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Nonplanar Nanographenes Based on Tribenzotriquinacene or
Fenestrindane Core
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Abstract Our recent research efforts on the synthesis of nonplanar nanographenes bearing tribenzotriquinacene or
fenestrindane skeleton are summarized. Wizard hat-shaped or saddle-shaped nanographenes could be prepared using a
non-classical Scholl-type cycloheptatriene formation or 19-membered ring macrocyclization. The key to the success of these
transformation relies on the proper installation of the electron rich aryl functional groups in the bay areas of these molecular
motifs. The three-dimensional structures of some of the nanographenes were determined by X-ray crystallography.
Furthermore, these carbon-rich n-conjugated molecules are also showed to have interesting photophysical, self-assoication and

host-guest complexation properties.

Keywords nonplanar aromatics; nanographenes; tribenzotriquinacene; fenestrindane

Nonplanar nanographenes are a special class of car-
bon-rich materials with interesting structural, physical and
chemical properties.'"”” These curved molecules are usual-
ly synthesized by the so-called ‘bottom-up’ strategy''! as it
affords products with controlled topology and better struc-
tural homogeneity. Three different methods have been de-
signed to induce curvature into the nanographene struc-
tures. The first approach involves the introduction of non-
hexagonal rings into a polyaromatic molecule.® The
second method relies on the creation of contortion via ste-
ric
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crowding of substituents in a congested polyaromatic skel-
eton.®'" The third approach, initially proposed by one of
s, entails the insertion of a few sp’-hybridized carbon
atoms, which can then create a curvature surface and
structural defective points into the nanographene unit. This
account will summarize our research endeavors in the re-
alization of incorporating either a tribenzotriquinacene
(TBTQ) or a fenestrindane unit into polyaromatic hydro-
carbon molecules to construct bowl-shaped and saddle-
shaped nanographenes, respectively.
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1 Tribenzotriquinacene-derived nanogra-
phenes

The TBTQ skeleton, a member of the molecular family
of centropolyindanes,'*! consisting of three indane units
that share the central carbon atom, was first synthesized by
Kuck et al. (Figure 1).'*"! This molecular framework
possesses a very interesting topology in which the three
indane wings are aligned in an orthogonal relationship that
extends towards the x, y and z directions in the three di-
mensional space.!*'"® As a result, the molecule has been
utilized to serve as the corners of a molecular square!'”! and
of covalently and non-covalently bonded molecular cu-
bes.?>* The idea of bay bridging the three aromatic rings
inside the TBTQ unit via unsaturated functionalities had
also become a hot pursuit, because such a strategy would
lead to a nonplanar, bowl-shaped nanographene system,
which could pave way towards the synthesis of novel host

systems for encapsulation of guest molecules (Scheme
1 [11,13,17,24]

Scheme 1 Bay bridging of a TBTQ unit with three vinylene or
ortho-phenylene units

However, introduction of functionalities into the bay ar-
eas of the TBTQ skeleton poses a synthetic challenge as
such positions are sterically hindered. Indeed, direct elec-
trophilic aromatic substitution reactions on the TBTQ
framework resulted predominately in the formation of pe-
riphery-functionalized derivatives.!'""'**2%) Rather inter-
estingly, the first successful TBTQ bay bridging with a
hexa-peri-hexabenzocoronene (HBC) unit actually in-
volved the periphery-functionalized TBTQ derivative 1
(Scheme 2).*”) The reaction was believed to proceed with
the initial formation of six hexagonal rings via the classical
Scholl reaction,”?" followed by a non-classical cyclo-
heptatriene ring formation under the same reaction condi-
tions to give product 2. 'H NMR signal broadening of
compound 2 was noted, indicating significant intermolec-

3018 http://sioc-journal.cn/
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ular aggregation at room temperature.

Reagents and conditions: (i) AICl;, Cu(OTf),, CS,, 45 C, 59% yield

Scheme 2 First successful bay bridging of a TBTQ derivative 1
using a HBC unit

Prompted by this initial success, the threefold cyclohep-
tatriene formation on all three bay areas of the TBTQ de-
rivative 3 was pursued (Figure 2).*"! Unfortunately, such
attempts were not successful. The presumed poor solubility
of the product and unfavorable electronic properties of the
reactant may be the reasons for the failure. It has been well
documented that the Scholl reaction requires the presence
of electron-donating substituents at the correct positions in
order to proceed smoothly.**33

Figure 2 Unsuccessful threefold cycloheptatriene formation
involving compound 3

An alternative strategy was then employed to realize the
threefold bay-bridging process (Scheme 3).** In this case,
the tris-(bay area)-functionalized TBTQ derivative 6 was
prepared. As mentioned earlier, direct functionalization of
the parent TBTQ molecule gave mainly periphery-
substituted products, therefore compound 6 was synthe-

Chin. J. Org. Chem. 2020, 40, 3017~3025
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sized starting from the appropriate functionalized precur-
sors 4 and 5 before establishing the TBTQ skeleton. Due to
steric repulsion effects, the yield of compound 6 was very
low. Nonetheless, it could be prepared in a few steps in
relatively large quantities. Compound 6 was then convert-
ed into a series of triaryl-functionalized TBTQ derivatives
8 via tris(triflate) 7.

sal\ne " Q“Q

OMe o)

OMe

Reagents and conditions: (i) DDQ, TfOH, CH.Cl,, 0 C

Scheme 3 Threefold bay bridging of the tris-(bay-functiona-
lized) TBTQ compound 7 prepared from precursors 4 and 5

Threefold cycloheptatriene formation was then carried
out using the various substituted TBTQ derivatives 8 in the
presence of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) and triflic acid. Among all the TBTQ derivatives,
only those bearing three 3,4-dimethoxyphenyl or 2,3,4-
trimethoxyphenyl substituents reacted as desired to give
the threefold cyclization products 10 and 11, respectively
(Figure 3).0***! V_-Shaped single-cyclization products,
such as 12~16, were also isolated, but they could not be
further converted into the corresponding threefold cycliza-
tion products. It was also found that bridgehead hydroxyla-
tion (e.g. 12 and 13) and/or rearrangement products were
formed during the reactions. On the other hand, no doubly
cyclized product was isolated or detected in these experi-
ments, indicating that, once formed, such a compound
rapidly underwent the third cyclization. Overall, it was
concluded that electron-donating substituents are required
to promote the cycloheptatriene formation, but that they
also have to be substituted at the appropriate positions.

The crystal structure of the threefold cyclized product 10

Chin. J. Org. Chem. 2020, 40, 3017~3025
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12:R=H,X=0H
13: R=t-Bu, X=0H
14:R=0Me, X=H

Figure 3 Threefold 10, 11 and single-cycloheptatriene for-
mation products 12~16 (newly formed bonds highlighted in
green).

was determined (Figure 4).°® The compound was found to
adopt a wizard hat-shaped structure. The ortho- and para-
phenylene rings are oriented in a more coplanar manner as
compared to those in the calculated geometry of
o0,p,0,p,0.,p-hexaphenylene,””! indicating that the extent of
m-conjugation was improved by fixing the aryl rings
around the triquinacene core.

The availability of the six methoxy groups in compound

http://sioc-journal.cn/ 3019
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Figure 4 Crystal structure of compound 10

10 could allow further m-expansion to prepare larger-size
nanographenes (Scheme 4). For example, the hex-
akis(triflate) 17 should be obtainable from compound 10
via simple functional group transformation. Subsequent

Scheme 4 Potential further w-expansion on compound 17

3020 http://sioc-journal.cn/
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sixfold Suzuki-Miyaura coupling could produce compound
18, which in turn could lead to the larger nonplanar
nanographene 19 via Scholl-type cyclization. It was noted
that long-chain alkyl groups (R) are required to ensure
good solubility of the resulting product.

Recent interest in the structure and properties of multi-
porous nanographenes™**" also prompted us to make use
of the TBTQ skeleton to prepare trefoil-shaped porous
nanographenes via a threefold Scholl-type macrocycliza-
tion (Scheme 5).1*?! Starting from the “peripheral” TBTQ
hexakis(triflate) 20, Suzuki-Miyaura coupling with
3-methoxyphenylboronic acid afforded the sixfold cou-
pling product 21 in 95% yield. Subsequent threefold Scholl
cyclization using FeCl; then produced compound 22 in
98% yield. Sixfold ether cleavage and triflation followed
by a second sixfold Suzuki-Miyaura coupling with
2-(n-dodecyloxy)phenylboronic acid gave product 23 in an
60% overall yield. Finally, threefold 19-membered ring
macrocyclization proceeded smoothly to afford the porous
nanographene 24 in 86% yield. The very high yielding of
the final macrocyclization suggested that each of the three
pairs of to-be-connected aryl rings was pre-organized in
close proximity at the bowl-shaped TBTQ skeleton. X-Ray
crystallographic analysis of compound 25, an aryl analog
of 24, confirmed that the molecule possesses a distorted
wizard hat-shaped geometry consisting of three macrocy-
cles with a pore size of 0.29~0.30 nm (Figure 5).[*
Compound 25 was also found to be a host of chloride ion
with a binding constant of 88 Lemol 'in CH,Cl,anda 1 :
1 binding stoichiometry. DFT calculations suggested that
the six inner C(sp?)—H bonds were responsible for inter-
acting with the chloride ion. Incidentally, a similar ani-
on-binding property of such carbon-based macrocycles
was also reported by Kim and Stepien,**! suggesting that
this type of porous nanographenes represent genuine ani-
on-binding host molecules.

2 Fenestrindane-based nanographenes

The fenestrindane skeleton consists of four indane units
sharing one carbon atom, which is the center of two mutu-
ally fused spirane units. All-cis-fenestrindane is by far the
most stable configuration and was first prepared by Kuck
et al. (Figure 6)."°* In contrast to the rigid, Cs,-symme-
tric TBTQ framework, the skeleton of fenestrindane adopts
S,;-symmetric molecular geometry in the solid state and is
conformationally dynamic in solution."”** Hence, the four
aromatic rings are not aligned in a coplanar fashion, rather
they assume the shape of a slightly distorted saddle in the
three-dimensional space. As a result, m-extension around
the bay areas of fenestrindane should lead to nanogra-
phenes with a saddle-shaped geometry.

One of the earliest attempts was to use HBC moieties as
the bay bridge elements of the fenestrindane core (Scheme
6).*) Similar to the very first approach leading to the
merged TBTQ-HBC hydrocarbon 2, bay bridging was
conducted via the peripheral positions (C-2 and C-11) of

Chin. J. Org. Chem. 2020, 40, 3017~3025
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23: R = O-n-dodec

24: R = O-n-dodec
25:R= 3-t-BUC6H4

Reagents and conditions: (i) Pdy(dba)s;, SPhos, Cs,COj3, H,O/toluene, 120 ‘C, 95%; (ii) FeCls, CH,Cl,, 22 °C; (iii) for compound 24: DDQ,

TfOH, CH:Cl,, 0 C

Scheme 5 Synthesis of the nonplanar porous nanographene 24 via threefold Scholl-type macrocyclization (newly formed bonds high-

lighted in green)

Figure 6 Structure and three-dimensional geometry of all-cis-
fenestrindane

Chin. J. Org. Chem. 2020, 40, 3017 ~3025
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the fenestrindane unit. The bis(pentaarylphenyl)-appended
fenestrindanes 27 and 28 could be prepared from
bis(triflate) 26. Our initial attempt employed the unsubsti-
tuted derivative 27. However, an insoluble solid was ob-
tained under various Scholl reaction conditions and the
structural identity of the product could not be confirmed. A
soluble derivative 28 bearing #-butyl substituents was then
prepared, which underwent twelve hexagonal ring for-
mation steps to produce compound 29 in excellent yield.
However, the crucial twofold cycloheptatriene ring for-
mation could not be realized—ironically because of the
steric hindrance induced by the #-butyl residues (high-
lighted in red) adjacent to the bay areas.

Faced with this problem, we then reverted to a similar
strategy used in the TBTQ bay bridging via bay area sub-
stitution. Again, direct electrophilic aromatic functionali-
zation of fenestrindane leads exclusively to peripheral sub-
stitution.!"*"3 Fortunately, the bay areas of fenestrindane
are less sterically hindered than those of TBTQ because of
its Sy symmetry and conformational flexibility. The adja-
cent aromatic units are located further away from each
other. Hence, installation of four substituents at the C-1,
C-4, C-9 and C-12 bay positions could proceed in good
yield prior to forming the fenestrindane skeleton. To this
end, the tetrakis(triflate) 32 could be prepared in large
quantities using the literature procedure!*® from starting
materials 30 and 31 (Scheme 7).°” This compound was

http://sioc-journal.cn/ 3021
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28: R =t-Bu

29: R =t-Bu

Reagents and conditions: (i) FeCls, CH3NO,, 20 C, 90%
Scheme 6 Unsuccessful attempts to bay bridging of a fenestrindane core with two HBC units (newly formed bonds highlighted in

green)

Reagents and conditions: (i) DDQ, TfOH, CH,Cl,, 0 C

Scheme 7 Twofold and fourfold bay bridging of the fenestrindane core with electron-rich aryl units (newly formed bonds highlighted in
green)

then converted into two electron-rich 1,4,9,12-tetraaryl-
substituted fenestrindanes 33 and 34 via Suzuki-Miyaura
coupling. Upon treatment of 33 with DDQ and triflic acid,
twofold-cyclization 35 (10%), fourfold-cyclization prod-
ucts 36 (45%) and 37 (4%) were formed. Compound 37
was an over-oxidation product formed by hydroxylation at
one of the bridgehead positions. Similarly, compound 34

3022 http://sioc-journal.cn/
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afforded the fourfold-cyclization products 38 (52%) and 39
(20%). It should be noted that no products of single and
triple cyclization were formed in these reactions. Further-
more, only the C-shaped doubly cyclized product 35 was
generated, the other possible S-shaped and U-shaped dou-
bly cyclized products were not found.

X-Ray crystallographic analysis of compound 36 re-

Chin. J. Org. Chem. 2020, 40, 3017~3025
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vealed its saddle-shaped geometry.”"! As compared to
parent o,p,0,p,0,p,0,p-cyclooctaphenylene, which lacks the
all-cis-[5.5.5.5]fenestrindane core, it possesses a shallower
saddle structure. Incidentally, the veratrole units within
each pair of opposite benzocycloheptatriene moieties of 36
possess nearly orthogonal orientation to each other, sug-
gesting that it could be utilized to construct deeply concave
receptors or larger-size molecular squares (Figure 7).

Figure 7 X-Ray crystal structure of compound 36

In contrast to the case of TBTQ, it was later found that
electron-rich aryl rings are not required for the successful
fourfold cycloheptatriene formation. Hence, 1,4,9,12-
tetraphenylfenestrindane 40 could undergo fourfold cy-
clization with concomitant double hydroxylation to give
product 44 (8%). Similarly, 1,4,9,12-tetrakis-(3,4-di-
methylphenyl)fenestrindane 41 afforded the fourfold-
cyclization product 43 (18%) together with the corre-
sponding derivative 45 (4%) formed by single hydroxyla-
tion.”” Fortunately, the hydroxylated side products could

be easily converted to 42 and 43 using Et;SiH/CF;CO,H
(Scheme 8). In the same work, one unsymmetrically sub-
stituted fenestrindane-based saddle 51 was also success-
fully prepared from compound 50 (Scheme 9). More re-
cently, a similar fourfold cycloheptatriene formation
around a resorcin[4]arene core was reported by Lucas.>!
Similar to the case of TBTQ, bay-bridged fenestrindane
saddles such as 36 are promising starting points for further
m-extension to larger nanographenes such as 52 (Scheme
10). Compound 51, on the other hand, could be used to
prepare deeply concave U-shaped molecules such as 53 via
chirality-assisted dimerization,”*! as several fenestrindane
precursors have already been optically resolved.[>

3 Conclusions

We demonstrated that two different molecular geome-
tries, namely, wizard hat-shaped and saddle-shaped poly-
aromatic structures, can be obtained from suitably func-
tionalized TBTQ and fenestrindane derivatives, respec-
tively, using a bottom-up synthesis strategy. The key to the
successful synthesis of these molecules rests on the instal-
lation of electron-rich aryl moieties in the bay areas of the
structurally-rigid TBTQ or fenestrindane skeleton. Further
n-expansion of these non-planar molecules via the periph-
eral functionalized alkoxy groups should furnish much
larger nanographenes or nanaomeshs for further investiga-
tions. These carbon-rich products are potentially useful

Reagents and conditions: (i) DDQ, TfOH, CH,Cl,, 0 °C; (ii) Et;SiH/CF3CO;H, CH.Cl,, 22 C

Scheme 8 Successful fourfold bay bridging of 1,4,9,12- tetraarylfenestrindanes without electronic activation by methoxy substituents

(newly formed bonds highlighted in green)

Reagents and conditions: (i) DDQ, TfOH, CH,Cl,, 0 C; then Et;SiH/CF3CO.H, CH,Cl,, 22 C

Scheme 9 Synthesis of an unsymmetrically substituted fenestrindane saddle (newly formed bonds highlighted in green)

Chin. J. Org. Chem. 2020, 40, 3017 ~3025
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36 —

52

Scheme 10 Potential interesting targets from fenestrindane-based saddles

materials for host-guest complexation, supramolecular,
optoelectronic, sensing and catalysis applications. Works
are underway in our laboratories to pursue these goals.
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