotection of peptide side chains and cleavage from resin, Cgg—oligo-Lys (5a), Cgp—0ligo-Glu (5b), and Cgo—oligo-
Arg (5¢) were obtained. Reagents and conditions: i) 20% piperidine, rt, 2 x 10 min, ii) HBTU, DIPEA, in DMF, rt, overnight, and iii) trifluoroacetic acid
(TFA)/triisopropylsilane (TIPS)/H20, rt, 1.5-2 h. AA and PG stand for amino acid and protecting group, respectively. All AAs in 1a—c, 2a—c, and 4a—c

were protected.
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reagent. Finally, use of a greater excess (6.0 equiv) of peptide
on resin relative to 3, and a combination of HBTU and DIPEA
as the coupling reagent and base, provided the Cgp—peptide
conjugate in an isolated yield of 41% (based on the used com-
pound 3). The yield of Cgg—peptide conjugate formation de-
creased when using fewer equivalents of peptide on resin rela-
tive to compound 3, providing as a byproduct the Cgg—peptide

conjugate connected to only one peptide anchor.

Based on the optimized reaction conditions outlined above, the
conjugation of biscarboxylic acid-substituted Cgq derivative 3
and the peptides on resin 2a—c were performed by SPPS to
provide the Cgp—oligopeptides on resin 4a—c (Figure 1a). Subse-
quently, the last step of the reaction — the cleavage of the
Ceo—peptide conjugate from the resin and the simultaneous
deprotection of the amino acid residues — provided Cgo—peptide
conjugates Sa—c with fully deprotected peptides.

The syntheses of Cgg—oligo-Lys (5a), Cgp—oligo-Glu (5b), and
Cgo—oligo-Arg (5¢) were confirmed by HRMS (Figures S2,
S11, and S18, Supporting Information File 1). While Cgg—oligo-
Lys (5a) was successfully observed by HRESIMS in a charged
state of 3+ (Figure S2, Supporting Information File 1),
Cgo—oligo-Glu (5b) was confirmed by HRMS-MALDI (Figure
S11, Supporting Information File 1) due to insolubility in the

5a (32%)

]

(0]
@‘35& N %i @06 (G0 E0). o
(0]
@@@@@ OH
O

L

5b (36%)

H

I8,

5c (66%)2

yeren sl s o

Nn—{ O H o}
o)L bebs e o

PR CDOC T

H o}

a@g‘ N %i 008\
uy > 0000®-,

Beilstein J. Org. Chem. 2024, 20, 777-786.

acidic eluent generally used for HRESIMS (a mixture of MeOH
and water containing 0.1% formic acid). Cgp—oligo-Arg (5c¢),
which was not sufficiently soluble in most of the solvents, was
slightly soluble in the acidic eluent, so that HRESIMS analysis
provide HRMS data for a charged state of 4+ (Figure S18, Sup-
porting Information File 1).

Cgo—oligo-Lys (5a), with sufficient solubility in polar solvents,
was isolated by reversed-phase HPLC. Cgg—oligo-Glu (5b),
which was soluble only in basic aqueous solution, could not be
isolated by HPLC, especially in the presence of an oligo-Glu
impurity, and was purified only after spin filtration. Cgp—oligo-
Arg (5¢) was not soluble in any solvent and could not be further
purified.

Solubility in water

The water solubility of Cgg—peptide conjugates Sa—c was tested
after the removal of any remaining solvent traces by lyophiliza-
tion. Upon addition of Milli-Q® water (pH 7.0), Cgg—oligo-Lys
(5a) was immediately and thoroughly solubilized. In contrast,
the other conjugates, Cgp—oligo-Glu (5b, purified) and
Cgo—oligo-Arg (5S¢, crude), did not produce transparent solu-
tions in water at neutral pH value even by sonication (Figure 2).
While Cgg—oligo-Glu (5b) was soluble in buffer with a higher
pH value (>8.3), Cgg—oligo-Arg (5¢) was not soluble in most

Figure 2: Structure of Cgg—oligo-Lys (5a), Cgo—oligo-Glu (5b), and Cgo—o0ligo-Arg (5¢) and images of dissolved or dispensed compounds in Milli-Q®

water (pH 7.0). @Crude yield.
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polar and nonpolar solvents. In addition, 5a was not highly
soluble in most nonpolar solvents, including toluene and
CH,Cl,, but slightly soluble in other polar solvents, including
MeOH and DMSO.

The solubility of Cgp—peptide conjugates Sa—c was in line with
DLS data of the aqueous solutions or dispersions. While 5a
(blue line) revealed an extremely small hydrodynamic diameter
(<10 nm) by DLS, 5b (green line) and 5c¢ (purple line) revealed
the presence of larger aggregates in water (pH 7.0), with a
hydrodynamic diameters larger than 1 um (Figure 3). In buffer
at a higher pH value (e.g., pH 9, TRIS buffer), Cgy—oligo-Glu
(5b) showed much smaller aggregation (dotted green line,
~12 nm), providing a transparent solution, while Cgg—oligo-Arg
(5¢) remained insoluble over the tested pH value range
(4.0-9.2). This was presumably due to the strong cation— inter-
actions between the cationic Arg moieties and the aromatic Cgy,
which is generally enhanced in polar environments [44-46]. The
list of the solvents used to solubilize the molecules is summa-
rized in Table S1, Supporting Information File 1.

Spectral characterizations of 5a and 5b

The absorption spectra of Cgp—oligo-Lys (5a) and Cgg—oligo-
Glu (5b) were recorded in Milli-Q® water (pH 7.0) and in TRIS
buffer (pH 9.0), respectively (Figure 4). The spectrum of
Cgo—oligo-Lys (5a) was in good agreement with that typically
observed for Cgy monoadduct derivatives [47]. The electronic
spectra of the fulleropyrrolidines were characterized by notable
m—r* absorption in the UV region. Additionally, 5a exhibited
broad absorption in the visible region with relatively low inten-
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Figure 4: UV-vis spectra of Cgo—peptide conjugates 5a and 5b (20 uM
in Milli-Q® water for 5a and in pH 9.0 TRIS buffer for 5b).

sity as well as a distinctive sharp peak at around 430 nm [48].
However, those features were not observed in the spectrum of
Cgo—oligo-Glu (5b), presumably due to the aggregation [32].

The 'H NMR spectrum of Cgg—oligo-Lys (5a) was recorded in
D,0O. As shown in Figure 5, the spectrum of 5a (upper spec-
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Figure 3: DLS diagrams of Cgo—peptide conjugates 5a (1 mM, in Milli-Q® water), 5b (1 mM, in Milli-Q® water or in pH 9.0 TRIS buffer), and 5¢ (1 mM,
in Milli-Q® water). Particle size: mean, nm (polydispersity index, PDI): 5a: 4.8 (0.757), 5b: 3974 (0.906), 5¢ (crude): 1382 (0.115) in Milli-Q® water and

5b: 11.8 (1.000) in pH 9.0 TRIS buffer. Milli-Q® water was pH 7.0.
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Figure 5: 'H NMR spectrum of Cgo—peptide conjugate 5a in DO (above) and of the precursor monoadduct in CDClg (bottom) at 600 MHz.

trum) clearly shows peaks for protons corresponding to the
fulleropyrrolidine part, which are in line with the peaks in the
spectrum of the C60 Prato monoadduct (lower spectrum), linker
part, and oligo-Lys side chain part (a, f, v, 0, and €). The ob-
served splitting of the protons a and b was presumably due to a
diastereotopic effect of the methine proton c, similar to the

spectrum of the monoadduct.

Figure 6a shows the 13C NMR spectra of 5a in D,O and of the
monoadduct in CDCl3. Together with the I NMR, COSY,
HSQC, and HMBC spectra (Figures S3—S9, Supporting Infor-
mation File 1), all peaks corresponding to the pyrrolidine part,
linker part, and oligo-Lys part were assigned as shown in the
chemical structure. In the sp? region of 5a (Figure 6a, top), 17
signals (1C x 3 + 2C x 13) were observed similarly to the
monoadduct (Figure 6a, bottom), which corresponds to the ful-
lerene core in a characteristic manner for a Cy,-symmetric
structure with a [6,6]-addition pattern. In the expanded spec-

trum of 5a in the aromatic region (Figure 6b, top), several

intense signals (corresponding to 2C) were observed as split
peaks (highlighted by purple arrows). A similar situation was
observed in the expanded spectrum of Sb (Figure 6b, middle,
measured in pyridine). This phenomenon suggests a symmetry
break in the carbon cage moiety of the Cgo—peptide conjugate
upon the addition of chiral peptide anchors to the Cgq core.
Together with the HRESIMS results (Figure S2, Supporting
Information File 1), it was confirmed that the highly water-
soluble compound Sa was successfully synthesized.

10, generation under visible light irradiation

To preliminarily evaluate the synthesized Cgp—oligo-Lys (5a) as
a PS, generation of singlet oxygen was measured by the ESR
spin trapping method under irradiation of visible light (527 nm
green LED). 4-Oxo-TEMP was used as a spin trapping reagent
to form an adduct with 102, i.e., 4-0xo-TEMPO, which was ob-
served by ESR (Figure 7b). As shown in Figure 7a, upon visible
light irradiation, three peaks corresponding to 4-oxo-TEMPO

were observed in the solution of Cgp—oligo-Lys (5a), similar to
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Figure 6: 3C NMR spectrum of Cgo—peptide conjugate 5a in D>O and of the precursor monoadduct in CDCl3 at 150 MHz (a) and expansion of the
sp? carbon region (b). The asterisks in (a) correspond to a TFA impurity. Purple arrows in (b) indicate the split peaks. The TH NMR spectrum of puri-
fied 5b was measured in D>0 with 2% NaOD (Figure S12, Supporting Information File 1). 13C NMR analysis of the same sample was not possible
due to the high ionic strength of the solution. NMR characterization was performed using a crude sample of 5b, with the penta-Glu impurity being
soluble in pyridine-ds (Figures S13-S17, Supporting Information File 1).
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Figure 7: a) X-band ESR spectra of the 4-oxo-TEMP adduct with 10,
generated by Cgp—oligo-Lys (5a) and rose bengal (RB), respectively, in
aqueous solutions under irradiation with a green LED lamp (527 nm)
for 1 min or 10 min. PS: 40 uM, 4-oxo-TEMP: 80 mM, in 60 mM phos-
phate buffer (pH 7.0). Measurement conditions: temperature 296 K,
microwave frequency 10.03 GHz, microwave power 10 mW, receiver
gain 5.0 x 10%, modulation amplitude 1.00 G, modulation frequency
100 KHz, sweep time 83.89 s, number of scans: 1. b) Scheme for the
photoinduced 'O, generation by Cgg and reaction with spin trapping
reagent 4-oxo-TEMP to form 4-oxo-TEMPO.

the results with rose bengal, a standard compound for !0, gen-
eration. By taking into account that the absorption intensity of
5a at 527 nm used for the photoirradiation was =10 times
smaller than that of rose bengal, it was suggested that 10, was

sufficiently present in the solution of Sa.

Conclusion

Starting from biscarboxylic acid-substituted fulleropyrrolidine
derivative 3, the three Cgp—oligopeptides 5a—c were synthe-
sized through SPPS. Between these conjugates, Cgp—oligo-Lys

Beilstein J. Org. Chem. 2024, 20, 777-786.

(5a) had sufficient solubility and a very small hydrodynamic di-
ameter in a neutral aqueous medium, as shown by DLS analy-
sis. Visible-light-induced 'O, generation by Cgo—oligo-Lys (5a)
was confirmed by ESR spin trapping. This suggests the high
potential of 5a as a basis for a fullerene-derived PS in biologi-
cal applications.

Experimental

Synthesis of oligopeptides on resin 1a—c

The oligopeptides on resin 1la—c were synthesized via a general
SPPS protocol. The first addition of Fmoc-AA(PG)-OH to the
2-chlorotrityl resin was performed in the presence of DIPEA
(2 equiv) in CH;Cl,, followed by capping with a CH,Cl,/
MeOH/DIPEA (18:2:1, v/v) mixture to quench any remaining
unreacted chlorotrityl moieties on the resin surface. Subse-
quently, four additional Fmoc-AA(PG)-OH residues and one
Fmoc-GABA-OH residue were added to the resin to provide the
peptides on resin 1a—c. Each coupling step was carried out in
the presence of HCTU (4 equiv) and NMM (8 equiv) in DMF.
Each Fmoc deprotection step of the peptide N-terminus was
conducted by the repeated treatment of the peptide on resin with
20% piperidine in DMF (2 x 10 min). After each coupling reac-
tion, the resin was washed with DMF.

Synthesis of Cgp—peptide conjugates 5a—c
The synthetic details and corresponding spectra for the
Cgo—peptide conjugates Sa—c are shown in Supporting Informa-
tion File 1. The optimization of the conditions for the reaction
between the peptides on resin and fulleropyrrolidine 3 are de-
scribed in the Results and Discussion section above. These were
used to prepare the Cgg—peptide conjugates on resin 4a—c from
2a—c. The Cgg—oligopeptides Sa—c were obtained by cleavage
from resin and simultaneous deprotection of the PGs on the
amino acid side chains through the addition of by the addition
of a mixture of TFA and TIPS in water. The most soluble
conjugate, Cgpg—oligo-Lys (5a), was purified by reversed-
phase HPLC, while Cgg—oligo-Glu (5b) was purified by spin
filtration.

Cgo—oligo-Lys (5a) was obtained in a yield of 32% for the total
peptide synthesis and characterized by HRESIMS. HRESIMS
(m/z): M+ 3H]3+ calced for C135H148N23016, 782.3819; found,
782.3821.

Cgo—oligo-Glu (5b) was obtained in a yield of 36% for the total
peptide synthesis and characterized by HRMS-MALDI.
HRMS-MALDI (m/z): [M + H]* calcd for C,5HggN 3036,
2354.6075; found, 2354.6008.

Cgo—oligo-Arg (5¢) was obtained in a crude yield of 66% for the
total peptide synthesis and characterized by HRESIMS.
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HRESIMS (m/z): [M + 4H]** caled for Cy35H;49N43016,
657.0536; found, 657.0540.

Supporting Information

Supporting Information File 1

Details for the synthesis of Sa—c and intermediates as well
as spectral data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-71-S1.pdf]
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Abstract

Ferrocene (FeCp,) was introduced as a non-magnetic guest molecule to activated carbon fibers (ACFs) as a nanographene-based
host having localized spins originating from zigzag edges of graphene. The introduction of the guest molecule was confirmed by
FTIR for ACFs-FeCp; introduced at 55 (150) °C (FeCp,-ACFs-55(150)). The appearance of satellite Fe;, peaks and the increase in
shake-up peak intensity of the C4 in the XPS spectrum proved the emergence of charge-transfer host—guest interaction in FeCpy-
ACFs-150, supported by the red-shift of the G-band in the Raman spectrum. The six-times enhancement in the spin concentration in
FeCp,-ACFs-150 compared with ACFs indicates the spin magnetism of the non-magnetic guest FeCp,* molecule induced by a
charge-transfer host—guest interaction in the nanographene host. The larger ESR linewidth than that expected from the dipolar inter-
action estimated by the localized spin concentration suggests the exchange interaction between the nanographene and FeCp, spins.
The narrowing of the ESR linewidth of FeCp,-ACFs-55 upon higher excitation microwave power suggests the inhomogeneity of
the environment for FeCp,* molecules in the nanographene host. The observed induction of spin magnetism by the interfacial inter-
actions between the nanographene host and the guest molecules will be a promising strategy for developing a new class of molecu-
lar magnets.

Introduction

Nanocarbon host material, which is based on elements free from  hydrocarbon molecules, is a magnetic host material with spins
resource depletion, is attracting much attention due to its poten-  localized at edges [2]. The presence of edges greatly modifies
tial for creating a new class of functional materials with various  the electronic structure of nanographene, which strongly
guest molecules [1]. In particular, nanosized graphene called depends on the geometry of the edges [3-5]. Edges at the

nanographene, the macroscopic limit of polycyclic aromatic  periphery of nanographene sheets consist of two kinds of geom-
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etry: zigzag edges and armchair edges. The presence of the
zigzag part in the arbitrarily shaped edges results in the emer-
gence of radical m-electron states called “edge states”, which are
spatially localized at the edge site. The edge states appear at the
Dirac point at which two linear conduction (anti-bonding) m*-
and valence (bonding) m-bands touch each other in the elec-
tronic energy bands of graphene. Since the Fermi level is locat-
ed at the Dirac point for neutral nanographene, edge states are
half-filled like singly occupied molecular orbitals (SOMO) of
radical states. Namely, nanographene sheets become magnetic
and chemically active due to the edge states with localized spins
of unpaired electrons [6]. Thus, it is interesting to introduce a
magnetic guest molecule into a magnetic nanographene host

regarding the development of a new class of magnetic materials.

Oxygen [7-11], nitrogen monoxide molecules [12,13], and
potassium clusters having unpaired spins [14,15] have been
introduced to nanographene hosts as magnetic guest molecules
so far. However, the decomposition of molecules, the vanish-
ment of guest magnetism, etc., after accommodation by the host
material prevent magnetic interactions between the host and
guest in these systems. The material design should be impor-
tant in this viewpoint, especially in choosing appropriate guest
molecules. Since 7 electrons extend to in-plane directions in
nanographene, a guest molecule with an aromatic ring is prom-
ising for significant interaction with the nanographene host

through 71— stacking.

Ferrocene (FeCp;) is a “sandwich” compound where the two
cyclopentadienyl (Cp or CsHs-) rings sit above and below the
FeZ" ion [16]. The electronic structure of FeCp, satisfies the
18-electron rule, so this compound is stable due to a closed
L-shell structure in view of the atomic orbitals of Fe and it is a
diamagnetic molecule (S = 0, no spin magnetism) compared
with other metallocenes [17]. However, FeCp, is easily
oxidized to a monovalent cation, the electronic structure of
which is magnetic (S = 1/2). Electron spin resonance (ESR)
spectroscopy revealed the spin magnetism of cationic FeCp,
accommodated in mesoporous silica (MCM-41) [18]. So, ferro-
cene is expected to exhibit strong host—guest interactions with a
nanographene host through m— stacking.

Regarding ferrocene as a guest molecule for nanocarbon hosts,
carbon nanotubes (CNTSs) have been used to accommodate
guest ferrocene molecules, where the amount of the charge
transfer from ferrocene to CNTs was estimated from the shift of
peaks for van Hove singularities in the valence-band photoemis-
sion spectrum [19,20]. The magnetic properties of ferrocene
encapsulated into CNTs have also been investigated by super-
conducting quantum interference devices (SQUID) [21,22] and
X-ray magnetic circular dichroism (XMCD) spectroscopy [23].

Beilstein J. Org. Chem. 2024, 20, 1011-1019.

However, only a tiny paramagnetic behavior of encapsulated
ferrocene was observed, and no magnetic host—guest interac-

tions were reported due to the diamagnetic nature of CNTs.

Activated carbon fibers (ACFs) consist of a three-dimensional
disordered network of nanographite domains, each of which is a
loose stack of 3—4 nanographene sheets with a mean in-plane
size of 2-3 nm. ACFs have huge specific surface areas (about
2000 m?/g [24,25]) due to the presence of nanopores of
ca. 1 nm in diameter between the nanographite domains, where
various guest chemical species can be accommodated [2]. Thus,
ACFs are widely used as nanographene host materials. Interest-
ingly, a ferromagnetic behavior below 120 K was once
mentioned for FeCp,-adsorbed ACFs, even though no data was
shown in the report [26]. It is necessary to clarify the magnetic
interactions between the nanographene host and FeCp, guest
molecules to achieve a ferromagnet using nanographene
host—guest systems.

In this study, we introduced ferrocene to ACFs and investigat-
ed the magnetic interaction between the host ACFs and ferro-
cene as magnetic guest molecule using X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, Fourier-transform
infrared (FTIR) spectroscopy, magnetic susceptibility, and elec-
tron-spin resonance (ESR).

Experimental

Commercially available ACFs (Kuraray, FR-20), of which the
precursor was a phenol-resin, were pre-heat-treated in a glass
tube at 200 °C for 24 hours under 2 x 107 Pa before the intro-
duction of FeCp; in order to eliminate ambient gas molecules
adsorbed in ACFs. The introduction of FeCp, was carried out
by exposing ACFs to the vapor phase of FeCp, in the evacu-
ated glass without exposing samples to air after the pre-heat-
treatment at temperatures 55 °C and 150 °C (FeCp,-ACFs-55,
FeCp,-ACFs-150), for 18 to 24 hours. The vapor pressure of
ferrocene corresponding to each temperature was previously re-
ported (15 Pa for 55 °C, 5.7 x 103 Pa for 150 °C) [27]. In the
case of introduction at 150 °C, excessive FeCp; precipitated as
crystals on the surface of ACFs, which were removed by
heating the FeCp,-treated ACFs at 150 °C for 3 hours without
FeCp, vapor.

XPS spectra were recorded using a PHI-5600 (ULVAC-PHI)
with an Al Ka X-ray source (1486.7 eV) for samples mounted
on an indium film. Raman spectroscopy measurements were
performed by LabRAM HR Evolution instruments (Horiba)
with an excitation laser operated at 532 nm in the wavenumber
range from 1000 to 2000 cm™!. FTIR spectra were obtained
using an FT/IR-6600 (JASCO) in ATR method with a diamond

prism. Magnetic susceptibility measurements were carried out
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by a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design, MPMS-XL) in the field of 1 T
between 2 K and 300 K, where ca. 30 mg of the samples
vacuum-sealed in glass tubes (for ACFs and FeCp,-ACFs-150),
mounted inside a plastic straw (FeCp;) were used. The Weiss
temperature ® and the temperature-independent term of the
magnetic susceptibility were obtained by least-square fitting the
data of the temperature-dependence of the observed suscepti-
bility x with the following equation based on a model of the
summation of the Curie-Weiss localized magnetism and tem-
perature contribution,

C
xX= m *+ Xconst.»

where C denotes the Curie constant. The spin concentration
Nipin for each sample was calculated from the Curie constant.

ESR measurements were performed using a conventional ESR
X-band spectrometer (JEOL, JES-FA300) at room temperature,
where ca 1 mg of samples vacuum-sealed in glass tubes were
used. In order to prevent the skin effect, ACFs were ground in a

mortar before the measurement.

Results and Discussion

XPS spectra acquired in a wide binding energy region for ACFs
and FeCp;-ACFs-150 are shown in Figure 1. Peaks of Cg and
Oy were observed in ACFs, while Cy5, Oy, and Fey, peaks
appeared in the spectrum for FeCp,-ACFs-150.

Figure 2 shows the Fey, spectrum for FeCp;-ACFs-150 in a
narrow binding energy region. The binding energies of the Fepp
peaks are similar to the reported value for FeCp; [16]. So, the
Fe;p, peaks observed in FeCp,-ACFs-150 indicate the success-
ful introduction of the FeCp, molecule into ACFs as
nanographene host. In addition to the main peaks, satellite
peaks clearly appear at the higher energy side (ca. +3 eV),
which indicates that the FeCp, molecules partially become

cationized (positively charged) in FeCp,-ACFs-150.

Figure 3a and b show the Cig spectra for FeCp,-ACFs-150 and
ACFs in a narrow binding energy region, respectively.

Table 1 shows peak positions for XPS Cys, Oys, and Fepp, peaks
for ACFs and FeCp,-ACFs-150, where elemental abundances
are obtained from the peak intensity. The amount of FeCp, is
calculated as 0.39 mmol in 1 g of FeCp,-ACFs-150 from the
total intensity ratio of Fep. The amount of the cationized FeCp;
(FeCp,*) is obtained as 0.15 mmol/g of FeCp,-ACFs-150 ac-
cording to the intensity ratio of satellite peaks to the main

peaks. The O;¢ peaks mainly come from oxygen-containing

Beilstein J. Org. Chem. 2024, 20, 1011-1019.

FeCp,-ACFs-150
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Figure 1: XPS spectra for ACFs and FeCp,-ACFs-150. Peaks without
labels originate from the indium substrate used for mounting the sam-
ples. The base lines of the spectra are shifted vertically from each
other for clarification.

FeCp,-ACFs-150 Feysn

Intensity (arb. unit)

730

720
Binding Energy (eV)

710 700

Figure 2: XPS spectrum for FeCpz-ACFs-150 in the Fegp region
shown with fitting curves.

functional groups bonded to nanographene because of oxidiza-
tion by ambient gaseous species. The elemental abundance ratio
O/C of 0.07 is the same for ACFs and FeCp,-ACFs-150, simi-
lar to the carbon atoms ratio at the nanographene's edge part
with the in-plane size of 2-3 nm, where the ratio of edge atoms
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Figure 3: XPS spectra of (left) FeCpo-ACFs-150 and (right) ACFs in the C1g region with fitting curves.

Table 1: The peak positions for XPS C+s, O1s, and Fegp spectra and abundances of the peak components for FeCp,-ACFs-150 and ACFs.

XPS peak Sample
C1s (C=C) ACFs
FeCpo-ACFs-150
C1s (C-O) ACFs
FeCpo-ACFs-150
Ci1s (C=0) ACFs
FeCpo-ACFs-150
C1s (shake-up) ACFs
FeCpo-ACFs-150
(07 ACFs
FeCpo-ACFs-150
N1g ACFs
FeCpo-ACFs-150
Fegp ACFs

FeCpo-ACFs-150

to total carbon atoms is ca. 0.1 with the assumption of a model
circular nanographene C3,4H3¢. Thus, oxygen-containing func-
tional groups in ACFs are mainly attached to the edge part of
nanographene, being consistent with the higher chemical activi-
ty of the edges of graphene [2,6]. Furthermore, the almost same
elemental abundance ratio O/C between ACFs and FeCp;-
ACFs-150 indicates no additional oxidization occurred in the
process of FeCp, introduction to ACFs due to contaminated

oxygen from ambient gaseous species.

Binding energy (eV) Abundance (atom %)

284.6 64
283.7 61

286.4 16
285.4 16
288.4 3.8
287.4 3.0
290.4 9.3
289.6 12
532.9 6.8
531.4 6.6
400.3 0.4
707.1,719.9 0.8
710.5,723.2 0.5

Peaks of C, are assigned to sp? carbon atoms (C=C) of
nanographene sheets, carbon atoms in/near oxygen-containing
functional groups bounded to edges of nanographene sheets
(C-0, C=0), shake-up peak by —m* transition of conduction 7
electrons (Shake-up) [28]. A more considerable contribution of
the plasmon peak in C|g indicates an increase in m-electron
carriers for FeCp,-ACFs-150. Indeed, the shift of the C=C peak
of FeCp,-ACFs-150 to the lower energy side indicates an incre-

ment of screening effect on photoemission hole by increasing in
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conduction electrons. Increasing in conduction m electron of
nanographene in FeCp,-ACFs-150 suggests the charge transfer
from FeCp; to ACFs. In this connection, the observed partial
ionization of FeCp; is well understood by the structure of
ACFs. Nanopores between nanographene domains provide huge
spaces for the adsorption of guest molecules inside ACFs [2,6],
where only a part of introduced molecules directly face the
nanographene with the interfacial host—guest interactions, and
the rest is accommodated into the nanopores without signifi-

cant influences by nanographene domains.

The Raman spectra for both ACFs and FeCp,—ACFs-150
shown in Figure 4 exhibit two broad peaks near 1350 and
1600 cm™!. The peak around 1600 cm™! corresponds to the
Raman-allowed E»; mode (G-band) in graphene. The D-band
peak around 1350 cm™! is forbidden in ideal graphene crystals
but becomes Raman-active by an electron-scattering process
due to impurities and edges in crystallites [29]. The G and
D-bands were fitted with two Lorentzian curves, as shown in
Figure 4. Although characteristic peaks of FeCp, molecules
around 1100 cm™! are not obtained in the spectrum for FeCp,-
ACFs-150 due to their tiny abundance, the G-band for FeCp,-
ACFs-150 shifts by 3 cm™! to the lower wavenumber side com-
pared to ACFs. The red shift indicates the weakening of C=C
bonding in nanographene caused by filling anti-bonding states
(mr* states) due to electron injection into nanographene. This is

consistent with the increment of shake-up peak for Ci4 in XPS.

FeCp,-ACFs-150
— Data

— G-band
— D-band
Total

Intensity (arb. unit)

1 1 1

1000 1200 1400

Raman Shift (cm™)

1600

Figure 4: Raman spectra for ACFs and FeCp>-ACFs-150. Each raw
data (black) was fitted to the G-band (blue) and D-band (red) compo-
nents, resulting in the total curve (green). The base lines of the spec-
tra are shifted vertically from each other for clarify.
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The Raman D-band also supports charge transfer from FeCp; to
nanographene in FeCp,-ACFs-150. The intensity ratio of the
D-peak to G-peak Ip/lg increases from 2.3 for ACFs to 2.4 for
FeCp,-ACFs-150. The larger Ip/Ig corresponds to the more sig-
nificant carrier scattering by introducing FeCp, as a positively
charged impurity caused by charge transfer with nanographene
in FeCp,-ACFs-150. This is also supported by the increase in
the linewidth of the G-band from 28 cm™! (ACFs) to 31 cm™!
(FeCp,-ACFs-150).

Figure 5 shows IR spectra for FeCp,, and the infrared spectra
differences from that of ACFs for FeCp,-ACFs-150 (A([FeCp,-
ACFs-150]-ACFs) and FeCp,-ACFs-55 (A([FeCp;,-ACFs-55]-
ACFs). The difference spectra exhibit peaks for vibration
modes of Cp-Fe (v), C-C (v), C-H (y), C-H (d), Cp-breathing
(v) typical for FeCp, molecular vibration [30]. These spectra
also indicate the successful introduction of FeCp, to ACFs and
that most FeCp, maintains its molecular structure inside the
nanographene host in both of FeCp,-ACFs-55 and FeCp,-
ACFs-150. Moreover, the higher peak intensities of FeCp, mo-
lecular vibrations in the spectrum for FeCp,-ACFs-150 than
FeCp,-ACFs-55 suggests that more guest molecules are intro-
duced in FeCp,-ACFs-150. This is quite reasonable, taking the
much higher vapor pressure of FeCp, (5.7 x 103 Pa) into
account in the process of guest molecular adsorption into ACFs
for FeCp,-ACFs-150 than FeCp,-ACFs-55 (15 Pa). Here, it

should be noted that the vibrational spectra are more distorted

— A([FeCp,-ACFs-150] - ACFs)
— A([FeCp,-ACFs-55] - ACFs)
eCp,

]

X5

A

Cp
-breathing (v)
C-H (9)

Absorbance (arb. unit)

aromatic
C=C (v)

1900

1400
Wavenumber (cm')

900 400

Figure 5: The raw infrared spectrum for FeCp» (black) and differential
absorbance spectra for FeCp,-ACFs-55 (red) and FeCpo-ACFs-150
(green) after subtracting the ACFs spectrum as a background signal.
The subtracted spectra are magnified five times, where the base lines
are shifted vertically from each other for clarity. Raw spectra for
FeCpo-ACFs-55 and FeCp,-ACFs-150 are shown in Figure S1 in Sup-
porting Information File 1.
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due to electromagnetic shielding effects by the conductive
nature of graphene-based materials upon IR excitation. Thus,
the “apparent” negative absorption peak in the spectrum of
FeCp;,-ACFs-55 is caused by the phase shift of the IR electro-
magnetic wave by shielding effects of the conductive
nanographene assembly. Interestingly, the FeCp, molecular
vibrational peaks appear as typical positive peaks for FeCp,-
ACFs-150, indicating that most molecules are present inside the
nanopores of ACFs without significant interactions such as
charge transfer and electromagnetic shielding. This is well
consistent with the observed partial cationization of the guest
molecules for FeCpy-ACFs-150 in XPS due to nanopore struc-
ture of the nanographene network in ACFs.

The host—guest interaction between guest FeCp, and host ACFs
is most pronounced in the magnetic susceptibility measure-
ments. The magnetic susceptibility for each sample shows the
Curie—Weiss-type temperature dependence with temperature-in-
dependence susceptibility xconsts mainly composed of the orbital
diamagnetism by core and 7 electrons. Regarding FeCp,-doped
ACFs, ferromagnetism has been reported [26], but all of our
samples showed only paramagnetism, and no ferromagnetism

was observed in the present study.

The temperature-independent term of the magnetic suscepti-
bility Xconst for ACFs and FeCp,-ACFs-150 were obtained as
—10 x 1076 and 0.8 x 1079 emu g~!, respectively. The reduc-
tion in the absolute value of x.onst suggests the upshift of the
Fermi energy from the Dirac point in the electronic band of
nanographene in ACFs, being consistent with charge transfer
from FeCp, observed in XPS. The decrease in the absolute
value of the Weiss temperature ® from —6.4 K for ACFs to
—0.1 K for ACFs-FeCp,-150 indicates the change in the char-
acter of the observed spins. The temperature dependences of the
magnetic susceptibility x multiplied by temperature T for
FeCp;-ACFs-150, ACFs, and plain FeCp, are shown in
Figure 6, where X.onst Was subtracted. The quantity 7 tells us
an estimation for the effective spin concentration modified by
spin-exchange interactions at each temperature. The xT for
ACFs remains constant in the temperature region above 50 K.
However, it becomes decreasing below 10 K as temperature
decreases. This is featured as the localized spin paramagnetism
with antiferromagnetic interaction. ACFs exhibit the localized
spin paramagnetism by edge-states of nanographene, as re-
ported [2]. As expected from the diamagnetic (no spin
magnetism) electronic structure of FeCpy, plain FeCp, shows
only tiny paramagnetism caused by impurities. On the other
hand, after FeCp,-introduction to ACFs, the x7 remarkably in-
creases for FeCp,-ACFs-150, as shown in Figure 6. Indeed,
Nipin for FeCpy-ACFs-150 is about six times larger than that for
non-doped ACFs (0.39 x 1020 g=! for ACFs and 2.2 x 1020 g~!

Beilstein J. Org. Chem. 2024, 20, 1011-1019.

for FeCp,-ACFs-150). The results indicate that FeCp, in
FeCp,-ACFs-150 becomes cationized (FeCp,*) and magnetic

(S = 1/2) by the charge-transfer interaction with nanographene.

16 _1T

12 r

—+—FeCp,-ACFs-150
-+—ACFs
——FeCp,

yT (10-5emu * K * g-1)
oo

T (K

Figure 6: The temperature (T) dependence of the magnetic suscepti-
bility x for FeCpo-ACFs-150, ACFs, and FeCp, measured at 1 T,
where the vertical axis denotes the x multiplied by T. The temperature-
independent diamagnetic contribution to the magnetic susceptibility is
subtracted.

Here, we quantitatively discuss the observed spin magnetism in-
duced by charge-transfer interactions between host and guest
with the results of XPS. The additional spin concentration by
FeCp, introduction into ACFs is 1.8 x 1020 g1 for FeCp,-
ACFs-150, being equivalent to 0.30 mmol for 1 g of FeCp,-
ACFs-150. The ratio of the satellite peak to the main peak of
the XPS Fe), spectrum tells us 0.15 mmol of FeCp,* for 1 g of
FeCp,-ACFs-150, which is in the same order as the observed
spins induced by charge-transfer host—guest interactions.
Considering the accuracy of elemental abundance by XPS
(=0.2 atom %), this is enough reasonable coincidence.

The Weiss temperature also supports the emergence of FeCp,*
spin magnetism. The absolute value of ® decreases from —6 K
to —0.09 K after FeCp; introduction to ACFs. The wavefunc-
tion of the edge-state is coupled to each other through the
m-electron systems in the nanographene sheet, resulting in anti-
ferromagnetic interactions. In contrast, the wavefunction (mo-
lecular orbital) of FeCp,* has a more isolated nature, and the
exchange interactions between cation spins are less than those
for edge-state spins. The apparent reduction in ® for FeCp,-
ACFs-150 is attributed to the contribution of FeCp,™ spins
having less exchange interaction in the observed magnetic
susceptibility. So, the spin magnetism of the guest molecule is

induced by host—guest interactions in the nanographene host.
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Despite the less interacting nature of FeCp,™ spins than that of
edge-state spins, the ESR measurement proves the presence of
the magnetic interaction between spins of the ACFs host and the
guest FeCp, molecule. Figure 7a shows the ESR spectra for
ACFs and FeCp,-ACFs-55 at the excitation microwave powers
of 1,9, and 100 mW. The ESR linewidth of the spectrum for
FeCp,-ACFs-150 was extremely broad to analyze the spectra,
such as estimation of the linewidths and intensities, where the
spectra are merged with the baseline contribution on the wider
field range, being hard to distinguish from each other (Figure
S2 in Supporting Information File 1).

ESR for ACFs and FeCp,—ACFs-55 gives a g-value of 2.0019
for ACFs and a g-value of 2.003 for FeCp,-ACFs-55, being in
good agreement with the reported value for edge-state spins of
nanographene in ACFs (g = 2.002) [26]. These g-values are
almost constant within the error bar in the excitation micro-
wave power-dependence measurement. Figure 7b shows the ex-
citation microwave power dependence of the ESR linewidth
AH,,, for ACFs and FeCp,-ACFs-55. If we only consider the
magnetic dipole interaction, AH,,, is proportional to Ngpiy [26],
so AH,,, for FeCp,-ACFs-150 should be six times larger than
that for ACFs, according to the magnetic susceptibility results.
However, the ESR of FeCp;-ACFs-150 results in a broad
linewidth undistinguishable from the baseline (Figure S2 in
Supporting Information File 1). Even ACFs-FeCp,-55 shown in
Figure 7a, where FeCp, was introduced at 1/300 lower pressure
gives AHp,, about seven times larger than ACFs in ESR. The
observed “excess” broadening factor for FeCp,-ACFs-150 and

(a)
FeCp,-ACFs-55
100mw X% 7
~
= 9mW X 35
=
=
< Imw % 150
5 |
£ |ACFs 100mW X 1
: /\f
= 9mW X 2
B J\/
J\/] mW X 7
240 335 430

H (mT)

AH,, (mT)
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FeCp,-ACFs-55 in ESR is attributed to the exchange interac-
tion between spins. Generally, the exchange interaction be-
tween identical spins results in the narrowing of the ESR peak
(exchange narrowing). However, the exchange between non-
identical spins broadens the ESR spectrum. In FeCp,-ACFs-55
and FeCp,-ACFs-150, the exchange interaction between
nanographene spin and FeCp,™" spin (non-identical spins) con-

tributes in addition to the magnetic dipolar interaction.

Figure 8 shows the square root of excitation microwave power
dependence of relative intensities for ACFs and FeCp,-ACFs-
55. At higher excitation power conditions, the relative intensi-
ties of ESR decrease because of a larger excitation rate than the
spin relaxation rate (saturation), accompanied by linewidth
broadening (saturation broadening). ACFs show moderate satu-
ration phenomena with simple saturation broadening as the ex-
citation power increases, where the coupling with conduction
electrons in nanographene sheets is the primary path for spin
energy relaxation. In Figure 8, the relative intensity for FeCp,-
ACFs-55 suddenly decreases in the lower excitation power
region. It shows a more saturated nature than ACFs at the same
power region despite the larger conduction carrier than ACFs.
The more saturating nature for FeCp;-ACFs-55 is well ex-
plained by the contribution of FeCp,™" spin having a more iso-
lated nature than edge-state spins, consistent with the magnetic
susceptibility results. However, the AHp,;, of FeCp;y-ACFs-55
suddenly decreases even at the lower excitation power similar
to the relative intensity and remains a decreasing trend despite
its easily saturated nature. These behaviors suggest that spins

60
-~ ACFs (b)

——FeCp2-ACFs-55

30

R

10 r

5 1 1 1 1
0 50 100 150 200
Microwave power (mW)

Figure 7: a) ESR spectra of ACFs and FeCpy-ACFs-55 with different excitation microwave power. Each spectrum was magnified for clarity, where the
base lines are shifted vertically from each other for clarity. b) The excitation microwave power dependence of ESR linewidth (AHpp) for ACFs and

FeCpo-ACFs-55.
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have an inhomogeneous environment for spin relaxation. In
FeCp,-ACFs-55, the adsorption site of FeCps is not unique, and
each FeCp, interacts with edge-state spins at the edges and
m-electron carriers on nanographene sheets in different manners

in ACFs as illustratively shown as the inset of Figure 8.

§ 1 —interaction|
E Nd/col!lpliﬁg C'nupiing
<
S
~
£075
~
——ACFs
—-FeCp,-ACFs-55
0.5 L L

0 5 10 15
(Mircowave power)"? (mW12)

Figure 8: The square root of the excitation microwave power depen-
dence of the relative ESR intensities for ACFs and FeCp>-ACFs-55.
Each intensity is normalized by that at microwave power of 0.04 mW.
The insert is an illustrative sketch to explain spin and charge interac-
tions between the nanographene host and FeCp» guest molecules.

Conclusion

Non-magnetic guest molecules with aromatic moiety were suc-
cessfully introduced into the nanographene host. The charge-
transfer interaction with the nanographene host in FeCp,-ACFs
induces the localized spin magnetism of the guest molecule
(cationized FeCp,). The presence of the exchange interaction by
hybridization between FeCp,™ orbitals and edge-state orbitals is
suggested in addition to the magnetic dipolar interaction. The
observed induction and modulation of the spin magnetism by
the interfacial interactions between magnetic nanographene host
and guest molecules will give insight into a new class of devel-
oping methods of molecular magnets.

Supporting Information

Supporting Information File 1

Supporting figures.
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Abstract

Presented here is the design, synthesis, and study of a variety of novel hydrogen-bonding-capable m-conjugated N-heteroacenes,
1,4-dihydropyrazino[2,3-b]quinoxaline-2,3-diones (DPQDs). The DPQDs were accessed from the corresponding weakly hydrogen-
bonding dicyanopyrazinoquinoxaline (DCPQ) suspensions with excess potassium hydroxide, resulting in moderate to good yields.
Both families of compounds were analyzed by UV-vis and NMR spectroscopy, where the consequences of hydrogen bonding capa-
bility could be assessed through the structure—property studies. Conversion of the DCPQs into hydrogen-bonding capable DPQDs
results in modulation of frontier MO energies, higher molar extinction coefficients, enhanced crystallinity, and on-average higher
thermal stability (where in some cases the 5% weight loss temperature is increased by up to 100 °C). Single crystal X-ray diffrac-
tion data could be obtained for three DPQDs. One reveals pairwise hydrogen bonding in the solid state as well as a herringbone

packing arrangement rendering it a promising candidate for additional studies in the context of organic optoelectronic devices.

Introduction
The role of weak intermolecular interactions in tuning the prop-  tions on device performance [1]. Among these interactions,
erties of organic semiconductors has garnered significant atten- hydrogen bonding (H-bonding, HB) as a highly directional

tion in the past two decades, owing to their profound implica- noncovalent interaction can influence the structural, electronic,
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and optoelectronic properties of bulk materials [2,3]. Hydrogen
bonding plays a crucial role in molecular ordering in solid-state
organic semiconductors, thereby dictating charge transport
pathways as well as carrier mobilities of both electrons and
holes [4-6]. Furthermore, strong hydrogen bonding interactions
effectively modulate energy levels of semiconducting materials,
affecting the bandgap and charge injection/extraction processes
[7]. The additional merits of H-bonding designs in organic opto-
electronic materials include higher thermal stability, synergistic

stabilizing effects with m-stacking interactions, etc. [8].

Acenes and N-heteroacenes are two prominent m-conjugated
scaffolds for both n- and p-type organic semiconductors [9-12].
The Wiirthner and Meijer groups presented an early example of
the utility of hydrogen bonding in the fabrication of organic
semiconductor devices. A thin-film device architecture was de-
veloped consisting of oligo(p-phenylenevinylene) (OPV) and
perylenebisimide (PBI) components connected laterally through
H-bonding and self-assembled orthogonally through m—m inter-
actions [13]. Mixtures of PBI and OPV successfully exhibited
ambipolar charge transport depending on processing conditions

as a result of the co-assembled morphology.

Our group utilized a supramolecular approach in the solar cell
arena. m-Conjugated linear and branched oligothiophenes
appended to H-bonding capable phthalhydrazide (PH) were pre-
pared [14,15]. These compounds demonstrated a power conver-
sion efficiency (PCE) twice as high as that of non-hydrogen
bonding controls upon photovoltaic device fabrication with the
electron acceptor Cgg. Subsequently, the design was extended to
“ditopic” systems with diverse HB-capable units such as PH,
2,4-diamino-1,3,5-triazine (DAT), and barbiturate (B) that can

form trimeric and hexameric “rosettes”, respectively [16].

The Sokolowski and Glowacki groups have extensively de-
veloped H-bonded systems including dyes and pigments
utilized in organic field-effect transistor (OFET) devices [17-
20]. In two different studies, Gtowacki reported H-bonding
capable quinacridone and epindolidione-based semiconductors
within OFET devices that offer moderate to excellent hole
transport mobilities (1.5 x 1073 and 1.5 cm?/Vs, respectively)
[21]. In 2012, Miao et al. reported an H-bonding capable 1,4-
dihydropyrazinopyrazine fragment within N-heteroacenes [22].
The X-ray analysis of single crystals revealed the formation of
highly-ordered ribbons constructed via intermolecular N-H---N
interactions. However, vacuum-deposited films afforded poor
hole transport. In separate work, Bunz et al. reported the
serendipitous and understated synthesis of an H-bonding
capable 1,4-dihydropyrazino[2,3-b]quinoxaline-2,3-dione
(Figure 1a) [23]. In 2018, Takeda et al. reported the synthesis,

electronic characteristics, and liquid-crystalline properties of
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several electron-accepting acenes, including 1,4-dihydropyrazi-
noquinoxalinediones (Figure 1b). The incorporation of strong
hydrogen-bonding interactions facilitated the formation of a
highly ordered liquid-crystalline phase within these systems
[24]. These molecules are particularly intriguing as they bear
resemblance to Glowacki’s compounds discussed above. Re-
ported here is a robust structure—property relationship study of
these types of molecules with a particular interest in their opto-

electronic properties.

Primary motivation for our effort comes from the work of
Yamashita et al. who explored the OFET behavior of a library
of electron-deficient dicyanopyrazinoquinoxaline (DCPQ) com-
pounds [25]. The computations predicted low-lying LUMO
levels, around —4.0 eV. However, the molecules exhibited poor
n-type FET behavior and electron transport characteristics
(Me=1X% 1078 t0 3.6 x 107 cm?/Vs). Structurally, the combina-
tion of cyano groups and an electron-deficient pyrazinoquinoxa-
line creates an extremely electron poor m-system. Given our
previous work and that of others, in 2013 we reasoned [26] that
DCPQs could be efficiently transformed to tautomerically
active, H-bonding capable 1,4-dihydropyrazino[2,3-b]quinoxa-
line-2,3-diones (Figure 1b, DPQDs) via nucleophilic aromatic
substitution (SyAr) at the ipso-CN positions. Here, the
lactim—lactam tautomerization of DPQDs to arrive at the more
stable 2,3-dione lactam form would mirror our prior work with
phthalhydrazide (PH) and is also consistent with the work later
reported by Takeda et al. We additionally envisioned that the
DCPQs would serve as valuable comparators as the H-bonding
capable DPQDs were studied.

Reported here is the synthesis of a library of dicyanopyrazino-
quinoxalines (DCPQs) 1a—7a and subsequent mild one-step
synthesis of hydrogen-bonding dihydropyrazinoquinoxaline-
dione (DPQDs) 1b-7b. The structure—property relationships
have been established within and between the two families
using optical measurements. Moreover, the incorporation of
H-bonding functionality exhibits a noteworthy impact on the
thermal stabilities (analyzed by TGA) of the compounds. The
single-crystal X-ray diffraction of DPQD 2b exhibits a desir-
able herringbone solid-state arrangement for a potential OFET
application. Complementary gas-phase computational analysis
has provided insight into the electronic structures of both
families which is related to the optical properties studied in

solution.

Results and Discussion
Synthesis of DCPQs and DPQDs

Compounds 12 and 13 are two major building blocks to obtain
dicyanopyrazinoquinoxalines (DCPQs) 1a—7a. The synthesis

proceeded through highly scalable reactions (over 10-gram
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Figure 1: Chemical structures of H-bonding N-heteroacenes synthesized by Miao et al. and Bunz et al. (a) [22,23]. Preparation of electron-accepting
azaacene derivatives as liquid-crystalline materials by Takeda et al. (b) [24]. Transformation of Yamashita’s DCPQs to H-bonding capable DPQD de-

rivatives discussed in this work (c) [25].

scale) using diaminomaleonitrile (15) as a starting material in
accordance with the procedure in the literature (Scheme 1) [27].
The first step is the acylation with oxalyl chloride to yield 14
followed by a reaction with SOCl, in the presence of cat. DMF
to obtain dichloropyrazine 13. The solvent 1,4-dioxane is
crucial to the synthesis and purification in the initial two steps
as other solvents such as THF make the purification process
more intricate. This sequence is followed by SyAr with
ammonia (29% v/v) to obtain building block diaminopyrazine
12.

The synthesis of Yamashita’s DCPQs 1a (BenzCN) and 2a
(XyICN) began via SNAr reaction of commercially available
o-phenylenediamines 11a and 11b with building block 13 to
afford dihydropyrazine derivatives 8 and 9, respectively, as pre-
cipitates in 1,4-dioxane solution. The reaction generates two
equivalents of HCI, adding a slight excess of diamines to
sequester released HCI proved to be pivotal in achieving better

yields. Oxidation with two equivalents of DDQ provided the

comparator DCPQs 1a and 2a in 89% and 87% yield, respec-
tively.

The synthesis of DCPQ 3a was attempted rigorously under dif-
ferent conditions using building blocks 1,2-aceanthrylenedione
and 12, as detailed in Table S1 (Supporting Information File 1).
However, an inseparable unknown impurity was observed along
with the desired product 3a in all cases when analyzed by
'H NMR. Under strict temperature and time control (80 °C for
72 hours) using 2.5 equiv of 1,2-aceanthrylenedione, the reac-
tion provided pure 3a product in moderate yield (41%). Subse-
quent recrystallization with boiling DMSO provided pristine
red-brown crystals of 3a. The synthesis of DCPQ 4a was simple
and proceeded with the condensation of a 1:1 mixture of
acenaphthenequinone and 12 under standard boiling acetic acid
conditions, as reported in Scheme 1. The crude product could be
collected via vacuum filtration, followed by additional purifica-
tion via recrystallization from boiling DMF to afford golden

crystals of 4a in moderate yields.
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Scheme 1: Synthesis of dicyanopyrazinoquinoxaline derivatives 1a-7a.

In order to access 5a and 6a, a modified procedure from the lit-
erature was implemented [28]. To synthesize 6a, the condensa-
tion was performed with 9,10-phenanthrenequinone, building
block 12 in the presence of glacial CH3COOH, trifluoracetic
acid, and 1,4-dioxane at reflux. Then, recrystallization from
DMF and sublimation under ambient pressure worked well for
the purification step to achieve an excellent 80% yield. To our
delight, 5a did not require any additional purification under the
same reaction conditions.

Next, several unsuccessful synthetic efforts were made to
access 7a using starting material 7e and building block 12,
listed in Table S2 (Supporting Information File 1). First, the
starting material 7e was obtained using 1,10-phenanthroline
under harsh conditions as shown in Scheme 3 [29]. The same
condensation reaction that worked for structurally similar 6a,

produced a poorly separable mixture in the case of 7a. In the

course of optimizing this reaction under different conditions,
additional novel products were isolated in moderate yields
(Scheme 2, Table S2, Supporting Information File 1). A variety
of bis-alkoxylated products 16a—d was obtained in moderate
yields upon using different polar solvents such as methanol,
ethanol, ethylene glycol, and diethylene glycol in the presence
of excess triethylamine (Scheme 2). These products provide ev-
idence for the in situ formation of DCPQ 7a and demonstrate its
ability to undergo trapping with various nucleophiles through an
SNAr mechanism.

An alternate strategy was employed to access 7a as depicted in
Scheme 3. The synthetic strategy first involved the access of
dihydropyrazine precursor 10 which then underwent oxidation
in the final step. Next, 7e was easily converted to (Z,E)-bis-
oxime derivative 7d in satisfactory yield. The oxime stereo-

chemistry shown is presumably secured due to the favorable
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Scheme 2: Synthesis of bis-alkoxy-substituted m-conjugated phenanthrolines 16a, 16b, 16¢, and 16d.

hydrogen bonding (O-H---N) between the oxime units; this idea
is supported by 'H NMR spectroscopy which shows the pres-
ence of two distinct hydroxyl proton signals. The reduction of
7d in the presence of Pd/C and hydrazine monohydrate afforded
1,10-phenanthroline-5,6-diamine (7¢) in moderate yield. The
condensation of 7¢ with 13 in the presence of 1,4-dioxane
yielded poorly soluble 10. Unfortunately, several oxidation
attempts to access target 7a failed presumably due to the insolu-
bility of 10 even in high polarity solvents, listed in Table S3
(Supporting Information File 1).

The H-bonding capable dihydropyrazinoquinoxaline diones
(DPQDs) were obtained by a SNyAr mechanism involving the

corresponding DCPQ derivatives. Based on numerous exam-

ples in the literature, it has been established that for electron-
deficient m-systems containing cyano groups, the addition—elim-
ination pathway will dominate over hydrolysis. This preference
was crucial to prevent the formation of undesired carboxylic
acid products [28,30,31]. These results also align with the ob-
servations previously reported by Takeda and co-workers [24].
The reaction was carried out using a large excess (10 equiv) of
KOH in a 1:1 THF/H,0 mixture to improve the solubility of the
corresponding DCPQs (Scheme 4) at room temperature. A
small amount of 1,4-dioxane (THF/H,0O/1,4-dioxane 4:5:1) was
also added to improve the solubility of 3a. The solution was
rendered neutral by the addition of conc. HCI until precipita-
tion occurred and precipitates were subsequently collected via

vacuum filtration with no exception for any DPQDs 1b—6b. The
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yields obtained in this step were moderate to excellent
(61-99%). Target 7b was synthesized from 12 and 7e via the in
situ generation of 7a and subsequent SyAr with KOH given the
high reactivity of intermediate 7a (Scheme 4).

After optimizing the successful synthesis of alkoxylated and di-
ketone derivatives of 7a, we were intrigued to investigate
whether other dicyanopyrazinoquinoxaline derivatives could
undergo a similar transformation. To assess the efficacy of the
reaction, we subjected 6a to the conditions outlined in
Scheme 2. Remarkably, under the same conditions, an isostruc-
tural bis-ethoxy derivative, 16e, was obtained in an excellent
yield (87%). In addition, 10 equivalents of ammonium hydrox-
ide yielded mono-aminated derivative 16f (Scheme S4, Sup-
porting Information File 1). The double substitution did not
proceed presumably due to the strong electron-donating effect
of -NH,, diminishing the electrophilicity of the m-system. How-
ever, the mono-aminated product 16f has the potential to serve
as a useful building block for condensation with carbonyl func-
tionality as well as Buchwald-Hartwig amination involving aryl
halides.

Thermal studies

Thermal stabilities of DCPQs 1la—6a and DPQDs 1b-7b were
evaluated using thermogravimetric analysis (TGA; Figure 2 and
Table S4 in Supporting Information File 1). The thermal
stability of the DCPQs is attributed to their favorable m—m
stacking in the solid state. The 5% weight loss values range
from 232 °C to 353 °C. Compounds with larger m-surfaces
exhibited greater thermal stability (353 °C for 3a, 304 °C for
4a, 312 °C for 6a) while others displayed 5% weight loss values
under 250 °C (232 °C for 1a, 244 °C for 2a and 238 °C for 5a).
It was interesting to observe that there was a large difference in
the thermal stabilities of non-planar Sa and fully planar 6a (5%
weight loss of 238 °C vs 312 °C).

The TGA data for H-bonding DPQDs showed thermal stability
with a 5% weight loss ranging between 288 °C and 361 °C. The
5% weight loss value is increased by about 100 °C, particularly
in the case of 1b as compared to the corresponding DCPQ 1a.
This enhancement can be attributed to the synergistic effect of
m—1t and H-bonding interactions on solid-state cohesive energy.
However, 3b and 7b exhibited a decrease in 5% weight loss
temperatures of 21 and 7 °C, respectively, from their corre-

sponding DCPQ comparators.

To complement the TGA studies, the thermal stability of com-
pound 4b was evaluated through its exposure to air inside a
200 °C oven for one week. Structural evaluation by 2D NMR
and mass spectrometry confirmed no decomposition and its

high thermal stability.

Beilstein J. Org. Chem. 2024, 20, 1037-1052.
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Figure 2: TGA of 1a—6a (a) and 1b—7b (b) obtained at 10 °C/min
under nitrogen.

Optical properties

The electronic properties of the DCPQs 1a—6a and DPQDs
1b-7b were explored by UV-vis absorption spectroscopy in
dimethyl sulfoxide (DMSO) at 25 °C (Figure 3). The electronic
absorption spectra of DCPQs exhibited structureless bands with
Amax Values from 388 to 423 nm, indicative of m—m* transitions.
On the contrary, DPQDs exhibited more structured, blue-shifted
bands with Ap.x from 357-400 nm. At the same time, DCPQs
exhibit intramolecular charge transfer (ICT) bands at lower
energy due to the dicyanopyrazinopyrazine moiety as a strong
acceptor and aromatic groups as strong donors in the backbone;
the dione groups in the case of DPQDs diminish the acceptor
properties of the aza m-system. It is worth mentioning that ICT
is significantly influenced by solvent polarity and the compre-
hensive study of solvent effects is not within the scope of this

investigation [32].
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Figure 3: Absorption spectra (20 uM) for a) DCPQs 1a—6a and
b) DPQDs 1b—7b in dimethyl sulfoxide.

Also, DPQDs displayed higher molar extinction coefficients (€)
than the corresponding DCPQs by a factor of approximately 1.4
to 5.3 in DMSO (Table 1). Furthermore, in all cases, the com-
pounds from both families adhere to the Beer—Lambert law at
the observed concentrations, as illustrated in Figures S37-S41
(Supporting Information File 1). This serves as good evidence
that the synthesized compounds exhibit no signs of aggregation
in DMSO within the assessed concentration range (i.e.,
2.5-45 uM).

Electronic structure calculations

Gas-phase computational investigations were conducted to esti-
mate energies of the frontier molecular orbitals (FMOs), specit-
ically the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), for DCPQs
1la—7a as well as 1b—7b. The density functional theory (DFT)
calculations were performed using the B3LYP/6-31+G* level of
theory (depicted in Figure 4 and Figure 5). Figure 4 reveals that
the HOMOs of 1a—7a are predominantly localized on the

Beilstein J. Org. Chem. 2024, 20, 1037-1052.

m-donor units, such as benzene and naphthalene, with an illus-
tration in the case of 6a. On the contrary, the LUMOs are delo-
calized across the entire 7-systems, while also displaying some
localization on the dicyanopyrazinopyrazine acceptor. Notably,
compound 3a displays the highest orbital density separation be-
tween donors and acceptors — an attribute relevant to efficient
intramolecular charge transfer processes. This aligns with the
observed lower optical HOMO-LUMO gap for 3a in compari-
son to other compounds within the DCPQ family of com-
pounds. As shown in Figure 5 and Table 1, the donor—acceptor
character of the H-bonding counterparts is considerably muted
and the HOMO and LUMO in these cases are both relatively
delocalized. The HOMO energies of DPQD 1b—7b are also
deep (<-6.0 eV).

FMO energies are of great importance not only for the stability
but also for device optimization. Raising the HOMO energy
level can facilitate hole injection when using Pt electrodes [33],
consequently enabling the fabrication of ambipolar devices sup-
porting both hole and electron transport. On the other hand,
unipolar electron transport could be facilitated in the case of
DCPQs 1la—6a given their extremely deep HOMO energy
levels. Deep HOMO levels are important for optimal device
performance and resistance to oxidation [34]. Compounds with
deep LUMO energy levels are essential for efficient electron
transport. However, compounds with LUMO levels ~~4.0 eV
are prone to undergo oxidation with O, or reduction with H,O
[35]. This could be the reason why electron transport properties
in the OFETs previously reported by Yamashita are not very
good [25]. Therefore, in the case of DPQD derivatives 1b—7b, a
balance is achieved, characterized by a HOMO with an energy
level below —6.0 eV and moderately low LUMO with an energy
level below —2.7 eV. The notable computed HOMO-LUMO
difference between DCPQs and DPQDs amounting to more
than 1.0 eV in certain cases, correlates well with optical gaps
obtained from absorbance spectra, taken as the photon energy
corresponding to the cut-off wavelength (Table 1). Subse-
quently, preliminary electrochemical studies were performed
with selected DCPQs and corresponding DPQD counterparts
using cyclic voltammetry (Figure S1, Supporting Information
File 1). Cyclic voltammetric measurements of DCPQs, specifi-
cally 4a and 6a, and DPQDs 4b and 6b, support the overall
trends observed through the electronic structure calculations.

X-ray crystallography

Single crystal X-ray diffraction data could be obtained for 2b,
5b, and 6b. Figure 6 illustrates the single-crystal X-ray analysis
of 2b, and its important structural parameters were compared
with that of 2a (#CCDC 227464) reported in the literature [25].
An improved 2D nanostructure through highly ordered organi-
zation facilitated by H-bonding is revealed. Notably, the C—C
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Figure 4: Calculated HOMO (below) and LUMO (above) energies by DFT analysis (B3LYP/6-31+G* level of theory), and corresponding molecular

orbital plots for 1a-7a.

distance between two carbonyl groups measures 1.531 A, com-
paratively larger than that of aromatic systems and on the order
of CSpS—CSp3 bonds (Figure 6a). This represents the first evi-
dence that the keto form is largely favored. Next, the molecule
does not adopt a fully planar conformation, instead exhibiting a
torsional angle of 4.33° with respect to the carbonyl groups
(Figure 6b) and 5.25° concerning peripheral rings 1 and 3
(Figure 6¢). The unit cell is composed of a dimer of 2b held
together by intermolecular N-H:--N and C—H:--O=C H-bonds
with average distances of 2.30 A and 2.28 A, respectively
(Figure 6d and 6e). The herringbone packing of 2b is expected
to be favorable for charge mobility within stacked arrange-
ments [36,37]. Additionally, the intermolecular —r stacking
distance is reduced to 3.285 A in the staggered form (Figure 6f
and 6g), 0.27 A shorter than its non-hydrogen bonding dicyano
comparator 2a. The single-crystal X-ray analysis of other
DPQDs 5b and 6b did not reveal a herringbone lattice pattern,
as shown in Tables S5 and S6 and Figures S42—-S45 (Support-
ing Information File 1). In the case of 5b, this is presumably
due to the twisted phenyl rings that dictate the packing arrange-
ment. Nonetheless, close m-stacking distances (3.2 A) are ob-
served between the 5b units. For 6b, this is likely due to the

included solvent (ethylene glycol) that hydrogen bonds to the
quinoxalinedione. Moving forward, 2b stands out as a promis-
ing candidate for future solid-state characterization and device

fabrication studies.

Conclusion

To conclude, we have used an efficient synthetic method to
produce a structurally diverse class of H-bonding capable elec-
tron-deficient N-heteroacenes DPQDs 1b—7b. The DPQDs were
accessed from their respective N-heteroacenes DCPQs 1a—7a in
one step. Structure—property relationships for the DCPQs and
DPQDs were established using gas-phase computational DFT
analysis (B3LYP/6-31+G* level of theory), UV—visible spec-
troscopy, thermal analysis, and X-ray analysis in the solid state
for 2b, Sb, and 6b.

The primary takeaways from the work concern the attractive
functional consequences of efficiently converting the DCPQs
into hydrogen-bonding capable DPQDs. These include modula-
tion of frontier MO energies, higher molar extinction coeffi-
cients, and on-average higher thermal stability (where in some

cases the 5% weight loss temperature increased by up to
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-6.71
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Table 1: Absorbance properties of 1a—6a and 1b—7b in DMSO.2

Compound

1a
2a
3a
4a
5a
6a
1b
2b
3b
4b
5b
6b
7b

aAll measurements performed at room temperature and 20 pM concentration;
09 at the DFT B3LYP-6-31+G* level.

Amax
(nm)

400
400
388
394
407
423
368
377
399
391
357
400
396

Aonset
(nm)

447
455
546
436
466
492
377
388
451
443
391
432
398

g
(104 M~ cm™1)

1.4
21
0.73
1.3
1.7
2.2
2.6
2.8
3.9
1.8
2.4
4.6
3.0

-2.75

-6.38

En op oPFT
(eV)

-7.72
-7.45
-6.53
-7.24
-7.16
-7.09
-6.99
-6.71
-6.06
-6.38
-6.39
-6.39
-6.75

-2.49

3.90

-6.39

ELUM oPFT
(eV)

-4.42
-4.21
-3.73
-3.82
-3.92
-4.08
-2.89
-2.72
-3.05
-2.75
-2.49
-2.72
-2.95

6b

Ne N0 n. R o N\HON\HO

-2.72

-6.39

-2.95

-6.75

Egap®®
(eV)?

2.85
2.71
2.26
2.85
2.67
2.52
3.23
3.20
2.75
2.80
3.17
2.86
3.11

bEnergy values obtained from gas-phase computations using Gaussian
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Figure 6: Asymmetric unit of DPQD 2b with important bond lengths highlighted (a). Torsion angles of 4.33° and 5.25° are associated with the car-
bonyl groups and rings 1 and 3, respectively (b) and (c). Packing diagram showing the average intermolecular N-H--*N and C—H---O=C distances (d).
Unit cell comprised of four molecules of 2b (e). Herringbone packing of 2b showing the distance between adjacent ring centroids (f). Herringbone
backing of 2b shown as a spacefilling model (g). Atom color code: blue N, gray C, red O, and white H.

100 °C). Single-crystal X-ray analysis of DPQD derivative 2b
further revealed that it adopts a favorable herringbone motif
characterized by short 77— distances and extensive intermolecu-
lar hydrogen bonding. These structural features are anticipated
to promote efficient charge transport. Future work will involve
device fabrication and comparison of the DCPQs and DPQDs in
this context. Overall, this work contributes to our overarching
objective to investigate the influence of hydrogen-bonding
functionality on optoelectronic material organization and next-

generation organic semiconductor device performance.

Experimental
General methods

Reagents and solvents were purchased from commercial

sources and used without further purification unless otherwise

specified. THF, ether, CH,Cl,, and DMF were degassed in 20 L
drums and passed through two sequential purification columns
(activated alumina; molecular sieves for DMF) under a positive
argon atmosphere. Palladium(II) acetate and anhydrous 1,4-
dioxane were purchased from Strem Chemicals or Sigma-
Aldrich and used as received. Thin-layer chromatography
(TLC) was performed on SiO,-60 F54 aluminum plates with
visualization by UV light or staining. Flash column chromatog-
raphy was performed using Purasil SiO5-60, 230-400 mesh
from Whatman. Routine 300(75) MHz 'H(!13C) NMR spectra
were recorded on Varian Mercury 300 or Gemini 300 spectrom-
eters. Routine 500(125) MHz 'H(!3C) NMR were recorded on
an INOVA 500 spectrometer. 2D NMR spectra were recorded
using a 600 MHz Varian instrument. Chemical shifts (d) are

given in parts per million (ppm) relative to TMS and refer-
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enced to residual protonated solvent (CDCl3: dy 7.26 ppm,
Oc 77.23 ppm; DMSO-dg: 8y 2.50 ppm, 8¢ 39.50 ppm). Abbre-
viations used are s (singlet), d (doublet), t (triplet), q (quartet),
quin (quintet), hp (heptet), b (broad), and m (multiplet). ESI-
and ESI-TOF-MS spectra were recorded on a Bruker APEX II
FTICR and Agilent 6210 TOF spectrometer, respectively. EI-,
CI-, and DIP-CI-MS spectra were recorded on a Thermo Trace
GC DSQ (single quadrupole) spectrometer.

Absorbance measurements

Absorbance spectra were measured for 2.5, 5, 10, 15, 20, and
40 pM solutions of the DCPQs and DPQDs on a Cary 100 Bio
spectrophotometer using 1 cm quartz cells. All solvents were
HPLC grade (purchased from Fisher) and stored over 4 A mo-
lecular sieves. The absorption intensity at A, Was then plotted
against the concentration in all cases to confirm, by linearity,
that the compounds followed Beer’s law. Molar extinction coef-
ficients (¢) were determined from the linear plot for each com-
pound (where A = ebc).

Computational analysis

Starting geometries were obtained from semi-empirical calcula-
tions using the MM2 method as implemented in Chem3D Pro v.
13.0.0.3015 for Windows. The ground state geometries, ener-
gies and orbital energies were then obtained from DFT calcula-
tions at the B3LYP/6-31+G* level as implemented in Gaussian
09 [38], accessed through the UF High-Performance Computing
Center. Frequency calculations were performed at the same
computational level, and no imaginary frequencies were found.
Molecular orbital plots were made using GaussView v. 5.0.898
from the Gaussian output files.

Thermogravimetric analysis

Thermal gravimetric analysis (TGA) was performed on a TA
Instruments TGA Q5000-0121 V3.8 Build 256 at a heating rate
of 10 °C/min using 1-3 mg of sample in a 100 pL platinum pan
(under nitrogen). The data was analyzed on Universal Analysis
2000 4.4A software.

Synthetic procedures to access dicyano-

pyrazinoquinoxalines (DCPQs) 1a—6a
Pyrazino[2,3-b]quinoxaline-2,3-dicarbonitrile (1a)

To a 50 mL round-bottom flask was added DDQ (0.581 g,
2.56 mmol) and CH,Cl, (20 mL). To the suspension was added
5,10-dihydropyrazino[2,3-b]quinoxaline-2,3-dicarbonitrile (8,
0.300 g, 1.28 mmol) in small portions. The reaction was
allowed to proceed overnight at room temperature, after which a
pale orange reaction mixture was filtered, washed with copious
amounts of CH,Cl, and THF (10 mL), and dried in vacuo to
afford a bright orange solid of 1a (0.264 g, 1.14 mmol, 89%).
TH NMR (600 MHz, DMSO-dg) 5 8.30-8.31 (dd, J = 3 Hz, J =

Beilstein J. Org. Chem. 2024, 20, 1037-1052.

6.6 Hz, 2H), 8.49-8.51 (dd, J = 3 Hz, J = 6.6 Hz, 2H);
13C NMR (150 MHz, DMSO-dg) 8 114.5, 130.4, 136.1, 136.2,
142.7, 147.4; HRMS (DART): [M + H]* caled for Cj,H4Ng,
233.0570; found, 233.0574; [M + NH4]*, 250.0836; found,
250.0839.

7,8-Dimethylpyrazino[2,3-b]quinoxaline-2,3-
dicarbonitrile (2a)

Compound 2a was synthesized the same way as 1a using DDQ
(0.581 g, 2.56 mmol), 7,8-dimethyl-5,10-dihydropyrazino[2,3-
b]lquinoxaline-2,3-dicarbonitrile (9, 0.300 g, 1.28 mmol) and
CH5Cl, (20 mL). The reaction mixture was filtered, washed
with copious amounts of CH,Cl,, THF (20 mL), and dried in
vacuo to give a bright orange solid of 2a (0.26 g, 1.0 mmol,
87%). "H NMR (500 MHz, CDCl3) d 2.70 (s, 6H), 8.21 (s, 2H);
TH NMR (500 MHz, DMSO-dg) 8 2.66 (s, 6H), 8.27 (s, 2H);
13C NMR (125 MHz, DMSO-dg) 5 20.1, 114.2, 127.8, 134.6,
142.3, 146.6, 148.7. The proton NMR in chloroform matches
the literature value [25]; HRMS (DART): [M + H]* calcd for
C4HgNg, 261.0883; found, 261.0889; [M + NH4]", 278.1149;
found, 278.1154.

Aceanthryleno[1,2-b]pyrazino[2,3-e]pyrazine-11,12-
dicarbonitrile (3a)

An oven dried sealed tube was charged with 5,6-diaminopy-
razine-2,3-dicarbonitrile (12) (56.6 mg, 0.353 mmol), 1,2-
aceanthrylenedione (56.6 mg, 0.244 mmol) and dry pyridine
(3 mL). The resulting orange suspension was heated to 80 °C
for 72 hours. After this time, brown solids precipitated out. The
tube was adequately cooled, and the solid residue was filtered
and washed with copious amounts of methanol, ethyl acetate
and dichloromethane, to afford pure red-brown colored
amorphous material (36 mg, 0.10 mmol, 41%). The material
could be further purified by recrystallization from boiling
DMSO to obtain highly insoluble red-brown microcrystalline
material. 'H and '3C NMR could not be recorded for the com-
pound 3a given its extremely poor solubility in common
organic solvents. Ry (CH»Cly): 0.75, fluorescent orange spot;
HRMS (DART): [M + NHy]* caled for CyoHgNg, 374.1154;
found, 374.1155.

Acenaphtho[1,2-b]pyrazino[2,3-e]pyrazine-9,10-
dicarbonitrile (4a)

An oven dried sealed tube was charged with 5,6-diaminopy-
razine-2,3-dicarbonitrile (12) (0.15 g, 0.92 mmol), acenaphthy-
lene-1,2-dione (0.15 g, 0.84 mmol) and glacial acetic acid
(20 mL). The resulting pale-yellow suspension was heated to
115 °C for 20 hours with vigorous stirring. After 20 hours, the
reaction was cooled, and yellow-gold shimmering particles
began to settle out. The mixture was filtered, and the resulting

gold-colored solid was recrystallized from hot DMF to obtain
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pure compound 4a (0.12 g, 0.39 mmol, 47%). 'H NMR
(500 MHz, CDCl3) d 8.04-8.06 (t, J = 7.5 Hz, 2H), 8.40-8.42
(d, J = 8.5 Hz, 2H), 8.71-8.73 (d, J = 7 Hz, 2H); '3C NMR
could not be obtained due to the poor solubility of the com-
pound; HRMS (DART): [M + NH4]" calcd for C;gHgNg,
324.0997; found, 324.0978.

6,7-Diphenylpyrazino[2,3-b]pyrazine-2,3-
dicarbonitrile (5a)

Compound 5a was synthesized by a modified literature method
[31]. To an oven dried sealed tube was added 5,6-diaminopy-
razine-2,3-dicarbonitrile (12, 306 mg, 1.91 mmol),
diphenylethanedione (benzil) (365 mg, 1.74 mmol), glacial
acetic acid (7 mL), trifluoroacetic acid (1 mL), and 1,4-dioxane
(2 mL). The resulting orange suspension was heated at 110 °C
for 48 hours. After completion, the tube was allowed to cool to
room temperature and placed in a freezer overnight. Gold-
colored crystals of 5a were collected by filtration and dried in
vacuo (430 mg, 1.28 mmol, 74%). 'H NMR (500 MHz, CDCl3)
0 7.41-7.44 (t,J = 7.5 Hz, 2H), 7.53-7.56 (t, J = 7.5 Hz, 1H),
7.73-7.75 (d, J = 8 Hz, 2H); '3C NMR (125 MHz, CDCl3) d
113.0, 129.2, 130.9, 132.4, 133.8, 136.5, 143.9, 162.8; HRMS
(DART): [M + H]" calcd for CogH¢Ng, 335.1040; found,
335.1094; [M + NHy4]*, 352.1305; found, 352.1358.

Dibenzo[f,h]pyrazino[2,3-b]quinoxaline-11,12-
dicarbonitrile (6a)

An oven dried sealed tube was charged with 5,6-diaminopy-
razine-2,3-dicarbonitrile (12, 0.73 g, 4.6 mmol), phenanthrene-
9,10-dione (0.86 g, 4.1 mmol), glacial acetic acid (24 mL), TFA
(6 mL) and 1,4-dioxane (12 mL). The resulting suspension was
heated to 100 °C for 35 hours. By the end of the reaction, a red
shimmering precipitate was observed. The reaction mixture was
allowed to cool to room temperature, filtered and washed with
copious amounts of dichloromethane and dried to obtain red-
brick-colored solid 6a (1.10 g, 3.30 mmol, 80%). I'H NMR
(500 MHz, DMSO-dg) 8 7.88-7.91 (t,J = 7 Hz, 2H), 8.02-8.05
(t,J = 7.5 Hz, 2H), 8.83-8.84 (d, J = 8 Hz, 2H), 9.21-9.23 (d,
J =7 Hz, 2H). The compound was too insoluble for 13C NMR
spectroscopic analysis.

Synthesis of dihydropyrazinoquinoxaline
diones 1b—7b (DPQD) from dicyanopyrazino-
quinoxalines (DCPQs) 1a—6a
1,4-Dihydropyrazino[2,3-b]quinoxaline-2,3-dione
(1b)

To a 20 mL round-bottom flask was added pyrazino[2,3-
b]quinoxaline-2,3-dicarbonitrile (1a, 146 mg, 0.628 mmol) and
THF (10 mL). To the resulting orange suspension was drop-
wise added a solution of KOH (353 mg, 6.280 mmol) in water

(10 mL) and reacted at room temperature for 3 hours. After this
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time the light orange solution was diluted with water (50 mL)
and acidified with 1 N HCI until a white solid precipitated out.
The solids were collected via filtration and dried in an oven
(120 °C) for 24 hours. An off-white to pale yellow solid of 1b
was obtained (123 mg, 0.572 mmol, 91%). 'H NMR (600 MHz,
DMSO-dg) & 7.65-7.67 (dd, J = 3.6 Hz, J = 6.6 Hz, 2H),
7.84-7.86 (dd, J = 3.6 Hz, J = 6.6 Hz, 2H), 12.71 (s, 1H);
13C NMR (150 MHz, DMSO-dg) 8 126.7, 128.0, 137.4, 137.7,
155.6; HRESIMS: [M + Na]" calcd for C;gHeN4O,, 237.0388;
found, 237.0394.

7,8-Dimethyl-1,4-dihydropyrazino[2,3-b]quinoxaline-
2,3-dione (2b)

Compound 2b was synthesized with a method similar to that of
1b using 2a (97.7 mg, 0.378 mmol), THF (8 mL), and KOH
(64 mg, 1.13 mmol) in water (8 mL). After reaction, the red-
orange solution was diluted with water (50 mL) and acidified
with 1 N HCI until a pink-colored solid precipitated out. The
solids were collected via filtration using a fine sintered funnel
and dried in an oven to afford off-white solid of 2b (90 mg,
0.37 mmol, 99%). 'H NMR (500 MHz, DMSO-dg) 5 2.41 (s,
6H), 7.61 (s, 2H), 12.61 (s, 2H); 13C NMR (150 MHz, DMSO-
dg) © 19.7, 126.0, 136.1, 136.8, 137.9, 155.6; HRESIMS:
[M + Na]* calcd for C,H;oN4O,, 265.0701; found, 265.0692.

10,13-Dihydroaceanthryleno[1,2-b]pyrazino[2,3-
elpyrazine-11,12-dione (3b)

Compound 3b was synthesized in the same way as 1b using
compound 3a (10 mg, 0.03 mmol), THF (4 mL), 1,4-dioxane
(1 mL), and KOH (10 equiv) in water (5 mL). The product 3b
was obtained as an orange precipitate after the reaction mixture
was poured into 30 mL of ice and neutralized with 1 N HCI.
Yield: 6 mg, 0.02 mmol, 67%. 'H NMR (500 MHz, DMSO-d¢)
0 7.56-7.60 (t, J = 7.5 Hz, 1H), 7.71-7.74 (t, J = 7.5 Hz, 2H),
8.04-8.05 (d, J =7 Hz, 1H), 8.21-8.23 (d, J = 8.5 Hz, 2H), 8.76
(s, 1H), 9.00-9.02 (d, J = 8.5 Hz, 1H), 12.72 (brs, 2H);
13C NMR (125 MHz, DMSO-dg + TFA) 8 123.0, 124.3, 124.9,
126.0, 126.8, 127.9, 128.2, 128.8, 128.9, 129.8, 130.1, 130.4,
130.9, 133.5, 133.8, 134.4, 144.7, 147.0, 155.5, 155.6;
HRESIMS: [M + K]* calcd for CogHoN4O,, 377.0441; found,
377.0423.

8,11-Dihydroacenaphtho[1,2-b]pyrazino[2,3-
e]pyrazine-9,10-dione (4b)

Compound 4b was synthesized using a method similar to that of
1b using compound 4a (102 mg, 0.333 mmol), THF (5 mL),
and KOH (187 mg, 3.33 mmol) in water (5 mL). After the addi-
tion of KOH, the reaction mixture turned red-brown. After
completion, the reaction mixture was diluted with water
(10 mL) and acidified with concentrated HCI until a precipitate

became apparent. The yellow-orange precipitate was filtered
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and washed with copious amounts of water and dried in vacuo
(95 mg, 0.300 mmol, 99%). '"H NMR (500 MHz, DMSO-dg) d
7.68-7.71 (t, J = 7.5 Hz, 2H), 7.96-7.98 (d, J = 7 Hz, 2H),
7.99-8.01 (d, J = 8.5 Hz, 2H), 11.57 (brs, 1H); 'H NMR
(500 MHz, C¢Dg) d 7.36-7.39 (t, J = 7 Hz, 2H), 7.64-7.65 (d,
J =8.3 Hz, 2H), 7.99-8.00 (d, J = 6.9 Hz, 2H), 12.94 (brs, 1H);
13C NMR (125 MHz, DMSO-dg) 8 121.9, 128.8, 129.1, 129.2,
130.7 131.3, 134.8, 145.3, 155.5; HRESIMS: [M + K]* calcd
for C;gHgN40,, 327.0284; found, 327.0279.

6,7-Diphenyl-1,4-dihydropyrazino[2,3-b]pyrazine-
2,3-dione (5b)

Compound 5b was synthesized using a method similar to that of
1b using compound 5a (236 mg, 0.706 mmol), THF (9 mL),
and KOH (400 mg, 7.06 mmol) in water (9 mL). The red solu-
tion was diluted with water (10 mL) and acidified with 1 N HCI
until an orange precipitate of Sb was obtained (198 mg,
0.628 mmol, 89%). 'H NMR (500 MHz, DMSO-dg) 5 7.32 (s,
10H), 12.70 (brs, 2H); '3C NMR (125 MHz, DMSO-dg) &
128.5, 128.6, 129.9, 135.2, 138.4, 144.1, 156.1; HRESIMS:
[M + H]* calced for C;gH(,N40,, 317.1038; found, 317.1021.

10,13-Dihydrodibenzol[f,h]pyrazino[2,3-b]quinoxa-
line-11,12-dione (6b)

Compound 6b was synthesized similarly to 1b using compound
6a (1.11 g, 3.34 mmol, THF (50 mL), and KOH (1.87 g,
33.3 mmol) in water (50 mL). After completion, a yellow pre-
cipitate was observed which was filtered and washed with
copious amounts of 1 N HCI and diethyl ether. The product 6b
was then dried in vacuo to obtain pale yellow amorphous solid
(1.15 g, 3.31 mmol, 99%). 'H NMR (500 MHz, DMSO-dg) d
7.60-7.63 (t, J = 7.5 Hz, 2H), 7.66-7.69 (t, J = 8.5 Hz, 2H),
8.71-8.73 (d, J = 8.5 Hz, 2H), 8.98-9.00 (d, J = 8 Hz, 2H);
13C NMR (125 MHz, DMSO-dg) 8 123.0, 123.8, 127.1, 129.1,
130.0, 132.6, 143.1, 160.4; 13C NMR (150 MHz, DMF-d;) &
123.3, 124.0, 127.7, 128.6, 128.8, 129.9, 133.6, 136.5, 155.7;
HRESIMS: [M + HJ* calcd for C1gH;9N4O,, 315.0881; found,
315.0877.

10,13-Dihydropyrazino[2',3":5,6]pyrazino[2,3-
fl[1,10]phenanthroline-11,12-dione (7b)

In a 100 mL three-neck round-bottom flask, compounds 12
(100 mg, 0.624 mmol) and 7e (150 mg, 0.713 mmol) were
added to 15 mL of tetrahydrofuran (THF). Subsequently, a solu-
tion of potassium hydroxide in water (15 mL) was added drop-
wise at room temperature, resulting in a color change from
orange to red. The reaction mixture stirred for 72 hours, resulted
in the formation of an orange-brown precipitate. The reaction
mixture was then filtered, and 1 N HCI was added until orange-
red colored solids appeared. The solids were collected via filtra-

tion and washed with copious amounts of water and dried in an
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oven to obtain red-orange product 7b (120 mg, 0.381 mmol,
61%). '"H NMR (500 MHz, DMSO-dg) & 7.78-7.81 (dd,
J = 4.5 Hz, 8.5 Hz, 2H), 8.96-8.98 (d, J = 7.5 Hz, 2H),
9.34-9.36 (d, J = 8 Hz, 2H); 13C NMR (125 MHz, DMSO-dg +
TFA) & 126.8, 127.8, 136.8, 138.3, 139.0, 147.9, 155.8;
HRESIMS: [M + H]* calcd for C;¢HgNgO», 317.0787; found,
317.0776.

Supporting Information

Supporting Information File 1

General experimental methods, IH and 13C NMR, and
HRMS spectra of the compounds as well as photophysical,
computational and X-ray data.
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The addition reaction of Cg( with silylene 1, a silicon analog of carbene, yielded the corresponding bis-adduct 3. The structure of 3

was determined by single-crystal X-ray structure analysis, representing the first example of a crystal structure of a silirane (sila-

cyclopropane) derivative of fullerenes. Electrochemical measurements confirmed that the redox potentials of 3 are shifted cathodi-

cally compared to those of the parent mono-adduct 2. Density functional theory (DFT) calculations provided the basis for the elec-

tronic properties of compound 3.

Introduction

The chemical functionalization of fullerenes has been exploited
extensively from both fundamental and practical perspectives,
elucidating their potential applications for biochemistry, nano-
materials sciences, and molecular electronics [1-3]. With the de-
velopment of research investigating the functionalization of ful-
lerenes, several multiple addition reactions of fullerenes have
been investigated [4-8]. For example, earlier reports have de-
scribed that some functionalization reactions of fullerenes
afford bis-adducts with excellent properties as organic photo-
voltaic materials [9-14]. Furthermore, regioisomerically pure

bis-functionalized fullerenes function better as electron accep-

tors in organic thin-film solar cells than mixtures of the corre-
sponding regioisomers do [12-14]. Therefore, controlling the
regioselectivities of multiple functionalizations of fullerenes for
the selective synthesis of specific multi-adducts poses an impor-

tant challenge.

Addition reactions of Cg are well known to occur mainly at the
6,6-bonds (junction between two hexagons) rather than at the
5,6-bonds (junction between a pentagon and a hexagon). If the
second additions proceed also at the 6,6-bonds, then nine regio-

isomers are possible for bis-additions, as shown in Figure 1
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[4,5]. In addition, when the second addends are identical to the
first, the e¢' and e’ isomers are the same adducts, thereby
affording eight possible regioisomers for bis-addition reactions.
Hirsch and co-workers reported two-fold additions of Cgg using
the Bingel-Hirsch and the Bamford—Stevens reactions as well
as nitrene addition reactions, indicating the formation of regio-
isomers as anticipated from the possible addition sites in
Figure 1 [5]. Diederich and co-workers developed a general
methodology using tether-directed remote functionalization for
the regioselective formation of multiple adducts of fullerenes

[6].

Figure 1: Positional notation of 6,6-bonds in a mono-adduct of Cgg
with the first addition site indicated using a bold line [5].

In our earlier reports, the reactions of Cgg and Cyq, with sily-
lene Dip,Si (1, Dip = 2,6-diisopropylphenyl), a silicon analog
of carbene, were described as providing silirane (silacyclo-
propane)-type 6,6-mono-adducts Dip,SiCg (2, Scheme 1) and
Dip,SiCyq [15,16]. Furthermore, bis-adducts (Dip,Si),Cgg and
(Dip,Si),C7g were obtained as byproducts, but no details of
these bis-adducts have been clarified [15,16]. The results
demonstrated that the electronic properties of product 2 were
altered considerably compared to that of pristine Cgg mainly
because silicon atoms are less electronegative. Electron-donat-
ing effects of silyl groups in fullerene derivatives were also

Dip_ SiMes hv Dip
Si — /Sil —
Dip” si Dip
p SIMeg C60
1
Dip= -

Scheme 1: Synthesis of silylene adducts 2 and 3.

Beilstein J. Org. Chem. 2024, 20, 1179-1188.

rationalized in terms of 0— conjugations between C—Si o bonds
of the silirane ring and adjacent m-bonds of the fullerene cage
[17-20]. Therefore, it is interesting to examine the electronic
properties of multi-silylene adducts in comparison with those of
2. Herein, we report the structural determination and characteri-
zation of a bis-silylene adduct 3 of Cg( based on spectroscopic
measurements, X-ray crystallography, electrochemical analyses,
and theoretical calculations.

Results and Discussion
Synthesis of bis-silylene adduct 3

The synthesis of the silylene adduct was conducted using a
modified literature procedure [15]. A degassed solution of
Dip;Si(SiMejs) as a silylene precursor and Cgg in toluene was
irradiated by a 125-W low-pressure mercury lamp in a quartz
tube for 2 h (Scheme 1). During reaction, the color of the solu-
tion turned to dark brown. After the photolysis, the bis-silylene
adduct 3 was isolated in 36% yield accompanied by mono-
adduct 2 (22% yield) by silica gel flash column chromatogra-
phy using mixed solvents of hexane/CH;,Cl, by changing the
ratios of volumes from 10:1 to 3:1. In thin-layer chromatogra-
phy (TLC) analysis using silica gel, the Ry values are 0.55 for 2
and 0.33 for 3, respectively, with hexane/CH,Cl, 5:1 as solvent
mixture. Although several other fractions containing Cg( deriv-
atives were obtained, their structures are still under investiga-
tion because of the difficulty in isolating and purifying those

fractions.

To clarify the addition site of 3, we measured the ultra-
violet—visible (UV-vis) spectrum. Fullerene derivatives are
well-known to show characteristic absorption spectra depending
on the addition pattern. As shown in Figure 2, the spectrum of 3
exhibited an absorption maximum at 515 nm, which is similar
to those of the ¢’ and e¢” isomers of Cgo[C(CgH4OMe),], and
CgolC(CgH4OMe),][NCOOQE] [5]. In the case of 3, the ¢’ and
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e'' isomers are identical products, and 3 is denoted as the e

isomer hereinafter.

The 'H NMR spectrum of 3 showed signals of eight doublets
and three septets, which were assigned respectively to the
methyl and methine groups, along with the aromatic protons
(Figure 3). In the 13C NMR spectrum, a total of 43 signals were
observed in the low-field region (approximately 160-120 ppm),
of which 29 signals are attributed to the Cg( carbon cage and
14 signals are attributed to the aromatic ring carbon nuclei of
the Dip groups (Figure 4). In addition, three sp> carbon atoms
of the Cg( carbon cage, eight methyl, and three methine carbon
signals of the Dip group were observed. These spectral features

140.57

2053

8.0 7.0 6.0

—
50

Chemical shift / ppm

S As x .

36 3 Ls L4 13 12 i) 10

Chemical shift / ppm Chemical shift / ppm Chemical shift/ ppm

Figure 3: 500 MHz "H NMR spectrum of 3 in CDCl3/CS; 3:1.
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Figure 4: 125 MHz '3C NMR spectrum of 3 in CDCl3/CS; 3:1. The signals of sp? carbons of Cgo and quaternary carbons of the Dip groups are indi-
cated by grey circles.

are consistent with the structure of 3 as the e isomer of bis-
adducts with Cg symmetry. The plane of symmetry includes one
silirane ring and bisects another silirane ring perpendicularly.

Unfortunately, the matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry of 3 afforded
no molecular ion peak expected for adducts derived from
Dip,Si and Cg while a base peak at m/z 720 due to Cgy was
observed probably because of the low stability of radical ions of
3.

Finally, the structure of 3 was established by single-crystal
X-ray structure analysis. The ORTEP diagram of 3 is presented
in Figure 5 with the selected bond lengths and angles collected
in Table 1. The cage C—C bond lengths of the addition sites are
C1-C9: 1.623(2) A and C21-C40: 1.6282(19) A, which fall
within the range of the corresponding values reported for the

crystal structures of methano-derivatives of Cgq [5,21-33]. It is Figure 5: ORTEP drawing of 3 showing thermal ellipsoids at the 50%

noteworthy that these C—C bond lengths are longer than those of probability level at 100 K. Hydrogen atoms are omitted for clarity.
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Table 1: Selected bond lengths and angles of 3.

bond length [A] bond angle [°]

c1-C9 1.623(2) Si1-C1-C9 64.19(7)
Si1-C1 1.8886(15)  C1-Si1—C9 51.04(6)
Si1-C9 1.8796(15)  Si1-C9-C1 64.77(7)
c1-c2 1.495(2)

c1-C5 1.497(2)

c8-C9 1.492(2)

C9-C10 1.498(2)

C21-C40 1.6282(19)  Si2-C21-C40  64.65(7)
Si2—-C21 1.8778(14)  C21-Si2-C40  51.26(6)
Si2-C40 1.8865(15)  Si2-C40-C21  64.10(7)
C20-C21 1.4951(19)

C21-C22 1.490(2)

C39-C40 1.4951(19)

C40-C41 1.4928(19)

the reported siliranes [34-42], except for rare examples such as
3-(hydroxydimesitylsilyl)-1,1-dimesityl-2,2-bis(trimethylsilyl)-
1-silirane [43]. In contrast, we earlier reported the crystal struc-
ture of the adduct of LusN@I,—Cgg with silylene Dep,Si
(Dep = 2,6-diethylphenyl), which was revealed to be a sila-
fulleroid structure with the cage C—C separation distance of
2.25 A at the addition site [44]. On the other hand, the Si—-C
bond lengths of the silirane ring in 3 are Sil-C1: 1.8886(15) A,
Sil1-C9: 1.8796(15) A, Si2—C21: 1.8778(14) A, and Si2—C40:
1.8865(15) A, which are roughly equal to those of the reported
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siliranes. These results confirm that the two addends in 3 are
both silirane structures, which represents the first example of a

crystallographic analysis of silirane derivatives of fullerenes.

Theoretical calculations

Hirsch and co-workers reported the bis-functionalization of Cgg
using the Bingel-Hirsch, the Bamford—Stevens reactions, and
nitrene addition, indicating that preferential formation of the e
(e’ or e") isomers followed by trans-3 isomer when at least one
of the two addends was sterically demanding [5]. The forma-
tion of 3 in the present bis-silylene addition is consistent with
those earlier results. To obtain some insight into regioselectivi-
ty, we performed density functional theory (DFT) calculations
using the B3LYP/6-31G(d) method [45-48]. We first compared
the relative stabilities of mono-adducts (Dip,SiCgg) with 6,6-
silirane (2a), 6,6-sila-fulleroid (2b), 5,6-silirane (2c¢), and 5,6-
sila-fulleroid (2d) structures (Figure 6). The optimized struc-
ture of 2a was found to be more stable than that of 2¢ by
19.23 kcal/mol. In contrast, optimization using initial structures
of 2b and 2d afforded the structures of 2a and 2c, respectively.
Based on these results, the optimized structures of bis-adduct
isomers 352, 3cis-3, 3es trans-15 dtrans-2> dtrans-3> A praps 4
were calculated by assuming the 6,6-silirane structures for addi-
tion sites. Calculation of 3.1 was not conducted because of its
sterically clouded structure. Structural parameters around the
addition sites of 3, showed rough agreement with the corre-
sponding values of 3 obtained using the X-ray structural analy-
sis (Table 1 and Table S1 in Supporting Information File 1). As
shown in Figure 7, few differences in relative energies are

2c (5,6-silirane) 2d (5,6-sila-fulleroid)

R = 2,6-diisopropylphenyl

a)
2a (6,6-silirane) 2b (6,6-silafulleroid)
b)

©

-
9
Q
'Y

&

front view side view

2a

&

front view side view

2c

Figure 6: (a) Partial structures of isomers of Dip2SiCgg. (b) Optimized structures of 2a and 2c. Hydrogen atoms are omitted for clarity.
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3trans.1 (1 38) 3trans-2 (088)
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3.(0.53)

3

3rrans-3 (000) 3rrans-4 (308)

Figure 7: Optimized structures of 3¢js-2, 3¢is-3, 3e, 3trans-1 Strans-2» Strans-3» and 3grans-4. Values in parentheses are the relative energies in kcal/mol

compared to that of 3;4,5.3- Hydrogen atoms are omitted for clarity.

apparent among 3, 3yrans-1> 3trans-2> dtrans-3> and 3grans-4, al-
though 3., » and 3.;,_3 are unstable. Therefore, we next investi-
gated the structural and electronic properties of the calculated
mono-adduct 2a to evaluate its reactivity toward 1.

The bond lengths of the cage C—C double bonds and the
m-orbital axis vector (POAV) [49] of the cage carbon atoms of
2a are presented in Tables S2 and S3 in Supporting Informa-
tion File 1. Mean values are given respectively for the identical
type of bonds and atoms. The differences in the double bond
lengths are negligible, but the cis-1, cis-2, and e bonds are
slightly shorter than the other bonds. The POAYV values show
no marked difference except for the carbons adjacent to the ad-
dition site. Therefore, neither the double bond lengths nor the
POAV values of 2a are regarded as affecting the regioselectivi-

ty.

The frontier orbitals of 2a were then examined to elucidate the
reactivity in the second silylene addition. The ground states of
silylenes are known to be singlet except for a few examples
[50,51]. Singlet silylenes have n orbitals as the highest occu-
pied molecular orbitals (HOMOs) that accommodate unshared
electron pairs on the silicon atoms, while empty 3p orbitals cor-

respond to the lowest unoccupied molecular orbitals (LUMOs).

In addition, silylenes are characterized by both nucleophilic
properties based on the high HOMO levels, and electrophilic
properties because of the low LUMO levels [50,51]. The
Mulliken charge densities of 2s are also shown in Figure S2
(Supporting Information File 1), which shows that the charge
densities are nearly zero on the cage carbon atoms except those
adjacent to the addition site. The charge densities of 2a are
regarded as affecting the regioselectivity. Thus, it is suggested
that the regioselectivity in the silylene addition could not be
estimated by the charge densities of 2a.

The regioselectivity in the addition reaction of 1 with C7¢ was
explained earlier in terms of the interaction between the HOMO
of 1 and the LUMO of Cy( [16]. The reaction mechanism of
ethylene with a silylene substituted with thiolate ligands has
been studied using theoretical calculations, in which the transi-
tion state was ascribed to the donor—acceptor interactions be-
tween the HOMO of the silylene and the LUMO of ethylene,
and vice versa [42]. For 2a, the LUMO is largely distributed at
the e’ bonds, followed by the cis-2 and trans-3 bonds (Figure 8).
These results suggest that the formation of 3 may involve the
interaction of 1 with the LUMO of 2a. The HOMO of 2a is ob-
served mainly around the cis-1 and ¢’ bonds among the 6,6-

bonds, although the cis-1 bond would not be susceptible to the
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front view side view

side view

front view

Figure 8: (a) LUMO and (b) HOMO of 2a calculated at the B3LYP/6-
31G(d) level. Hydrogen atoms are omitted for clarity.

second silylene addition because of its steric hindrance. Alter-
natively, the interaction of the LUMO of 1 with the HOMO of

2a should be considered.

Electrochemical measurements of 3

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) measurements were conducted to evaluate the electronic
effects of the silylene addends in 3 (Figure 9). The oxidation
processes of 3 were shown to be irreversible, probably because
of the removal of silylene addends, whereas the electrochemi-
cally reversible behavior was observed for the reduction waves.
Table 2 presents the redox potentials of 3 obtained by DPV with
those of Cg( and 2, as reference compounds. Both the reduction
(E™%) and the oxidation (E°X) potentials of 3 were found to be
shifted cathodically compared respectively to those of C¢ and
2, indicating the electron-donating effects of the two Dip,Si
groups. It is noteworthy that the first reduction potential of 3
(Ed; = ~1.52 V) is the most negative among those of the sily-
lated empty fullerenes [52-56].

The energies of HOMOs and LUMOs of the calculated regio-

isomers of 3 were compared with those of Cg( and 2a (Table 3).
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Ccv

Current / a. u.
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'
%)

)
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f=1
[

Figure 9: Cyclic voltammograms (CV) and differential pulse voltammo-
grams (DPV) of 3 in o-dichlorobenzene containing 0.1 M (n-Bu)4NPFg.
In DPVs, peaks of the adducts are denoted by circles. Potentials are
shown in volts relative to the ferrocene/ferrocenium couple. Conditions:
glassy carbon working electrode; Pt wire counter electrode; SCE refer-
ence electrode; 50 mV/s scan rate.

Table 2: Redox potentials? (V) of Cgg, 2, and 3.

compound E®*, E%, Ered, Ered,
Ceso +1.320 -1.15 _158
20 +0.71 -1.30 171
3 +0.80 +0.58 -1.52 -1.92

@Values obtained by DPV are in volts relative to the ferrocene/ferroce-
nium couple. °Data from ref [54].

The HOMO and LUMO levels of 3. were both found to be
higher than those of Cg and 2a, respectively, which is qualita-
tively consistent with the shifts in the redox potentials of Cg, 2,
and 3. By contrast, 3cis-2> 3cis-3 3es 3trans-1> Jtrans-2> 3irans-3> and
3,rans-4 were found to have no significant differences in their
respective HOMO and LUMO levels, as shown in Table 3.

Conclusion

The bis-silylene adduct 3 was isolated by the two-fold addition
of 1 to Cgg. The spectroscopic and crystallographic analyses
established 3 as an e isomer of bis-adducts with silirane struc-
tures at the 6,6-bonds. In the DFT calculations of mono-adduct
2a, the LUMO is distributed remarkably around the e’ bonds,
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Table 3: Calculated HOMO/LUMO levels (eV)32.

compound HOMO LUMO
Ceo -5.99 -3.23
2a -5.30 -2.91

3cis-2 -5.14 -2.68
3gis-3 -4.77 -2.62
3e -5.01 -2.61

3irans-1 -4.99 -2.67
3irans-2 -4.97 -2.67
34rans-3 -4.90 -2.58
Bians-a -4.86 -2.58

aB3LYP/6-31G(d).

which are likely to interact with the HOMO of 1 leading to the
formation of 3. Also, the HOMO of 2a is observed around the
cis-1 and e bonds, although the cis-1 bond would be sterically
protected from the second silylene addition. Alternatively, the
interaction of the LUMO of 1 with ¢” bonds of 2 should be
considered. Electrochemical measurements (CV and DPV) were
taken to evaluate the electronic properties of 3. As expected, the
redox potentials of 3 are shown to be shifted cathodically com-
pared to those of Cg and 2 because of the electron-donating
effect of the two silylene groups. These results are qualitatively
consistent with the shifts in the HOMO and LUMO levels
calculated respectively for Cgg, 2, and 3.

Experimental

Materials and general method: All chemicals were reagent
grade, purchased from commercial suppliers. o-Dichloroben-
zene (ODCB) was distilled from P,O5 under vacuum before
use. Toluene was distilled from benzophenone sodium ketyl
under dry N; prior to use. Reagents were used as purchased
unless otherwise specified. The 'H and '3C NMR measure-
ments were conducted on a JEOL ECA-500 spectrometer
(JEOL Ltd.). Absorption spectra were measured using a
UV-3150 spectrophotometer (Shimadzu Corp.). Cyclic voltam-
mograms and differential pulse voltammograms were recorded
on a BAS CV50W electrochemical analyzer (BAS Inc.).
The reference electrode was a saturated calomel reference
electrode (SCE). The glassy carbon electrode was used
as the working electrode, and a platinum wire was used as the
counter electrode. All potentials are referenced to the ferrocene/
ferrocenium couple (Fc/Fc*) as the standard. (n-Bu)4NPFg
(0.1 M) in ODCB was used as the supporting electrolyte
solution. The cyclic voltammograms were recorded using
a scan rate of 50 mV/s. The differential pulse voltammograms
were obtained using a pulse amplitude of 50 mV, a pulse
width of 50 ms, a pulse period of 200 ms, and a scan rate of
50 mV/s.
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Synthesis of 3. A degassed solution of Dip,Si(SiMes) (30 mg)
and Cgq (4.6 mg) in toluene (20 mL) in a quartz tube was irradi-
ated by a 125-W low-pressure mercury lamp for 2 h [15]. After
the photolysis, 2 (22% yield) and 3 (36% yield) were isolated
by flash column chromatography (SiO,) using mixed solvents
of hexane/CH;Cl, by changing the ratios of volumes from 10:1
to 3:1. TLC analysis (SiO,, hexane/CH,Cl, 5:1) afforded Ry =
0.55 for 2 and Ry = 0.33 for 3, respectively. Data for compound
3: 'TH NMR (CDCI5/CS; 3:1) 8 7.61 (t, J = 7.5 Hz, 1H), 7.56 (t,
J =17.5Hz, 1H), 7.51 (t,J = 7.5 Hz, 2H), 7.41 (d, J = 7.5 Hz,
2H), 7.35 (d, J = 7.5 Hz, 2H), 7.31 (d, J = 7.5 Hz, 2H), 7.26 (d,
J =7.5 Hz, 2H), 4.04 (sept, J = 7.0 Hz, 2H), 4.03 (sept, J =
7.0 Hz, 2H), 3.95 (sept, J = 7.0 Hz, 2H), 3.52 (sept, J = 7.0 Hz,
2H), 1.43 (d, J = 7.0 Hz, 6H), 1.40 (d, J = 7.0 Hz, 6H), 1.371 (d,
J =7.0 Hz, 6H), 1.365 (d, J = 7.0 Hz, 6H), 1.31 (d, J = 7.0 Hz,
6H), 1.29 (d, J = 7.0 Hz, 6H), 1.17 (d, J = 7.0 Hz, 6H), 1.06 (d,
J =17.0 Hz, 6H); '3C NMR (CDCI3/CS; 3:1) 8 160.16 (s, 2C),
158.38 (s, 2C), 158.33 (s, 2C), 158.29 (s, 2C), 158.18 (s, 2C),
157.12 (s, 2C), 155.78 (s, 2C), 154.87 (s, 2C), 148.96 (s, 10),
148.73 (s, 2C), 148.56 (s, 2C), 147.66 (s, 2C), 147.48 (s, 20),
147.22 (s, 2C), 146.69 (s, 1C), 146.26 (s, 2C), 145.51 (s, 2C),
145.37 (s, 2C), 145.03 (s, 2C), 144.84 (s, 2C), 144.71 (s, 2C),
144.65 (s, 4C), 144.51 (s, 20), 144.23 (s, 2C), 142.90 (s, 20),
142.43 (s, 2C), 141.62 (s, 2C), 139.22 (s, 2C), 139.05 (s, 2C),
138.21 (s, 2C), 138.15 (s, 2C), 133.37 (s, 2C), 132.76 (d, 10),
132.56 (d, 2C), 131.71 (d, 1C), 125.43 (s, 1C), 124.79 (d, 2C),
124.71 (d, 2C), 124.66 (s, 1C), 124.49 (d, 2C), 124.35 (d, 2C),
123.85 (s, 2C), 71.92 (s, 2C), 70.39 (s, 1C), 69.12 (s, 1C), 37.59
(d, 2C), 37.35 (d, 2C), 37.24 (d, 2C), 37.11 (d, 2C), 28.55 (q,
2C), 27.86 (q, 2C), 27.57 (q, 2C), 27.44 (q, 2C), 25.61 (q, 2C),
25.25 (q, 2C), 25.10 (q, 2C), 24.11 (q, 2C); UV-vis (CH,Cl,)
Amax 515 nm.

X-ray crystallography of 3: Black plate crystals suitable for
X-ray diffraction were obtained using the liquid-liquid bilayer
diffusion method with solutions of 3 in CS; using hexane as a
poor solvent at 0 °C. Single-crystal X-ray diffraction data of 3
were collected on a Rigaku Oxford Diffraction XtalLAB
Synergy R DW system with a HyPix detector equipped with a
nitrogen-gas flow low-temperature apparatus providing a con-
stant temperature at 100 K. Crystal data for Cgp(Dip,Si)y:
CiogHggSio: M, = 1421.87, black plate, 0.11 x 0.16 X
0.025 mm, A = 0.71073 A, monoclinic, space group P2{/n
(no. 14), a = 18.3631(3), b = 13.6696 (2), ¢ = 27.6360 (5) A,
B =92.857 (2)°, V =6928.5(2) A3, T=99.92) K, Z = 4, 67750
reflections measured, 19176 unique (Rjy = 0.0321), which were
used for all calculations, 20,,,x = 63.262; min/max transmis-
sion = 0.921/1.000 (absorption correction was applied by multi-
scan method); The structure was solved using a direct method
using olex2.solve 1.5-ac5-018 [57] and was refined with
SHELXL-2018 [58]. The final wR(F,) was 0.1283 (all data),
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conventional Ry = 0.0493 computed for 14459 reflections with
I > 20(I) using 1007 parameters with O restraints. Crystallo-
graphic computations were performed with Olex2 [59]. CCDC
2311474 (3) contains the supplementary crystallographic data
for this paper, and is obtainable free of charge from the
Cambridge Crystallographic Data Centre.

Computational method. All calculations were conducted using
the Gaussian 16 program [60]. Optimized structures were ob-
tained at the B3LYP [45-47] level of theory using basis sets of
6-31G(d) [48].

Supporting Information

Supporting Information File 1

Structural data of 2a and 3, obtained by DFT calculations,
and Cartesian coordinates of optimized structures.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-100-S1.pdf]

Supporting Information File 2
Crystallographic information file of 3.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-100-S2.cif]
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Cyclo-meta-phenylenes doped with nitrogen atoms at the periphery were designed and synthesized. The syntheses of the macro-

cyclic structures were achieved with one-pot Suzuki-Miyaura coupling to arrange phenylene rings and pyridinylene rings in an

alternating fashion. Analyses with UV—vis spectroscopy showed changes in the photophysical properties with nitrogen doping, and

X-ray crystallographic analyses experimentally revealed the presence of biased charges on the peripheral nitrogen atoms.

Introduction

Graphitic carbonaceous sheets of graphene continue to attract
considerable attention, which lead us to explore structural
defects such as heteroatom doping and porous defects for
unique properties and functions. For instance, with nitrogen
atoms as dopants [1-3], a range of applications, such as electro-
catalysis [4] and gas storage [5], has been exploited. Although
the locations of nitrogen, in addition to the types, including
pyridinic, pyrrolic and graphitic nitrogen, play important roles
in determining the properties and functions (Figure 1a), top-
down, physical production does not enable control of the doped
structures with atomic precision. The bottom-up chemical syn-
theses of molecular nanocarbons have thus become attractive

for controlling the nitrogen-doped structures embedded in large,

molecular m-systems [6,7]. As a versatile synthetic strategy for
defective molecular nanocarbons, we recently introduced
phenine design [8,9], which allowed us to introduce nitrogen
dopants, as was demonstrated with nitrogen-doped phenine
nanocarbons such as 1 and 2 [10,11]. The nitrogen dopants were
introduced in an inward-focused manner to decorate the inner
rims of [n]cyclo-meta-phenylenes ([n]CMP) (Figure 1b) and
captured other entities such as protons and metal atoms at the
porous defect. In this study, the nitrogen dopants were installed
in an outward-radiated manner, which expands the structural
diversity to exploit the chemistry at the periphery of [#]CMP
(Figure 1b). Through the use of Suzuki-Miyaura coupling for

macrocyclisation, pyridinyl and phenylene rings were assem-
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(a)

(b)

this work

outward-radiated
N-doping

n-5

[nICMP 3

inward-focused
N-doping

(R =t-Bu) (R =t-Bu, M = NiCly)

Figure 1: Nitrogen-doped nanocarbons. (a) Schematic illustration of pyridinic nitrogen atoms installed at the interior and periphery of a graphene
sheet. (b) Phenine nanocarbon molecules with nitrogen dopants.
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bled in an alternating fashion, which afforded nitrogen-doped
[n]CMPs (3) containing outward-radiating nitrogen dopants.
The properties and structures were investigated with UV-vis
spectroscopy and X-ray crystallography, which revealed the
fundamental properties of the nitrogen dopants in the macro-
cyclic structures.

Results and Discussion

Nitrogen-doped [#]CMPs, 3a and 3b, were synthesized via one-
pot Suzuki—Miyaura coupling [12] (Scheme 1). Previously, we
synthesized [#]CMPs with inward-focused nitrogen dopants by
using Suzuki—Miyaura coupling with Pd(PPhs), as the catalyst
[13] and applied this method to outward-radiated congeners in
this work. However, a MALDI-TOF MS analysis of the crude
mixture showed that macrocyclisation did not complete to
afford a complex mixture containing noncyclic, linear
oligomers (Figure S1, Supporting Information File 1). After
examining the Pd-catalysts, we found that macrocyclisation
with PdCl,(dppf)-CH,Cl, worked best and afforded cyclic
congeners from N3-[6]CMP to Ng-[12]CMP (Figure S1, Sup-
porting Information File 1) and isolated N3-[6]CMP (3a) and
Ny4-[8]CMP (3b) in 7% and 3% yields, respectively [14].

N
N
S S
Br Z Br pinB
4 5
(1.0 equiv)

Bpin

PdCly(dppf)-CH,Cly
C32003, DMF, 10 mM

-~

N3-[6]CMP (3a): 7%

N4-[8]CMP (3b): 3%

Scheme 1: Syntheses of 3a and 3b.

Comparisons of the UV-vis spectra of the doped and undoped
congeners revealed dopant-induced changes in the electronic
properties. The UV-vis spectra of 3a and 3b were recorded in
chloroform and are shown in Figure 2, with spectra of the
undoped [#]CMP congeners shown as references [15]. The
nitrogen-doped [n]CMPs 3a and 3b commonly showed minor

yet new absorptions at approximately 280 nm, with major

Beilstein J. Org. Chem. 2024, 20, 1207-1212.

absorptions appearing at 250 nm (Figure 2). As shown with the
reference spectra of [6]JCMP and [8]CMP, the absorption at
280 nm was absent for the corresponding hydrocarbon
congeners. These results showed that the nitrogen-dopants in-
duced novel transitions for photoexcitation.

—
[}
=

11 — N [6]CMP (3a)
1 [6]CMP

Normalized
absorbance

300 350
Wavenumber (nm)

250 400

—
O
-

11 — N,-[8]CMP (3b)
] [8ICMP

Normalized
absorbance

300 350
Wavenumber (nm)

250 400

Figure 2: Photophysical properties of 3a and 3b. (a) UV-vis spectrum
of 3a in CHCl3. (b) UV—vis spectrum of 3b in CHCl3. For reference, the
spectra of [6]CMP and [8]CMP from the literature are also shown in
gray [15].

Crystallographic analyses revealed the structural features of
nitrogen-doped [#]CMPs. The crystal molecular structures of 3a
and 3b are shown in Figure 3. The hexagonal macrocyclic
structure of 3a showed a chair-like conformation with alter-
nating biaryl dihedral angles showing +/— values. The octag-
onal structure of 3b exhibited a saddle-like conformation with
an average dihedral angle of 45.0°, which was slightly larger
than that of 3a (30.4°). The shapes of nitrogen-doped [n]CMPs
did not deviate from those of hydrocarbon [#]CMPs, with simi-
lar average dihedral angles (32.4° for [6]JCMP and 40.6° for
[8]CMP) [15]. Likewise, the crystal packings of 3a and 3b
resembled those of the hydrocarbon congeners, forming one-

dimensional columns of stacked macrocycles (Figure 3b).

The electronic effects of the nitrogen dopants in 3a were exam-
ined with X-ray charge density analyses [10,16]. For the crystal
structures shown in Figure 3, we used a standard method with
spherical independent atom models (IAM) [17], whereas for the
charge density analyses, we used the transferrable aspherical
atom models (TAAM) from the Hansen and Coppens formalism
[18,19]. The TAAM analysis with parameters from the Univer-
sity at Buffalo pseudoatom databank (UBDB) [20] was per-
formed on XD2016 [21] to obtain an R factor of R(F) = 0.0269,
which was better than that of the IAM on XD2016 with R(F) =
0.0382. As shown in Figure 4, the TAAM analysis allowed us
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Figure 3: Crystal structures of 3a and 3b. (a) Molecular structures.
Biaryl dihedral angles (w) are shown. (b) Packing structures. Chloro-
form molecules in the crystal of 3b are omitted for clarity.

to obtain a deformation map that located bonding and lone-pair
electron densities of the nitrogen atom (Figure 4a). The analyses
also allowed us to visualise experimental electrostatic potential
(ESP) maps to reveal the presence of negative potentials on the
nitrogen atoms (Figure 4b). For comparison, we performed
TAAM analyses of hydrocarbon [6]CMP by reanalysing
previous diffraction data [15] and obtained the corresponding
ESP maps. A comparison of the ESP maps of 3a and hydro-
carbon [6]CMP showed induction of biased densities by the

(@ (b)

N3-[6]CMP

Beilstein J. Org. Chem. 2024, 20, 1207-1212.

nitrogen dopants. Similar biased densities were previously
found to be critical in determining the packing structures of
nitrogen-doped m-systems to make parallel-displaced configura-
tions preferred over T-shaped stackings [22]. In our study, we
observed that pyridine—pyridine stacks were preferred in the
crystal stacking (Figure 3), which might be attributed to the
biased ESPs on the macrocycles.

Finally, we found that nitrogen locations altered chemical char-
acteristics of nitrogen-doped CMPs. Thus, when trifluoroacetic
acid (TFA) was added to a solution of 3a in chloroform,
bathochromic shifts in UV spectra were observed, indicating
protonation-induced changes in the electronic properties [10].
Because of the weakly acidic nature of pyridinic nitrogen
atoms, an excess amount of acid was necessary for this effect to
be observed with a maximum equivalent of TFA at 2 x 10°, and
the absorption band at the longest wavelength gradually shifted
as shown in Figure 5a. When we added TFA to a solution of a
reference compound 6 having inward-focused nitrogen atoms
with a maximum equivalent of TFA at 2 X 105 [13],
bathochromic shifts were also observed. However, unlike the
case with 3a, gradual absorption shifts were not observed, and
the absorption changed from 299 nm to 320 nm with an isos-
bestic point at 303 nm as shown in Figure 5b. This observation
indicated that the protonation-induced change of UV spectra for
6 involved two equilibrating states, which most likely origi-
nated from single protonation at the centre of the CMP pore. On
the other hand, the gradual absorption shifts observed with 3a
might thus be ascribed to the presence of multiple protonated
species involved in the equilibrium. These results show that the
coordination chemistry associated with nitrogen dopants may

[6]CMP

e-A-1
0.106 TEEE——— _) 006

Figure 4: X-ray charge density analyses of 3a and [6]CMP. (a) Deformation map (F, — F¢) of a pyridine ring in 3a (contour interval: 0.05 e-A=3, posi-
tive: red, negative: blue). (b) Electrostatic potential maps mapped on the 0.0067 e-A-3 isosurface for the electron density.
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well be controlled by the locations and directions of the

nitrogen atoms.

@ o5
[0]
(8]
C
5,
£
o
[%]
Qo
<
+TFA
250 300 350 400
Wavenumber (nm)
®) o5
SiMes
) O
[&]
C
3
ﬁ Me;Si O O SiMes
<
250 300 350 400

Wavenumber (nm)

Figure 5: Response towards acid treatment with nitrogen-doped
CMPs. (a) Absorption spectra of 3a (CHCI3, 2.3 x 10-% M) in the
absence (black) and presence of trifluoroacetic acid (green:

4.3 x 1072 M, blue: 2.1 x 10~ M, red: 4.2 x 10~" M). (b) Absorption
spectra of 6 (CHCI3, 1.9 x 10-6 M) in the absence (black) and pres-
ence of trifluoroacetic acid (green: 4.3 x 102 M, blue: 2.1 x 10~ M,
red: 4.2 x 10-1 M).

Conclusion

Macrocycles with nitrogen atoms doped at the periphery were
designed and synthesised, and their electronic properties were
experimentally investigated with UV—vis and X-ray charge den-
sity analyses. The changes in the UV—vis transitions caused by
nitrogen dopants may be useful for designing doped materials
for optical applications, and the biased ESPs on the macro-
cycles should also be considered for material design. Nitrogen-
induced m-stacking may also enable exploration of molecular
assemblies. The experimental lone-pair electron densities were
directed outward in 3a and could be used as linkers for metal
atoms to assemble trigonal pyramidal macrocycles, for instance,
in networks of metal organic frameworks [23,24]. Investiga-
tions of the nitrogen dopants in molecular nanocarbons should
enrich the chemistry of nanocarbons.

Experimental
Syntheses of N3-[6]CMP (3a) and N4-[§]JCMP (3b) [14]: A
mixture of 3,5-dibromopyridine (4, 7.11 g, 30.0 mmol), diboryl-

Beilstein J. Org. Chem. 2024, 20, 1207-1212.

benzene (5, 9.90 g, 30.0 mmol), PdCl,(dppf)-CH,Cl, (2.50 g,
3.0 mmol), and Cs,COj3 (48.9 g, 150 mmol) in 3.0 L of DMF
was stirred at 110 °C for 24 h. After the addition of H,O (2.5 L)
and CHClj3 (3.0 L), the precipitate was removed by filtration.
The organic layer was separated, dried over Na;SOy, and
concentrated in vacuo. To eliminate the soluble by-products, the
crude material was first washed with CHCI3 (100 mL), and a
residue comprising 3a and 3b was obtained. The residue was
then suspended in CHCl3 (100 mL) and sonicated for 10 min.
After separating the solid and the filtrate, each sample was puri-
fied as follows: The former was subjected to Soxhlet extraction
with CHCI3; overnight to give 3a in 6% yield (272 mg,
0.592 mmol) after the extraction. The latter was purified by
silica gel short path and GPC (column: YMC-GPC T30000-40
+ T4000-40 + T2000-40, eluent: CHCl3, flow rate: 30 mL/min)
to give 3a in 1% yield (52.8 mg, 0.115 mmol) and 3b in 3%
yield (118 mg, 0.193 mmol). In total, 3a was obtained
in 7% yield (325 mg, 0.707 mmol). N3-[6]CMP (3a): IH NMR
(CDCl3, 600 MHz) 6 9.05 (d, J = 2.1 Hz, 6H), 8.58 (t, J =
2.1 Hz, 3H), 8.23 (t,J = 2.1 Hz, 3H), 7.89 (dd, J = 7.6, 2.1 Hz,
6H), 7.69 (t, J = 7.6 Hz, 3H); 13C NMR (CDCl3, 150 MHz) d
146.6 (CH), 138.3, 135.7, 133.9 (CH), 130.2 (CH), 127.5 (CH),
125.9 (CH); HRMS (APCI) (m/z): [M + H]* calcd. for
C33H,,N3, 460.1808; found, 460.1808. Ny4-[8]CMP (3b):
'H NMR (CDCl3, 600 MHz) 5 8.81 (d, J = 1.4 Hz, 8H), 8.13
(t, J = 1.4 Hz, 4H), 7.76 (s, 4H), 7.66-7.73 (m, 12H);
13C NMR (CDCl3, 150 MHz) 5 147.9 (CH), 139.2, 137.0, 133.5
(CH), 129.9 (CH), 127.5 (CH), 127.3 (CH); HRMS (APCI)
(m/z): [M + H]* calcd. for C44Hy9Ny, 613.2387; found,
613.2366.

Supporting Information

Supporting Information File 1
Experimental and copies of spectra.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-103-S1.pdf]

Supporting Information File 2

Crystallographic data of N3-[6]CMP (3a) analysed by
SHELX (CCDC 2335441).
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-103-S2.cif]

Supporting Information File 3

Crystallographic data of N4-[8]CMP (3b) analysed by
SHELX (CCDC 2335442).
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-103-S3.cif]
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Evaporable indano[60]fullerene ketone (FIDO) was converted to indano[60]fullerene thioketone (FIDS) in high yield by using

Lawesson's reagent. Three compounds with different substituents in para position were successfully converted to the correspond-

ing thioketones, showing that the reaction tolerates compounds with electron-donating and electron-withdrawing substituents.

Computational studies with density functional theory revealed the unique vibrations of the thioketone group in FIDS. The molecu-

lar structure of FIDS was confirmed by single-crystal X-ray analysis. Bulk heterojunction organic solar cells using three evap-

orable fullerene derivatives (FIDO, FIDS, Cg) as electron-acceptors were compared, and the open-circuit voltage with FIDS was

0.16 V higher than that with Cg.

Introduction
Fullerene is a carbon allotrope that has attracted significant
scientific interest since its discovery by H. W. Kroto in 1985

[1]. Due to their distinctive spherical structure and electron-

deficient properties, fullerene derivatives have found applica-

tions in various fields, including photovoltaics [2-5], biomedi-

cine [6-8], and electron transporters [9,10]. Organic photo-
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voltaic (OPV) and perovskite solar cell (PSC) technologies
have proven to be promising candidates for the sustainable
use of solar energy, with power conversion efficiency
(PCE) improving to 17% for OPVs and over 25% for PSCs
in just a few years [11]. Functionalized fullerene derivatives
have played an important role both in OPVs as electron accep-
tors and in PSCs as electron transport layers (ETLs) by effi-
ciently accepting electrons and hindering the transport of holes
[12-14].

During the past 10 years, considerable attention has been
focused on functional fullerene derivatives with an emphasis on
tuning solubility and energy levels. Meanwhile, less attention
has been devoted to improving the thermal stability of fullerene
derivatives. One well-known example is [6,6]-phenyl-Cg1-
butyric acid methyl ester (PCBM), which is recognized for its
excellent solubility in solution-processed OPV fabrication [15].
Films generated through vacuum deposition, on the other hand,
exhibit superior quality, have fewer defects, and are eco-friend-
lier than films produced by spin-casting. However, only a few
studies to date have investigated the design of fullerene deriva-
tives with the aim of improving their thermal stability, and more
specifically, of designing evaporable fullerene derivatives [16-
18]. Recently, we reported on perovskite solar cells fabricated
with indano[60]fullerene ketone (FIDO), which was synthe-
sized through fullerene cation chemistry. These cells demon-
strated long-term stability and a remarkable PCE of 22.11%,
surpassing that of the commonly used Cgg (20.45%). This im-
proved performance can be attributed to the evaporated amor-
phous film, which prevents the transformation of the film into a
crystalline state during the heating and aging of the devices.
Additionally, the ketone structure acts as a Lewis base, result-

ing in a passivation effect on Pb2* [19].

In this study, we designed and synthesized indano[60]fullerene
thioketones (FIDSs) with various para-substituents. The
vacuum-deposition performance and thermal stability of FIDS
were assessed by both normal-pressure and vacuum thermo-
gravimetric analysis (TGA). Additionally, we conducted a com-
parative analysis of bulk heterojunction (BHJ) organic solar
cells using the three evaporable fullerene derivatives investigat-
ed in this work.

Results and Discussion

The synthesis of FIDO was performed by fullerene cation
chemistry as reported by our group [20-26]. Conversion from
ketone to thioketone is usually achieved by using Lawesson's
reagent, which tends to form a trimer structure when reacted
with indanone without a substituent at the a position [27-29].
Introduction of fullerene at the a position facilitated the suc-

cessful transformation of ketone to thioketone.

Beilstein J. Org. Chem. 2024, 20, 1270-1277.

Initially, we adopted the widely reported reaction conditions
with 1.5 equiv of Lawesson's reagent and tetrahydrofuran
(THF) as solvent. r-Bu-FIDO was dissolved in THF by sonica-
tion for 30 min. Unfortunately, the results were not fully satis-
factory. Considering the poor solubility of fullerene derivatives,
toluene, carbon disulfide (CS,), and ortho-dichlorobenzene
(0-DCB) were tested as solvent. Surprisingly, the conversion
from ketone to thioketone did not occur as anticipated. In
another attempt, where the amount of Lawesson's reagent was
increased to 3 equiv (Table 1, entry 5), the signal of thioketone
was observed for the first time by high-performance liquid
chromatography (HPLC) and MALDI time-of-flight mass spec-
trometry. Subsequently, a conversion of 99% was achieved by
further increasing the amount of Lawesson's reagent and the
reaction temperature. The transformation from ketone to thioke-
tone was confirmed by !3C NMR, which showed a downfield
shift from 198 ppm for the carbonyl carbon to 235 ppm for the
thiocarbonyl carbon. With the optimized conditions (Table 1,
entry 9) in hand, different para-substituents were used and the
reaction from FIDO to FIDS was found to tolerate both elec-
tron-donating and -withdrawing functional groups as shown in
Table 2.

It is well known that functional groups with larger steric
hindrance can reduce intermolecular forces. Consequently, a
tert-butyl-functionalized compound (¢-Bu-FIDS) was chosen for
further studies in this work. To identify the formation of the
thiocarbonyl group, Fourier transform infrared spectroscopy
(FTIR) was conducted as shown in Figure la. The carbonyl
stretching vibration peak of -Bu-FIDO at 1720 cm™! disap-
peared, indicating all the #~-Bu-FIDO was completely consumed.
Interestingly, the characteristic vibration peak of thiocarbonyl
groups was not observed, which should be located at
1050-1300 cm™! theoretically. Instead, numerous new low-in-
tensity peaks were observed in this region.

To gain a comprehensive understanding of the differences be-
tween 7-Bu-FIDO and #-Bu-FIDS, the density functional theory
(DFT) method was employed using the B3LYP hybrid func-
tional. The 6-31G* basis set was used for the geometry optimi-
zation and frequency calculation. The thiocarbonyl group in
FIDS was found to have an out of plane bending vibration,
however, the carbonyl group in FIDO showed a strong in-plane
stretching vibration as shown in Figure S1 (Supporting Informa-
tion File 1). Due to the direct connection between the five-
membered ring and the fullerene cage, the out of plane bending
vibration was easily affected by the fullerene cage vibration.
Furthermore, the out-of-plane bending vibration of the thiocar-
bonyl group was also watched, which also affected the vibra-
tion of fullerene cage and benzene ring (Figure S2 and Table

S1, Supporting Information File 1). This interesting phenome-
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Table 1: Optimization of reaction conditions for the treatment of t-Bu-FIDO with Lawesson's reagent.?

Beilstein J. Org. Chem. 2024, 20, 1270-1277.

Entry Equiv

Co~NoOOOPrWN =
w

10 20

Reaction
temperature (°C)

120

Solvent

THF
CS,
0-DCB
toluene
toluene
toluene
toluene
toluene
toluene
o-DCB

Reaction time (h) Conversion® (%)
14 NR¢
14 NR
14 NR
14 NR
14 5
14 10
14 50
14 70
20 90
20 99

aAll reactions were performed with t-Bu-FIDO (50 mg) under N, atmosphere. All the solvents (10 mL) were anhydrous. PConversion was estimated

from the HPLC peak area ratio. °NR = no reaction.

Table 2: Reaction of R-FIDO with Lawesson's reagent.2

Entry R

1 t-Bu

Lawesson's reagent (20 equiv)

0-DCB, N, 120 °C, 24 h

Yield® (%) Conversion (%)

45 99
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Table 2: Reaction of R-FIDO with Lawesson's reagent.? (continued)

50 90

38 95

aAll reactions were performed in 0-DCB at 120 °C for 20 h under N atmosphere with FIDO as starting material. The molar ratio of Lawesson's
reagent to FIDO was 20:1. PIsolated yield.

(a) (b) —— t-Bu-FIDS
—— t-Bu-FIDO

— tBu-FIDS
— tBuFIDO
1800 1600 1400 1200 1000 800 200 300 400 500 600 700 800
Wavenumber (cm™) Wavelength (nm)
c)o.
( )0 (d) —— t-Bu-FIDS before deposition
20 — t-Bu-FIDS evaporated film
X 0]
z
L
O i
2 60
-804 t-Bu-FIDO
tBu-FIDS
-100- e — Cso hv_,v/\A ,‘__[L

O 200 400 600 800 2 0 2 4 6 8 10 12 14 16
Temperature (°C) R.Time (min)

Figure 1: Characterization data. (a) FTIR spectra of {-Bu-FIDO and t-Bu-FIDS. (b) UV-vis spectra of fullerene derivatives normalized at 270 nm.
(c) Vacuum TGA curves of t-Bu-FIDO (black), t-Bu-FIDS (red), and Cgg (blue). The measurements were conducted under 0.1 Pa. (d) HPLC analyses
before deposition of t-Bu-FIDS (black) and of toluene used to rinse the evaporated film of t-Bu-FIDS (red).
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non may explain the numerous new peaks that formed around
1000 cm™! for r-Bu-FIDS.

Ultraviolet—visible (UV-vis) spectroscopy of -Bu-FIDS in
0-DCB exhibited two prominent UV absorption bands with
peaks at 257 nm and 320 nm (Figure 1b). The absorption at
257 nm indicated the integrity of the fullerene cage chromo-
phore. The absorption peak at 320 nm was assigned to the
charge transfer band of the C=S bond in #-Bu-FIDS, which was
stronger than that of the C=0 bond in #-Bu-FIDO [30]. Interest-
ingly, the maximum absorption band observed in #-Bu-FIDO at
432 nm, which is a characteristic feature of 58m-fullerene deriv-
atives with a 1,2-addition pattern, was absent in #-Bu-FIDS [31].
Its absence might be due to perturbation caused by the presence
of the C=S bond in #-Bu-FIDS.

To examine the sublimation behavior of #-Bu-FIDS under an
environment similar to vacuum deposition, vacuum TGA mea-
surements were performed using a TGA instrument connected
to a vacuum pump and heater. The internal pressure of heater
was reduced to 0.1 Pa or lower. Figure 1c shows the weight loss
of the three fullerene derivatives under vacuum conditions. In
contrast to Cgp, both -Bu-FIDO and #-Bu-FIDS exhibited simi-
lar two-stage weight-loss curves. The sublimation temperature
(Tsup) was determined by analyzing the onset of weight loss for
these compounds. T, was lower for #-Bu-FIDO and #-Bu-
FIDS, at 410 °C and 417 °C, respectively, than for Cgg which
began to sublimate at 460 °C (Table 3). The lower sublimation
temperature was attributed to the steric hindrance of the fert-
butyl groups, which disrupted the r— stacking between the ful-
lerene cages. The slight difference in sublimation temperature
between -Bu-FIDO and #-Bu-FIDS might be due to the slightly
higher electron density of the sulfur atom compared with the
oxygen atom. Additionally, data on the degradation tempera-
ture (Tgeg) obtained by normal-pressure TGA are shown in
Table 3 and Figure S3 (Supporting Information File 1). Tgeg

@)

Beilstein J. Org. Chem. 2024, 20, 1270-1277.

was higher than Ty, for all three compounds, indicating their
evaporability. Unfortunately, however, the sublimation window
(Tgeg ~Tsup) of --Bu-FIDS was narrower than that of #-Bu-FIDO
due to the lower Tye, of #-Bu-FIDS. A 7-Bu-FIDS film was pre-
pared by vacuum deposition at 0.1 A/s, as shown in Figure 1d
and Figure S4 (Supporting Information File 1). The film was
uniform and smooth, with a thickness of approximately 20 nm.
The film was rinsed with toluene, and the collected toluene was
analyzed by HPLC to check for thermal decomposition during
vacuum deposition. The #-Bu-FIDS structure remained almost
unchanged, but very small amounts of two decomposed prod-
ucts were found at retention times of 7.5 min and 12.5 min. The
latter decomposed product is Cgg, judged from the retention

time.

Table 3: Sublimation and degradation temperatures of three evap-
orable fullerene derivatives.

Compound Teub (°C) Tdeg (°C)
Ceo 460 -

t-Bu-FIDO 410 474

t-Bu-FIDS 417 450

A single crystal of 7~-Bu-FIDS was grown by liquid-liquid diffu-
sion method (CS,/EtOH). The crystal structure was successful-
ly analyzed using synchrotron radiation at SPring-8. The crystal
exhibited the orthorhombic space group (No. 61) with the Dy,
point group, and the structure confirmed the 1,2-addition pattern
of -Bu-FIDS (Figure 2a,b). The shortest m— distance between
the two fullerene molecules of -Bu-FIDS in a unit cell was
3.14 A, while that in #-Bu-FIDO was 2.974 A [19]. The C=S
bond length was 1.627 A and was clearly longer than the C=0
bond in -Bu-FIDO. We consider that this longer bond length
may have caused the higher reactivity and lower degradation
temperature of -Bu-FIDS compared with #-Bu-FIDO.

o B

Figure 2: Single-crystal structure of t-Bu-FIDS. (a) The m—m distance between two molecules. (b) Crystal packing.
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Electron-accepting ability is one of the most important proper-
ties for fullerene derivatives, and it is typically described in
terms of the energy level of the lowest unoccupied molecular
orbital (LUMO). To understand the electron affinity of z-Bu-
FIDS, cyclic voltammetry was conducted. The cyclic voltam-
mogram of #-Bu-FIDS in o-DCB showed reversible reduction
waves at Eqp = —1.14 V and —1.51 V (vs Fc/Fc™), as shown in
Figure 3. Both the first and second reduction potentials of z-Bu-
FIDS were higher than those of pristine Cgg. The LUMO energy
of t-Bu-FIDS and Cgy was calculated as —3.62 eV and
-3.68 eV, respectively, using the following equation:
E(LUMO) = —(E; ;™41 + 4.80) eV. To compare the electron
affinity among the evaporable fullerenes, #-Bu-FIDO was also
measured in the same solution system and showed a LUMO
energy of —3.64 eV, which was slightly deeper than that of
t-Bu-FIDS.

The use of vacuum-deposited FIDS as the electron transport
layer in perovskite solar cells is still being explored. Consid-
ering that the open-circuit voltage (Vo) of OPVs is mainly de-
termined by the difference between the HOMO level of the
donor and the LUMO level of the acceptor, -Bu-FIDS, with a
higher LUMO level than Cg, was used to fabricate a solution-
processed BHJ OPV device with the donor poly(3-hexylthio-

(a) 10
NE 8_
O
B
> ©
‘»
c
S 4
§ CGO
g 21 _._ tBu-FIDO
—a— tBu-FIDS
0 : : : : :
00 01 02 03 04 05 06

Votage Bias (V)
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— tBu-FIDS
—— +Bu-FIDO
—Ceo
20 15 -10 -05 00
E/V (Ag/Ag")

Figure 3: Cyclic voltammograms of fullerene derivatives in 0o-DCB
solution containing BusN*(CF3SO32)oN~ (0.1 M) as supporting elec-
trolyte at 25 °C with a scan rate of 0.05 V/s, for Cgg (blue), t-Bu-FIDO
(red), and t-Bu-FIDS (black). Glassy carbon, platinum wire, and Ag/Ag*
electrodes were used as the working, counter, and reference elec-
trodes, respectively.

phene) (P3HT). For comparison, the two known evaporable ful-
lerenes Cgg and #-Bu-FIDO were chosen. The results are sum-
marized in Figure 4 and Table 4. Benefiting from higher Vg,

(b) 10

5 81

g

S o

‘»

c

g 4]

£

€ 2

3 —« tBu-FIDO
o]~ tBu-FIDS
00 01 02 03 04 05 06 07

Votage Bias (V)

Figure 4: J-V curves of BHJ OPV devices. (a) ITO/ZnO/fullerene:P3HT (1:1, w/w)/PEDOT:PSS/Ag. (b) ITO/ZnO/fullerene:PNTz4T (2:1, w/w)/MoOy/
Ag. ITO, indium tin oxide; PEDOT:PSS = poly(3,4-ethylenedioxythiophene) polystyrene sulfonate.

Table 4: Summary of photovoltaic parameters of BHJ OPV devices.

Fullerene Donor Voc (V)
Ceo P3HT2 0.37
t-Bu-FIDO P3HT 0.55
t-Bu-FIDS P3HT 0.53
t-Bu-FIDO PNTz4TP 0.66
t-Bu-FIDS PNTz4T 0.56

Jsc (mA/cm?) FF PCE %
7.45 0.55 1.55
7.53 0.60 2.47
5.39 0.55 1.58
9.00 0.62 3.71
4.00 0.54 1.23

aTO/ZnOffullerene P3HT (1:1, w/w)/PEDOT:PSS/Ag. °ITO/ZnO/fullerene:PNTz4T (2:1, w/w)/MoO,/Ag.

1275



the #-Bu-FIDS showed a PCE comparable to that of Cg, al-
though the short-circuit current density (Jgc) was slightly lower.
To further improve the performance of #-Bu-FIDO and 7-Bu-
FIDS, the crystalline polymer donor PNTz4T [32] was used.
Compared with #-Bu-FIDS, #-Bu-FIDO achieved 3.71% PCE
with larger Jgc and higher Vgoc. With PNTz4T, ¢-Bu-FIDS
exhibited low performance, with Jgc of only 4 mA/cm?2. This
lower Voc may be attributable to a suboptimal BHJ structure
between PNTz4T and 7-Bu-FIDS. Considering the lower Jgc
performance of -Bu-FIDS with both P3HT and PNTz4T, #-Bu-
FIDS might not be suitable for BHJ OPV devices.

Conclusion

In summary, we successfully synthesized evaporable
indano[60]fullerene thioketones with functional groups at the
para-position of the benzene ring. Furthermore, we examined
the sublimation behavior of three evaporable fullerene deriva-
tives (FIDO, FIDS, Cg). the sublimation window of #-Bu-FIDS
was unfortunately slightly narrower than that of -Bu-FIDO,
which we have previously reported. Additionally, we compared
the solution-processed OPV performance of the three evap-
orable fullerene derivatives as electron acceptors. FIDO exhib-
ited the best performance, with Vg that was 0.18 V higher
compared with Cgg. Although FIDS showed a lower perfor-
mance due to its less-desirable BHJ structure in the OPV, it
could still potentially be utilized in perovskite solar cells in the

future.
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Strain-promoted azide—alkyne cycloaddition (SpAAC) is a powerful tool in the field of bioconjugation and materials research. We

previously reported a regioselective double addition of organic azides to octadehydrodibenzo[12]annulene derivatives with elec-

tron-rich alkyloxy substituents. In order to increase the reaction rate, electron-withdrawing substituents were introduced into

octadehydrodibenzo[12]annulene. In this report, the synthesis of new octadehydrodibenzo[12]annulene derivatives, regioselective

double addition of organic azides, and an application to crosslinking polymers are described.

Introduction

The strain-promoted azide—alkyne cycloaddition (SpAAC) is
one of the most representative metal-free click chemistry reac-
tions [1-5]. SpAAC has been mainly employed in bioconjuga-
tion in the fields of chemical biology and medicinal chemistry
due to its high efficiency under physiologically active condi-
tions and the absence of any toxic metal ions. SpAAC is
biorthogonal, which allows for the specific labeling and
imaging of biomolecules even in living cells and organisms.
Recently, a more rapid click reaction was desired and the strain-
promoted oxidation-controlled cyclooctyne-1,2-quinone cyclo-

addition (SPOCQ) was developed and employed in the same

fields of chemical biology [6,7]. On the other hand, the use of
the SpAAC in materials science was slow. We developed
another class of metal-free click chemistry reactions, such as the
[2 + 2] cycloaddition—retroelectrocyclization (CA-RE) between
electron-rich alkynes and electron-deficient olefins [8]. The
[2 + 2] CA-RE click reactions were employed to produce a
variety of functional materials, such as nonlinear optical chro-
mophores [9,10], super acceptors [11,12], ion sensing D-A
systems [13], and crosslinked polymers [14-17]. Since cross-
linking polymers requires high reaction efficiency under mild

conditions, developing such reactions is crucial.
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We previously reported the regioselective double azide addi-
tion to octadehydrodibenzo[12]annulene with hexyloxy substit-
uents (DBA-OHex), which are readily accessible by the oxida-
tive acetylenic coupling of a 1,2-diethynylbenzene derivative
(Figure 1) [18]. The chemical stability of DBAs depends on the
electronic character of the substituents. Electron-donating alkyl-
oxy groups are known to enhance the stability of DBAs. On the
other hand, DBAS substituted with electron-withdrawing groups
have been little studied [19], and their chemical stability and
physical properties are not well understood. In this paper, a new
DBA substituted with ester groups was synthesized, and the

previous study

- OO o
CeH130 = == OCegH13
NS [}
ﬂ DBA-OHex
this study
O

electron-withdrawing substituent

.

CgH130

A

solvent
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double azide addition was comprehensively investigated.
Finally, the double azide addition reaction was applied to
polymer crosslinking and the mechanical properties of the self-

standing polymer films were compared.

Results and Discussion

Strain-promoted azide—alkyne cycloaddition

Octadehydrodibenzo[12]annulene (DBA) with electron-with-
drawing carbonyl substituents 5 was prepared from phthalimide
(1, Scheme 1). Iodination followed by hydrolysis afforded 4,5-
diiodophthalic acid (2) in 46.7% yield. Esterification with

OCeH13

OCgH13

Figure 1: Previously reported regioselective double azide addition to DBA with hexyloxy substituents and molecular design in this study.

0] o o
\H I, oleum " KOH HCl I oH
80°C,40h 120°C,12h | OH
0 0
1 © )
46.7% (from 1)
o = SiMes Me;Si “ o
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Scheme 1: Synthesis of DBA 5.
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1-hexanol yielded compound 3 in 56.8% yield and the subse-
quent Sonogashira coupling with trimethylsilylacetylene
provided compound 4 in 80.0%. Silyl deprotection with
(n-C4Hg)4NF in THF followed by acetylenic oxidative dimer-
ization under Hay conditions produced the desired DBA 5 in
12.7% yield. It should be noted that a thermodynamically more
stable trimeric macrocycle was also formed in 17.7%, but it was

Beilstein J. Org. Chem. 2024, 20, 2234-2241.

not isolated and purified because it was outside the scope of this
study.

Next, DBA § was subjected to the SpAAC with benzyl azide.
When two equivalents of benzyl azide were added to a solution
of 5 in CDClj at a controlled temperature of 30 °C, the reaction
slowly proceeded (Figure 2). After 22 h, the original peak

a)
N3
(6] (e}
— —
CsH130 OCgH13
—_—
CeH130 OCgH
= = 63 CDCl,
(6] (6]
5
b)
5
Oh
6a 6a 6a
22 h l l J
). |8 M _
48 h
A S "
PPM
: : : , : — : | : : | — : — .
8.5 8.0 75 7.0

Figure 2: (a) Strain-promoted azide—alkyne cycloaddition between DBA 5 and benzyl azide and (b) 'H NMR spectral change at 30 °C in CDCls.
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ascribed to starting compound 5 decreased, while a set of new
peaks appeared at 8.40 ppm, 7.79 ppm, and 7.20-7.18 ppm.
Considering the high symmetry, no monoadducts were formed
and the regioselective double azide addition occurred. In other
words, 1,4-disubstituted-5-ethynyltriazole derivative (in-) (6a)
or 1,5-disubstituted-4-ethynyltriazole derivative (out-) (6b)
adducts were formed. To determine the chemical structure of
the product, the NOESY measurement was conducted. The
NOESY spectrum suggested the intermolecular through-space
coupling between two benzene protons (Figure S10 in Support-
ing Information File 1). This result indicates that the formed
double azide adduct is 6a, which is consistent with our previous
report [18].

The double azide addition was further investigated by changing
the reaction temperature. The rate constant was determined by
the temperature-dependent 'H NMR spectra in CDCl3. The
reaction kinetics followed a second-order reaction. Since no
monoadducts were formed, the rate-determining step is the first
azide addition. Based on this fact, the activation energy (E,) of
the reaction between 5 and benzyl azide in CDClj, determined
by the Arrhenius plots, was 60.9 kJ mol™! (Figure 3). This value
was apparently smaller than those previously reported for the
reaction between DBA-OHex and benzyl azide (Table S1 in
Supporting Information File 1). However, the E, values were
previously measured in DMSO-dg and CgDg, and it is known
that there is a solvent polarity effect on the reactivity of
SpAACs. In order to quantitatively compare the reactivity of
DBAs with different substituents, the reaction between DBA-
OHex and benzyl azide was also monitored in CDCl3. The E, in
CDCl3 was 71.1 kJ mol™! (Table S1 in Supporting Information
File 1). This result clearly suggests that DBA 5 with electron-
withdrawing substituents has a lower E, than DBA with elec-

tron-donating substituents.

In k

9L i

95 i

-1

1 1
0.0032  0.0033

7K

0 1
0.003 0.0031 0.0034

Figure 3: Arrhenius plots of the rate constants for the reaction be-
tween 5 and benzyl azide in CDCl3.
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DFT calculations

The reaction mechanism was investigated by computational
calculations. The reaction mechanism between 5 and benzyl
azide was supported by the wB97X-D/6-31G(d,p) calculations
with the CH,Cl; polarizable continuum model (PCM) solvent
(Figure 4). The reaction initially started with the addition of
benzyl azide to one of the internal alkynes of 5. Although the
benzyl group is situated on the interior side of DBA, a more en-
ergetically unstable transition state (in-ts) is generated. Howev-
er, the resulting monoadduct (in) is more energetically
demanding than the counter monoadduct (out) due to steric
factors. The second azide addition follows this step. The alkyne,
which is diagonally positioned relative to the triazole group,
shows the highest reactivity due to its significant distortion.
This finding correlates with the experimental observation that
no monotriazoles were obtained. During the second azide addi-
tion, the orientation of benzyl azide is once more controlled.
The benzyl group positioned on the inner side results in a ther-
modynamically less stable transition state (in-in-ts) compared to
that on the outer side (in-out-ts), but the thermodynamically
stable final product is a regioselective “in-in” adduct, i.e., com-

pound 6a.

Optical properties

Absorption and emission spectra of 6a were measured in
CH,Cl, (Figure 5). The conjugation is changed and a highly-
twisted macrocyle forms by the double azide addition. Thus,
compound 6a shows an ultraviolet absorption peak at 249 nm
(Mmax) and no absorption in the visible region was observed.
When excited at 249 nm, an emission band at 513 nm (Agp)
appeared in the spectrum with a fluorescence quantum yield (®)
of 7.0%. The absorption and fluorescence spectra were almost
independent of solvents. For example, the Ay, in CHCl3 and
THF was 514 nm (Figure S11 in Supporting Information
File 1). The double benzyl azide adduct of DBA-OHex
displayed similar absorption and emission spectra with a Apax
of 247 nm and Aqy, of 539 nm in CH,Cl,. Since the Stokes shift
of the double benzyl azide adduct of DBA-OHex was
21900 cm™! and larger than that of 6a (20700 cm™1), the ® was
4.3%. This result suggested that replacing the hexyloxy substit-
uents with electron-withdrawing ones enhanced the fluores-
cence intensity by approximately 1.6 times.

Crosslinker application

Using the strain-promoted double azide addition feature, DBA 5
was evaluated as a crosslinker for azidated polymers. After §
(5 mol %) was added to a partially azidated poly(vinyl chloride)
(PVC-N3) (x =0.11, n = 1000) in THF, the solvent was gradu-
ally evaporated on a Teflon boat. The resulting self-standing
film became insoluble due to the occurrence of strain-promoted

double azide—alkyne cycloaddition (Figure 6a). The mechanical
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Figure 5: Absorption (blue) and fluorescence (red) spectra of 6a
(2 x 1073 M) in CHxClo.

properties of the polymer films were then examined to observe

the impact of crosslinking.

A PVC-Nj film was prepared by a solvent-cast method on a
Teflon boat. The strain-stress (S—S) curve of the PVC-N3 film
exhibited a breakdown at the strain of >300% with a gradual
increase in the stress (Figure 6b). This film did not display any
yielding points (Figure 6¢). Interestingly, the crosslinking with

5 dramatically changed the mechanical features. The cross-
linked film showed a clear yield point at the strain of about 4%
with the maximum stress of 26.3 MPa (Table 1). When the
applied stress gradually increased, the film displayed a ductility
up to the strain of about 180 MPa. Young’s moduli were esti-
mated from the initial slopes of the S—S curves. The Young’s
modulus significantly increased from 277 MPa to 777 MPa by
crosslinking. This result is consistent with the general under-
standing of covalent crosslinking of linear polymers. The cross-
linking points formed by the SpAAC resulted in a rigid film.

Conclusion

Octadehydrodibenzo[12]annulene substituted with electron-
withdrawing groups was successfully synthesized. This mole-
cule underwent SpAAC with two equivalents of benzyl azide
under mild conditions to quantitatively form the regioselective
symmetric bistriazole product. The electron-withdrawing sub-
stituents facilitated the reaction progress as compared to the
previously reported electron-donating hexyloxy substituents.
The addition pattern was experimentally investigated by
2D NMR, which was also supported by DFT calculations. The
bistriazole product displayed fluorescence in the visible range
with a fluorescence quantum yield of 7.0%. Finally, the de-
veloped metal-free click reaction was employed to crosslink a

partially azidated poly(vinyl chloride). The crosslinking

2238



Beilstein J. Org. Chem. 2024, 20, 2234-2241.

a) /
5
-~
n—-x X
Cl N3
PVC-N; ~_
(x=0.11)
cross-linked polymer
b) 30 o 3
after
after crosslinking - crosslinking

20 before 20t
o crosslinking =
o o
=3 =3
[] ~ %) 3
FH 0
£ 5 before
’ ’ crosslinking

oF 10

1 L 1 a1 L L 1 1
0 100 200 300 0 2 4 6 8 10

strain (%)

strain (%)

Figure 6: (a) Crosslinking reaction of PVC-N3 (x = 0.11) with compound 5. (b,c) Strain-stress curves of PVC-N3 before (blue) and after (red) cross-

linking.

Table 1: Mechanical properties of PVA-N3 before and after crosslinking.
Young’s modulus (MPa)

277
777

PVA-N3 (before crosslinking)
PVA-N3 + 5 (after crosslinking)

proceeded by simply mixing the polymer and crosslinker in
THF and evaporating, and the formation of the crosslinked
polymer film was confirmed by the strain—stress curves. The de-
veloped method is straightforward and has broad applicability,
extending to other azidated molecules and polymers.

Experimental

Materials
All reagents are purchased from TCI, Aldrich, and Kanto

Chemical Co. Inc., and used as received. 4,5-Diiodophthalic

Yield stress (MPa)

14.2
26.3

Maximum fracture stress (MPa)

26.8
26.3

acid was prepared according to a literature method [20]. A
partially azidated poly(vinyl chloride) (PVA-N3) was prepared
by stirring poly(vinyl chloride) and NaN3 in DMF at room tem-
perature overnight.

Measurements

NMR spectra were recorded using a JEOL mode A1300
(300 MHz) at room temperature. Deuterated chloroform was
used as the solvent unless otherwise stated. Chemical shifts of

NMR were reported in ppm relative to the residual solvent peak
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at 7.26 ppm for 'H NMR spectroscopy and 77.6 ppm for
13C NMR spectroscopy. Coupling constants (J) were given in
Hz. The resonance multiplicity was described as s (singlet), t
(triplet), and m (multiplet). FTIR spectra were recorded on a
JASCO FT/IR-4100 spectrometer in the range from 4000 to
600 cm~!. MALDI-TOF mass spectra were measured on a
Shimadzu/Kratos AXIMACFR mass spectrometer equipped
with a nitrogen laser (A = 337 nm) and pulsed ion extraction,
which was operated at an accelerating potential of 20 kV. THF
solutions containing 1 g L™! of a sample, 10 g L™! of dithranol,
and 1 g L™! of sodium trifluoroacetate were mixed at a ratio of
1:1:1, and then 1 uL aliquot of this mixture was deposited onto
a sample target plate. UV—vis absorption spectra were recorded
on a JASCO V-670 spectrophotometer. Fluorescence spectra
were recorded on a JASCO FP-8500.

All calculations were carried out using the Gaussian 16 program
[21]. The DFT calculations were carried out using the long-
range and dispersion-corrected wB97X-D functional [22]. The
6-31G(d,p) basis set was used for H, C, O, and S atoms [23,24].
The solvent effect of CH,Cl, was taken into account by the
polarizable continuum model using the integral equation
formalism (IEFPCM) [25] for DFT calculations. The optimized
molecular structures were verified by vibrational analysis; equi-
librium structures did not have imaginary frequencies and tran-
sition-state structures had only one imaginary frequency corre-

sponding to the reaction coordinate.

Synthesis of 6a

To a solution of 5§ in CH,Cl,, two equivalents of benzyl azide
were added and the mixture was stirred at room temperature for
12 h. Evaporation of the solvent quantitatively yielded the target
compound. '"H NMR (CDCl3, 300 MHz, 297 K) 8 8.40 (s, 2H),
7.80 (s, 2H), 7.40-7.18 (m, 10H), 5.53 (s, 4H), 4.34-4.29 (m,
8H), 1.74-1.71 (m, 8H), 1.37-1.32 (m, 24H), 0.92-0.88 (m,
12H); 13C NMR (CDCl3, 75 MHz, 297 K) d 166.26, 147.55,
135.76, 133.90, 133.67, 133.36, 131.92, 130.83, 128.74, 128.70,
128.34, 120.99, 119.57, 103.11, 82.18, 66.30, 53.55, 31.39,
28.42, 25.54, 22.48, 13.98; FTIR v (cm™!): 2067 (C=C), 1730
(C=0); MALDI-TOF MS (dithranol, m/z): [M]* calcd for
Cs2H70NgOg, 1026.53; found, 1026.98.

Supporting Information

Supporting Information File 1

Experimental section and kinetic study of the reaction of
compound 5 and benzyl azide.
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Abstract

We have reported that upon visible light irradiation, ferrocene-porphyrin-[60]fullerene triad molecules yield long-lived charge-sep-
arated states, enabling the control of the plasma membrane potential (V) in living cells. These previous studies indicated that the
localization of the triad molecules in a specific intra-membrane orientation and the suppression of the photodynamic actions of the
[60]fullerene (Cgp) moiety are likely important to achieve fast and safe control of Vy,, respectively. In this study, by mimicking our
previous system of triad molecules and living cells, we report a simplified model system with a cationic Cg( derivative (catCgp) and
a liposome with embedded 1-pyrenebutyric acid (PyBA) to demonstrate that the addition of PyBA was important to achieve fast

and safer control of V.

Introduction
The [60]fullerene (Cgg) is known as an excellent electron acceptor in photoinduced charge-separation systems, we have
acceptor [1,2] and is commonly used in organic solar cell appli-  previously employed ferrocene-porphyrin-Cg triad molecules

cations [3]. Taking advantage of the fact that Cgg can be an  (Figure 1a) in a biological system to control the plasma mem-
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Figure 1: (a) Chemical structure and schematic illustration of the charge-separated state of a triad molecule and (b) control of the membrane poten-
tial by the illuminated molecule with a favourable arrangement. (c) Strategy of the present study for controlling both the location and photodynamic
actions of a cationic derivative of Cgg (catCgp), @ simple model compound of the triad molecules, in a membrane via m— interactions with 1-pyrenebu-
tyric acid (PyBA). (d—f) Chemical structures of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (d), catCg (e), and PyBA (f).

brane potential (V) of living mammalian neuronal cells under
photoirradiation [4-6]. Generally, V}, originates from a differ-
ence in electric charge on the two sides of the plasma mem-
brane (approximately 5 nm thickness), with a slight excess of
the positive ions inside relative to the negative ions outside. Our
ferrocene-porphyrin-Cgq triad molecule exhibited long-lived
charge-separated states under visible light irradiation [7], with
the Cg species becoming negatively charged while the ferro-
cene moiety became positively charged (Figure la). This
charge-separated state can be used to initiate nanoscale electric
fields, e.g., V. The design of the triad molecules may also help
to keep their orientation within the plasma membrane to have
the Cg moiety located near the outer membrane surface and the
ferrocene moiety near the inner membrane surface (Figure 1b).
With this favorable arrangement of the molecules, it was ex-
pected to trigger a photoinduced change of the V,, that occurs at
very fast time scales (less than milliseconds), leading to the
(partial) cancellation of the V,,,. However, in reality, the change
occurred on a minute time scale, indicating that the favorable
arrangement was not sufficiently achieved in the plasma mem-

brane.

One of the concerns with our previous triad molecules was pho-
toinduced generation of reactive oxygen species (ROS) [8]. In
our more recent study, the reversal of V,, after stopping photoir-
radiation of our triad molecule was associated with the renewal
of the plasma membrane through endocytosis in living cells [6].
These results suggested that the photoinduced change in V;,, was
caused by some modification — most likely oxidation — of the
plasma membrane by the photoexcited triad molecule. Taken
together, for the realization of rapid control of V,, using such

Cgo-based molecules in the membrane, the suppression of ROS

generation is an important consideration. In this study, we aim
to develop a system to achieve a quick V, control without
damaging the membranes by using a Cgq derivative and a
pyrene derivative as a model system for the triad molecules.

Cgo has been reported to be incorporated into the phospholipid
bilayers at the central part of membrane due to its hydrophobici-
ty [9,10]. In contrast, to achieve the favorable arrangement as
described above, the Cg moiety of the triad molecule needs to
be located near the outer membrane surface. To facilitate this
arrangement, in this study, we utilized a simplified system
(Figure 1c) consisting of (i) liposomes of 1,2-dimyristoyl-sn-
glyreco-3-phosphocholine (DMPC, Figure 1d), a well-known
model of the plasma membrane, (ii) a cationic derivative of Cg(
(catCg, Figure 1e) as a replacement of the triad molecules, and
(iii) 1-pyrenebutyric acid (PyBA, Figure 1f) as an anchor mole-
cule for catCg to be localized near the surface of phospholipid
membranes [11,12]. With this model system, we aimed to ex-
amine whether both the intramembrane localization and the

photodynamic actions of catCgg can be modulated by PyBA.

Results and Discussion

The catCgp-loaded liposomes (catCgo-lip) were prepared by
hydration of a catCgy-embedded DMPC film [13] and com-
pared with Cgp-loaded liposomes (Cgp-lip) by physicochemical
characterizations. When catCgg or Cgo was added to DMPC (in
a 1:1 molar ratio to DMPC) the zeta potential of the catCgg-lip
was higher (16 mV) than that of Cgg-lip (-0.3 mV). Based on
the experiments of differential scanning calorimetry analyses
with varied amount of catCg or Cgq (Figure 2a), the addition of
catCgq caused the disappearance of phase transition of DMPC

liposomes in a dose-dependent manner and more efficiently
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Figure 2: Differential scanning calorimetry analysis for the phase transition of liposomes (1 mM phospholipid). (a) Effect of the addition of Cgq (left) or
a cationic derivative of Cgg (catCgp) (right) at various molar equivalents (mol equiv) to the phospholipid of liposomes. (b) Effect of 1-pyrenebutyric acid
(PyBA) addition at various concentrations to liposomes without catCgg and Cgg. The gel-to-liquid crystalline phase transition for 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) liposomes was observed at 25 °C. All the measurements were performed with liposome samples dispersed in

phosphate-buffered saline (PBS(-)).

than the case with Cg. These results suggested that catCgy was
more likely to localize near the surface of the lipid bilayer of
catCg-lip than the Cgq in Cgg-lip [14]. Similarly, the incorpora-
tion of PyBA into the pre-prepared liposomes was tested by zeta
potential analysis (—15 mV) and differential scanning calorime-
try analysis (Figure 2b), showing a clear dose dependency on
the amount of PyBA added.

The absorption spectra of catCgg-lip and Cgg-lip were com-
pared in PBS(-) (Figure 3). At two different concentrations, no
significant change was observed in catCgg-lip, whereas broad-
ening and a red shift were observed in Cg-lip at higher concen-

trations (10 mol equiv). These results indicate that catCgy was

a 2
Ceo
1.5 4\ 1 mol equiv
10 mol equiv
8 1 4 (X1/10)
0.5 _k
0.1 mol eq.
0 T T

220 240 260 280 300

better dispersed in the DMPC membrane than Cgg. The results
also provided some insight into the situation of our previous
triad molecule — how the undesired aggregate formation of the
triad molecules is reduced during solubilization and cell studies
in physiologically relevant media [15].

The interaction between catCgy and PyBA in the liposomes was
assessed by the fluorescence spectra of PyBA in catCgg-lip [16].
The catCgg-lip containing catCgg at 0, 5.4, and 54 uM were
mixed with PyBA (50 uM) in PBS(-), and the fluorescence
spectra were measured. As shown in Figure 4a, the intensity de-
creased upon increasing the concentration of the catCg in the

liposomes, showing the quench of PyBA fluorescence by

b 2s
catCg,
2 1\ 0.1 mol equiv
1.5 - 1 mol equiv

(X1/10)

0 T T

250 300 350 400

Wavelength / nm

Figure 3: UV-vis absorption spectra of liposomes (1 mM phospholipid) with Cgg (a) or a cationic derivative of Cgg (catCgp) (b) added at various molar
equivalents (mol equiv) to phospholipid. The equivalent of Cgp added in Cgp-loaded liposomes (Cgo-lip) was 0.1, 1 and 10 mol equiv, and the equiva-

lent of catCgp added to catCgp-loaded liposomes (catCgp-lip) was 0.1 and 1 mol equiv. Spectra of 10 mol equiv of Cgg in (a) and 1 mol equiv of catCgg
in (b) were measured after 10-fold dilution. The absorption peak positions for Cgg and catCegg are indicated with dotted lines. Liposome samples were

dispersed in phosphate-buffered saline (PBS(-)).
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catCg(, presumably by interacting in the liposome membrane.
The incomplete quenching after the addition of PyBA at a con-
centration comparable to that of catCgy may be attributed to the
presence of unembedded PyBA in the dispersion. To this
PyBA-embedded catCgq-lip system, methanol was added to
completely destroy the liposome structures, resulting in the
regain of the fluorescence intensity (Figure 4b). The results
clearly demonstrate that PyBA interacts with catCg( in the
DMPC membrane near the surface, at least to some extent, indi-
cating the potential of PyBA acting an anchor molecule to
catCg in the liposome membrane. Nevertheless, further study is
necessary to gain more insight into their location in the mem-
brane.

The results above indicated the interaction of catCgy with PyBA
in the DMPC liposome membrane. We anticipated some effect
of PyBA on the photoinduced generation of ROS by catCg due
to such interaction within the liposome membrane. To investi-
gate such effects, we employed an electron spin resonance
(ESR) spin-trapping method to evaluate the generation of ROS
by catCg in the absence or presence of PyBA. As spin trapping
reagents for the singlet oxygen (105,), hydroxyl radical (+OH)
and superoxide radical anion (O,*7); 2,2,6,6,-tetramethyl-4-
piperidone (4-oxo-TEMP), 3,4-dihydro-2,3-dimethyl-2H-
pyrrole 1-oxide (DMPO), and 5-(diethoxyphosphoryl)-5-
methyl-1-pyrrolidone-N-oxide (DEPMPO) were respectively
used (schemes in Figure 5). Our previous study demonstrated
that both !0, and O,+~ were generated under irradiation of triad
molecules in DMSO/H,0 [8].

Under irradiation by a blue LED (464—477 nm, 23 lm-W‘l), sig-
nificant ESR signals corresponding to the 'O adduct of 4-oxo-
TEMP (4-0xo-TEMPO) were observed in the dispersion of
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catCegp-lip ([catCgg] = 5 uM) in PBS(-) showing an evidence of
energy transfer reaction by the photoexcited catCg
(Figure 5a(ii)). In the presence of electron donor (NADH) under
photoirradiation, *OH generation was observed as a *OH adduct
of DMPO (DMPO-OH, Figure 5b(ii)) revealing that electron
transfer reaction was also occurring. Using DEPMPO as a spin
trapping reagent, detection of O,¢~ was tried and some radical
adducts were detected, but without being clearly identified
(Figure 5c¢(i), (ii)). The reason of the inability of O, detection
is not known at present. Upon addition of dimethyl sulfoxide
(DMSO) to this system, an adduct of DEPMPO and *CH3
(DEPMPO-CH3), which was presumably generated from the
reaction of *OH and DMSO, was clearly observed, further
confirming the generation of *OH (Figure 5b(iii)). At the same
time, unusually fast conversion of O,"~ to *OH was also sug-

gested in this system.

The results above suggest that catCgg-lip generated both types
of ROS (10, and *OH) via energy transfer and electron transfer
mechanisms. The present results are in line with previous
studies of photoinduced ROS generation by Cg( and its deriva-
tives [17-19]. The most important: upon the addition of PyBA
to catCe-lip, the signal intensities of both types of ROS (10,
and *OH) were decreased (Figure Sa(iii), b(iii), c(iv)). These
results indicate that PyBA suppresses ROS generation by
catCgg-lip in liposome environment, which would be
advantageous for the nanoscale control of V,, by the triad mole-

cules.

Conclusion

In summary, our findings indicate that PyBA can interact with
catCgg within DMPC liposomes and modestly inhibit the photo-
induced generation of ROS by catCgg. These insights offer
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Figure 4: Fluorescence spectra of 1-pyrenebutyric acid (PyBA) in cationic derivative of Cgg (catCgp)-loaded liposomes (catCgo-lip, 1 mM phospho-
lipid) containing catCgg at various concentrations. (a) Effect of catCgq in liposomes on the fluorescence intensity of PyBA, with concentrations of
catCgp at 0, 5.4, 54 uM, and PyBA at 50 uM. (b) Fluorescence spectra of catCgo-lip with 0 and 54 pM catCgy, treated with 50 uM PyBA, after addition
of methanol. Liposome samples were dispersed in phosphate-buffered saline (PBS(-)).
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Figure 5: Photoinduced generation of reactive oxygen species (ROS) by cationic derivative of Cgg (catCgp)-loaded liposomes (catCgo-lip) (5 uM
catCgp) in the absence and presence of 1-pyrenebutyric acid (PyBA, 50 uM). (a) X-band electron spin resonance (ESR) spectra of 2,2,6,6,-tetra-
methyl-4-piperidone (4-oxo-TEMP) adduct with 'O, generated by catCgg under irradiation by a blue LED. Experimental conditions: (i) catCgg 5 M
and 4-oxo-TEMP 100 pM, in phosphate-buffered saline (PBS(-)) under dark conditions. (ii) catCeg 5 pM and 4-oxo-TEMP 100 uM in PBS(-) under ir-
radiation for 30 min by blue LED lamp. (iii) catCgg 5 uM, PyBA 67 puM, and 4-oxo-TEMP 100 pM, in PBS(—) under irradiation for 30 min by blue LED
lamp. (b) X-band ESR spectra of 3,4-dihydro-2,3-dimethyl-2H-pyrrole 1-oxide (DMPQ) adduct with *OH generated by catCgg under irradiation by a
blue LED. Experimental conditions: (i) catCgg 5 UM, B-nicotinamide adenine dinucleotide, reduced disodium salt hydrate (NADH) 8 mM, Fe(ll)-diethyl-
enetriaminepentaacetic acid (DETAPAC) 1 mM, and DMPO 100 mM in PBS(-) under irradiation for 30 min by blue LED lamp. (i) catCgp 5 pM, NADH
8 mM, Fe(Il)-DETAPAC 1 mM, and DMPO 100 mM in PBS(—) under irradiation for 30 min by blue LED lamp. (iii) catCgp 5 uM, PyBA 67 uM, NADH

8 mM, Fe(Il)-DETAPAC 1 mM, and DMPO 100 mM in PBS(—) under irradiation for 30 min by blue LED lamp. (c) X-band ESR spectra of
5-(diethoxyphosphoryl)-5-methyl-1-pyrrolidone-N-oxide (DEPMPO) adduct with undefined radicals (i, ii) or *CHag (iii, iv) generated by catCgg under irra-
diation by a blue LED. Experimental conditions: (i) catCgg 5 uM, NADH 8 mM, DETAPAC 1 mM, and DEPMPO 100 mM in PBS(—) under irradiation for
30 min by blue LED lamp. (ii) catCgg 5 uM, PyBA 67 uM, NADH 8 mM, DETAPAC 1 mM, and DEPMPO 100 mM in PBS(-) under irradiation for

30 min by blue LED lamp. (iii) catCgg 5 pM, NADH 8 mM, DETAPAC 1 mM, and DEPMPO 100 mM in a 4-to-1 (v/v) mixture of PBS(-) and dimethyl
sulfoxide (DMSO) under irradiation for 30 min by blue LED lamp. (iv) catCgg 5 uM, PyBA 67 uM, NADH 8 mM, DETAPAC 1 mM, and DEPMPO 100
mM in a 4-to-1 (v/v) mixture of PBS(-) and DMSO under irradiation for 30 min by blue LED lamp. In the ESR spectra, signals corresponding to the
adducts are indicated with red (4-oxo-TEMPO in a), blue (DMPO-OH in b), and green (DEPMPO-CHjs in c) arrows.

valuable guidance for the photocontrol of the plasma mem-
brane potential (V) using fullerene-containing triad molecules

on a millisecond scale.

Experimental

Preparation of liposomes with catCgg
(catCegp-lip) or Cgo (Cgo-lip)

Liposomes were prepared using a thin-film hydration method.
DMPC (NOF AMERICA Corporation, White Plains, NY, USA)
was solubilized in ethanol (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan), and catCgg, which was synthesized
according to a previous report [20], or C¢q (NOF AMERICA
Corporation, White Plains, NY, USA) was solubilized in a 1:4
(vol:vol) mixture of DMSO (Nacalai Tesque Inc., Kyoto, Japan)

and toluene (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan). DMPC in ethanol and catCgg or Cgg in DMSO/
toluene were mixed in molar ratios of 1:0, 1:0.1, 1:1, or 1:10,
and the solvent was removed using a rotary evaporator
(Rotavapor R-300, BUCHI Labortechnik AG, Switzerland) at
40 °C to prepare the lipid films. The lipid films were then dried
overnight in vacuo. Then, the films were hydrated with PBS(-)
(137 mM NacCl, 2.68 mM KCI, 8.1 mM Na,HPOy4, 1.47 mM
KH,PO,) so that the theoretical value of DMPC concentration
was 3 mg/mL, and the resulting suspension was sonicated at
30 °C until the lipid membrane had completely peeled off from
the flask. To remove free catCgy and Cg, the resulting suspen-
sion was centrifuged at 20,000g at room temperature for
10 min. The supernatant was collected and subjected to more

than 20 extrusions using a Mini-Extruder equipped with a
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100 nm-pore-size membrane (Croda International Plc. Avanti
Polar Lipids, Inc.).

Differential scanning calorimetry (DSC)

DSC was performed using a MicroCal™PEAQ-DSC System
(Malvern Panalytical, Ltd., Malvern, U.K.). Liposomal suspen-
sions of DMPC with or without catCgg or Cgy were dispersed in
PBS(-) (1 mM DMPC). Measurements were performed
following equilibration at 10 °C at a scan rate of 180 °C/h. Mea-
surements were also performed after mixing of 50, 100 or
500 uM PyBA (Sigma-Aldrich, St. Louis, MI, USA) and
DMPC liposomes without catCgg or Cg( followed by dialysis of
the mixture against 3 L PBS for 2 h to remove free PyBA.
Data analysis, including calculation of the phase transition tem-
perature, was performed using the MicroCal PEAQ-DSC Soft-

ware.

UV-vis absorption measurement

UV-vis spectra of DMPC liposomes (1 mM DMPC) with or
without catCgp or Cgg were measured in PBS(-) using a
UV-3600 Plus absorption spectrometer (Shimadzu Corporation,
Kyoto, Japan).

Fluorescence measurement

DMPC liposomes containing 0, 5.4, or 54 uM catCgqq were
mixed with PyBA (final concentration of 50 pM) in PBS(-),
and the mixture was dialysed against 3 L PBS for 2 h to remove
free PyBA. Fluorescence spectra were measured using an
RF-6000 spectrofluorometer (Shimadzu Corporation, Kyoto,
Japan) (excitation at 341 nm, emission at 360-500 nm) to eval-
uate the interaction between catCgy and PyBA in DMPC mem-
branes. Measurements were also performed after the addition of
10 times the volume of methanol to the liposome samples to

liberate catCgy and PyBA from the membranes.

ESR measurements for photoinduced 'O,
and O»*~ generation

ESR spectra were recorded on a Bruker EMX, Continuous
Wave X-Band EPR spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany). Suprasil® ESR tubes with a diameter
of 4 mm, length of 250 mm and a wall thickness of 0.8 mm
were used (SP Wilmad-LabGlass, New Jersey, US). 4-Oxo-
TEMP was purchased from ABCR (Karlsruhe, Germany) and
purified by sublimation prior to use. The 50 pL Blaubrand®
intraMark capillaries were used in the EPR measurements
(Brand GMBH, Wertheim, Germany). DEPMPO was bought
from Enzo Life Sciences AG (Farmingdale, NY, USA). FeSQy,
DETAPAC and NADH was bought from Sigma-Aldrich (St.
Louis, Missouri, USA). DMPO was bought from TCI (Tokyo
Chemical Industry Co. Ltd., Tokyo, Japan). Irradiation was per-
formed by blue LED light (464-477 nm, 23 Im-W~') from

Beilstein J. Org. Chem. 2024, 20, 2732-2738.

Lumiflex300 Pro RGB LED Stripes (LUMITRONIX LED-
Technik GmbH, Hechingen, Germany) containing 120 LED
lamps assembled in an aluminium cylindrical container with a
diameter of 8.5 cm. ESR measurements conditions: microwave
frequency 9.78 GHz, microwave power 10 mW, receiver gain
5.02 x 104, modulation amplitude 1.00 G, modulation frequen-
cy 100 kHz, 3 scan average, sweep time 83.89 s.

10, Generation: All measurements were performed in PBS(-).
Ten pL of catCgy sample solution (25 uM), 10 pL of 4-oxo
TEMP solution (500 mM) and 30 pL of PBS(-) were mixed in
a 0.5 mL Eppendorf tube. For the measurement in the presence
of PyBA, 10 uL of PyBA solution (335 uM) was added instead
of 10 uM of PBS(-). The solution was subjected to O, bubbling
for 30 seconds and then taken into 50 pL capillary and sealed.
The solution was then irradiated with blue LED light for
30 minutes. The capillary was taken into the ESR tube for mea-
surement at room temperature.

‘OH Generation: All measurements were performed in
PBS(-). Ten pL of catCgg sample solution (25 pM), 10 pL of
Fe(II)-DETAPAC solution (5 mM), 10 pL of DMPO solution
(500 mM), 10 pL of NADH (40 mM) and 10 uL. PBS(-) were
mixed in a 0.5 mL Eppendorf tube. For the measurement in the
presence of PyBA, 10 uL of PyBA solution (335 uM) was
added instead of 10 pL of PBS(-). The solution was subjected
to O, bubbling for 30 seconds and then taken into 50 pL capil-
lary and sealed. The solution was irradiated with blue LED light
for 30 minutes. The capillary was taken into the ESR tube and
ESR spectra were recorded at room temperature.

0, Generation: Measurements were performed in a mixture
of DMSO and PBS(-) (1-to-4, v/v). Ten uL of catCgg sample
solution (25 pM), 10 uL. of DETAPAC solution (5 mM), 10 uL.
of DEPMPO solution (500 mM), 10 uL of NADH (40 mM) and
10 puL of PBS(-) were mixed in a 0.5 mL Eppendorf tube. For
the measurement in the presence of PyBA, 10 uL of PyBA
solution (335 uM) was added instead of 10 pL of PBS(-). The
solution was subjected to O, bubbling for 30 seconds and then
taken into 50 pL capillary and sealed. The solution was irradi-
ated with blue LED light for 30 minutes. The capillary was
taken into the ESR tube and ESR spectra were recorded at room
temperature.
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Quantitative assessment of the first acidity constant (pK,) for BFC (27.6 in CH3CN) and FIC (27.8 in CH3CN) shows the methy-
lene protons to be significantly more acidic than those in related cyclopentadiene (32 in CH3CN), indene (34 in CH3CN)), or fluo-
rene (37 in CH3CN) and comparable to the methine of 9-perfluorophenylfluorene (28.14 in CH3CN). This work reports quantita-
tive pK, values of BFC and FIC, places those values in a broadened context of CpH-cognate hydrocarbon acidity and presents a

Clar—Loschmidt graph perspective to help understand the “surprises”.

Introduction

A classic textbook tetrad linking hydrocarbon acidity to aromat-
ic stabilization energy comprises cyclopentadiene (CpH),
indene (InH), fluorene (FIH), and diphenylmethane (DPMH)
[1,2], with pK, values in DMSO equal to 18 [3], 20.1 [3], 22.6
[3], and 32.2 [4], respectively (Scheme 1) [5,6]. The reaction
enthalpy for deprotonation of CpH is ca 20 kcal/mol less
endothermic than DPMH and ca. 24-27 kcal/mol less
endothermic than 1,4-pentadiene (PDH; pK, =~ 35 in DMSO)
[3], values strikingly similar to the resonance stabilization

energy estimated for benzene [7,8]. Furthermore, the trend of

pK values for CpH, InH, and FIH correlates with the reduction
of the aromatic stabilization energy for the anion across the
series [1,2]. At first glance, this model supports the notion that
the relative pK, values of cyclopentadienes embedded in
polynuclear aromatic hydrocarbons (CpH-PAHs) reflect some
general measure of the embedded CpH's aromatic character. In
this context, the observation that BFC and FIC (FIH cognates)
manifest acidity comparable to CpH, was surprising [9]. This
study uses a Clar-Loschmidt graph model to show that the
acidity of CpH-PAH is more nuanced [10,11]. Subsequently,
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Increasing aromatic stabilization energy

H H

K, 18.0

(DMSO)

BFC

Acidity like CpH.
Structure like FIH.
Why?

FIC

Scheme 1: Aromatic stabilization energy across a series of small aromatics (upper); graphical depiction of the BFC/FIC acidity quandry (lower).

literature and computational examples reveal a leitmotif for
CpH-PAH-based redox-active carbon-rich materials.

Results and Discussion

From competitive titrations against 9-Cg¢Fs-fluorene (pK, =
28.14 in CH3CN) [12,13] and (4-Me-CgF4)(CgHs)CHCN
(pK, =26.98 in CH3CN) [12,13] as upper and lower references,
respectively, the acidities of BFC (pK, = 27.6 in CH3CN) and
FIC (pK, = 27.8 in CH3CN) could be quantified and ordered
relative to a series of organic aromatic acids (Table 1). Rather
than falling among the series cyclopentadiene (pK, = 32 in
CH3CN), indene (pK, = 34 in CH3CN)), or fluorene (pK, = 37 in
CH3CN), BFC and FIC rank as stronger acids than CpH in

Table 1: Relative aromatic hydrocarbon acidities I.

Compound CH3CN
Cmptl2
fluorene 35.0
indene 32.2
cyclopentadiene 29.1
FIC 27.8
BFC 28.3
9-phenylfluorene 30.8
fluoradene 22.8
diphenylmethane 43.4

acetonitrile. Extrapolation to DMSO by conversion equations,
supports the assertion that BFC and FIC are more acidic than
CpH in an “absolute acidity” sense [13].

How odd is such a pK, value of ca. 14 for a CpH-PAH like BFC
or FIC in DMSO? From the initial structural analogy to
fluorene there is a substantial 8 pK, unit difference, which
is nearly 11 kcal/mol in ambient reaction free energy.
Computations (B97-D/def2-TZVPP(THF)//B97-D/def2-
TZVPP(THF)) also predict pK, values of 14.4 and 14.3 for FIC
and BFC in DMSO, respectively, so to the extent that these
values are surprising, the problem must mostly come from a
distortion of our perspective, and not from any dispute between

CHaCN DMSO DMSO
Exptl/Est® Cmptl2 Exptl/Est?
37be 21.6 22.6d
34b.c 18.8 20.1d
32bc 15.6 18.0d
27.8° 14.4 14.4be
27.6° 14.3 14.30e
32bc 17.4 17.9f
23.9bc 9.4 10.5f
48b.c 29.9 32.29

aB97-D/def2-TZVPP(solvent)//B97-D/def2-TZVPP(solvent) referenced to 9-CgFs-fluorene (solvent). PEstimated using experimental data and correla-

tion equations. °Ref. [13]. 9Ref. [3]. ®This work. Ref. [5]. 9Ref. [4].
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theory and experiment. If that is the case, then what might be a
better perspective to investigate CpH-PAH structures like BIC
and FIC?

Let us consider a perspective based on the teachings of Clar and
Loschmidt. Clar held the electron sextet as the paragon of
aromaticity [14] and Loschmidt considered benzene a "group el-
ement" [15]. Combining these perspectives, one can view PAH
networks as graphs comprised of Clar—Loschmidt (CL) "ele-
ments" [10,16]. For corannulene, a maximum of two CL ele-
ments (sextets) are present in any one resonance form. There-
fore, applying the CL perspective to BFC and FIC one sees
dibenzofluorene (full name 13H-dibenzo[a,c]fluorene) as a
cognate, which highlights these compounds to be like a confor-
mationally planar-locked 2,3-diphenylindene (pK, 17.7 in
DMSO [17].

The CL perspective also allows one to create graphs with points
representing the aromatic elements, such as, benzene, Cp anion,

Beilstein J. Org. Chem. 2024, 20, 3144-3150.

pyrrole, etc. (Scheme 2, top). Triphenylene is a simple cyclic
graph of three benzene elements and their direct connections. A
simple modification of the triphenylene graph is the replace-
ment of benzene by Cp anion (Scheme 2, middle). From the CL
graph perspective, the anion of cyclopentaphenanthrene is
related to that of dibenzofluorene the same way as the Cp anion
is related to that of indene. Therefore, cyclopentaphenanthrene
should be more acidic than dibenzofluorene, which it is [18].
Monofluorenocorannulene and dibenzofluorene map onto a
common CL graph with benzene and indenyl elements
(Scheme 2, bottom). These compounds display related elec-
tronic structures and are predicted computationally to have sim-
ilar pK, values (i.e., show similar acidity).

The extreme of this graph example is the five rim benzene ele-
ments and a Cp~ core, pentabenzocorannulene (Scheme 3,
upper) [19,20]. Such a CpH derivative should be a very acidic
aromatic hydrocarbon, and computations for this study predict
its pK, to be ca 1.1 in DMSO. This high acidity is well seen if

Clar => aromatic sextet as element

O=e &

=0 =©

Loschmidt => Cg4 of benzene as “group element”

898

.
.9 %‘g

R0

%’
L%

Scheme 2: Clar-Loschmidt graphs: [upper] defining the relationship of the molecular fragment to the graph node (shaded circle) for benzene, Cp
anion, and indene anion; [middle], superposition of the graph node onto the molecular fragment and then representation of the nodes in the abstract
graph: corannulene above phenanthrene (left); triphenylene above cyclopentaphenanthrene (right); [lower] as with middle but dibenzofluorene (left)

and fluorenocorannulene (right).
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isoelectronic

W 9]
O-99Q 4.
5

stable crystals
from water

Scheme 3: CL graph perspective on acidic PAH-CpHs; pentabenzocorannulene and pentabenzoazocorannulene (upper); phenyltetrabenzofluorene

and tetrabenzofluorene TBF (lower).

one recognizes that, when seen through the CL model,
pentabenzocorannulene is more of a well-overlapping
pentaphenyl-CpH derivative than a pentabenzocorannulene.
Swap out Cp~ by the isolelectronic pyrrole and it becomes clear
that pentabenzoazacorannulene is also less of an azocorannu-
lene and more a pentaphenylpyrrole, which explains its ease of

synthesis and the physical properties [21,22].

The graph with four benzene elements and a CpH core is
evident in the commercially available tetrabenzofluorene, TBF
(Scheme 3, lower). The parent and the phenyl TBF derivative
were also recently prepared by a mechanochemical Scholl reac-
tion [23-25]. Furthermore, the anion of TBF is stable enough to
be easily handled and the crystal structures of a number of
common ammonium salts of TBF anion, grown from water,
have been reported [26].

Neutral highly acidic compounds tend to deprotonate to form
highly stable anions. The air stability of TBF conforms to that
model. In contrast, although the dianion of BFC can be gener-
ated with terr-butoxide under inert atmosphere, in the presence
of water it quenches and exposed to oxygen it oxidizes to form
the diketone. Access to the dianion of BFC presages an interest-
ing diradical and this was achieved by inclusion of mesityl
protecting groups [27]. Extension of the BFC model with thio-
phene provides further interesting materials [28]. A reasonable
corollary to this behavior would assert that derivatives of TBF
and pentabenzocorannulene would produce air-stable radical
and ionic PAHs, and that coupling such fragments would lead

to stable redox-active carbon sheets.

Conclusion

In conclusion, the “surprise” in the surprising pK, for BIC and
FIC was in our expectation of the deprotonated forms as poorly
delocalized fluorenyl anions. The CL perspective provided us a
different way to look at these compounds and interpret them as
phenyl-substituted CpHs, thus reconciling their higher acidity.
That perspective led us to a CL graph representation that pre-
dicted/rationalized additional acidic CpH-PAHs and sharpened
our understanding of an “azacorannulene”. Working from graph
structures based on chemically stable (“group elementary”)
nodes is a useful principle in molecular design and chemical
synthesis. Such a perspective is important to understand funda-
mental physical organic molecular properties as well as to
predict desirable unforeseen new material designs (e.g., redox-
active electrooptical materials).

Methods

pKy measurements in acetonitrile

The experimental setup and methodology for the pK, determi-
nation of BFC and FIC in acetonitrile was essentially the same
as described in detail in previous papers [12,13]. A brief de-
scription will follow.

The pK, determinations in acetonitrile are based on the determi-
nations of differences of pK, values of two acids. In this case
one compound is a reference acid with a previously known pK,
value and the other acid is either FIC or BFC. Both compounds,
as well as the references are also separately titrated in order to
obtain the UV-vis spectra of the acids in neutral as well as in

deprotonated forms.
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Then, the same titration is done with a mixture of measured acid
(FIC or BFC) and a reference acid. Using the spectral data
from the titrations of mixtures the dissociation levels a =
[AT]/(JA™] + [HA]) of both acids in all the mixtures formed
during titration are calculated and are then in turn used to calcu-
late the differences of pK, values (ApK,) of FIC or BFC and the
used reference acids according the following equation:

o(l-a

ApK, = log—l( 2)
(lz (1 — (Xl)

The pK, values of BFC and FIC are estimated as a result of

ApK, measurements against different reference acids.

A Perkin-Elmer Lambda 40 UV-vis spectrophotometer
connected with optical fibre cables to an external cell compart-
ment inside a MBraun Unilab glovebox filled with 99.999%
pure argon was used for the spectrophotometric titrations. This
setup ensured that during all titrations the moisture and oxygen
contents in argon were always under 10 ppm during measure-
ments. Triflic acid (Aldrich, 99+%) and phosphazene base
P,-Et (165535-45-5, Aldrich, 298%) were used to prepare the
acidic and basic titrant solutions, respectively. Acetonitrile
(Romil 190 SpS far UV/gradient quality) was used as solvent
after drying with molecular sieves (3 A), which lowered the

water content to a range of 2—6 ppm.

Acids with previously published pK, values in acetonitrile were
used as reference acids [12,13]. Usually this kind of ApK, mea-
surements are done against three reference acids but due to the
lack of suitable reference acids in the weakly acidic pK, region
in acetonitrile only two reference acids were used. The results
are presented in Table 2. We estimate the standard uncertainties
of the assigned pK, values of BFC and FIC as 0.15 pKj, units.

pK3 predictions using correlation analysis

The pK, values of fluorene, indene, cyclopentadiene, 9-phenyl-
fluorene, and diphenylmethane in acetonitrile were estimated by
averaging the values obtained from their experimental pK,
values in DMSO [5] and three correlation equations: equations
2.1 and 2.2 in Ref. [13] and correlation equation composed

Table 2: Results of pK; measurements in acetonitrile.

Acid Reference acid pK5 (Ref)

BFC 9-CgF5-fluorene 28.14
(4-Me-CgF4)(CgH5)CHCN 26.98

FIC 9-CgF5-fluorene 28.14
(4-Me-CgF4)(CgH5)CHCN 26.98

Beilstein J. Org. Chem. 2024, 20, 3144-3150.

of experimental pK, values of 9-C¢F5-fluorene, octa-
fluorofluorene, fluoradene, (4-Me-CgF4)(CgHs5)CHCN,
(C6F5)(CgHs)CHCN, 9-COOMe-fluorene, and 9-CN-fluorene
in acetonitrile [12,13] and DMSO [5]. All these pK, estima-
tions involve significant extrapolation and the agreement be-
tween the estimates obtained from different equations is not
good. Therefore, the standard uncertainties of these obtained
pK, estimates are high: 2 pK, units for fluorene, indene and
9-phenylfluorene, 3 pK, units for cyclopentadiene (as this acid
is very different from the acids used for developing the correla-
tion equations), and 3 pK, units for diphenylmethane (as very
strong extrapolation is involved with this acid) [12,13].

The pK, values of FIC and BFC in DMSO were estimated from
the experimental pK, values in acetonitrile determined in this
study using the average values from the same three equations as
above, however, using them in reverse. The standard uncer-
tainty estimates of the pK, values of FIC and BFC in DMSO are
0.8 pK, units.

Synthesis
Material used to measure the acidity of compounds BFC and
FIC was prepared previously by methods reported in reference

[9].

Computational methods

The structural and energetic analyses of the molecular systems
for all compounds described in this study were carried out with
the B97-D dispersion enabled density functional method
[29,30], using an ultrafine grid, together with the def2-TZVPP
basis set [31]. Full geometry optimizations were performed and
uniquely characterized via second derivatives (Hessian) analy-
sis to establish stationary points and effects of zero point and
thermal energy contributions. Effects of solvent employed the
COSMO:ab initio continuum method [32,33], using a dielectric
as in experiment, and fully optimized using radii of Klamt [34].
Electronic and thermal free energy differences between neutral
and anion were compared to a reference pentafluorophenylfluo-
rene, and subsequently converted to pK, values by dividing by
1.36. Visualization and analysis of structural and property
results were obtained using Avogadro [35]. Our group develops

ApKy pK3 (acid) assigned pKj,
0.55 27.59 27.6

-0.78 27.76

0.38 27.76 27.8

-0.94 27.92

3148



GAMESS [36] and has also contributed to Gaussian software
packages, in this work the G09 ES64L-G09RevE.O1 version
[37] of the latter was used.
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