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a b s t r a c t

Synthetic manipulation of the torsion angles in non-planar pi-conjugated dibenzo[g,p]chrysene (DBC)
core was described. We prepared DBC scaffolds having four bromines at two bays, and found lithium-bro-
mine exchange procedures enabled to create new DBC derivatives. Crystallographic analyses revealed the
largest torsion angle of 57.4� in a tetra-sulfonyl-substituted DBC and the smallest torsion angle 31.8� in a
bis-silicon-bridged DBC. With the aid of computational method, these results mean the skeletal fused-
ring is flexibly movable within a range of 25.6�. This study provides us an intellectual basis for develop-
ment of distortion-featured functional organic materials.

� 2022 Elsevier Ltd. All rights reserved.
Manipulating the non-planarity of pi-conjugated molecules is
significant for the development of functional organic materials
those would be applicable to ongoing research and future technol-
ogy [1–3]. Because the effect of the twist on molecular packing that
involves orbital interactions clearly appears in solid state proper-
ties such as carrier transportation [4]. Despite the importance of
non-planarity in pi-systems, synthetic protocols for the twisted
geometry still remain a grand challenge [5,6]. The bottleneck often
lies in synthesis, whatever strategy chemists have used so far:
innate natures of steric hindrance, low solubility, and symmetric
shape prevent us from chemically manipulating the distorted pi-
systems with high precision.

Among such types of non-planar pi-molecules, dibenzo[g,p]
chrysene (DBC) is known as one of the most inviting and smallest
polycyclic aromatic hydrocarbons (Fig. 1). Its inherent distortion
that originates from repulsion between protons at bay and fjord
regions imparts interesting photo-physical and electronic proper-
ties to the small DBC core [7,8]. Consequently, expectation of
manipulating the distortion by substituents at the bay and/or fjord
regions has increased; however, such substitution reactions have
been underrepresented [9]. Indeed, the bay/fjord areas are so
crowded that substitution reactions at the bay/fjord are often prob-
lematic. In addition, DBCs provide a challenge of installing func-
tional groups in definitely regio-selective manner owing to low
solubility and high symmetry. If these intrinsic shortcomings are
overcome, we can provide varied DBCs with selectivity and
productivity.

Here we report new synthesis of DBCs 1 and 2 those possess
four reactive bromine atoms at bay regions of 1, 8, 9, 16-positions
(Fig. 1). These new DBCs also have four-fold alkyls (R = tert-Bu,
isoPr) that solubilize and four-fold methoxy groups that could be
further derived. The bay-brominated 1 and 2 enabled us to investi-
gate what kind of substituents are attachable in the crowded bay as
well as how large and small torsion-angles come out with the aid
of crystallographic analyses. We anticipated that the correlation
between substituents and distortion would be relevant to manipu-
lation of non-planarity in DBC core.

The route for the synthesis of isopropyl 1 is illustrated in
Scheme 1. The starting DBC having four methoxy groups were pre-
pared, according to our previous report [10a]. For synthesis of 3
through Friedel-Crafts alkylation, AlCl3 was effective for regio-
specific four-fold alkylation at 3, 6, 11, 14-positions although the
reaction needed 4 days to provide appreciable yield of 3. We pre-
viously reported the molecule having n-butyl substituents in place
of the iso-Pr groups, in which lithium-bromine exchange protocol
was employed. This Friedel-Crafts alkylation method is easier than
the previous lithiation way, which may benefit the straightforward
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Fig. 1. Dibenzo[g,p]chrysene (DBC), and 1, and 2. Torsion angles determined as the
dihedral angles defined by the four carbon atoms (C01-C02-C03-C04).

Scheme 1. Gram-scale synthesis of 1 through 3, 4, and 5.
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synthesis [10b]. The conventional demethylation reaction of 3
yielded 4 in 90%, and followed by sterically demanding tetra-
bromination at the two bay regions to afford 5 in 76% yield. The
final four-fold methylation smoothly occurred in the presence of
DBU [11], which gave 1 in 78% yield. Each derivative in the
sequence was readily soluble in common organic solvent, such as
toluene and CH2Cl2, and could be elaborated on multi-gram scale.

Following the route to 1, tert-butyl 2 was synthesized
(Scheme 2). For production of 6 bearing bulky tert-butyl groups,
Scheme 2. Gram-scale synthesis of 2 through 6, 7, and 8.

2

AlCl3 worked in catalytic use with suppressing removal of tert-
butyl groups. Demethylation of 6 under basic condition in the pres-
ence of alkyl thiol gave 7 in 82% yield [12]. The following four-fold
bromination by addition of Br2 provided 8 in 74% yield without
serious removal of tert-butyl moieties. The final methylation to
produce 2 was carried out in 68% yield. As with 1, all intermediates
to 2 were readily soluble and compatible with multi-gram tech-
niques. The tert-butyl 2 was less soluble than the isopropyl 2: 1 g
of 1 was dissolved into 30 mL of toluene and 30 mL of CH2Cl2,
but the minimum amount of toluene for dissolving 1 g of 2
required 200 mL of toluene and 60 mL of CH2Cl2.

The molecular structures of 1 and 2 were determined by crys-
tallographic analyses, which made apparent their distorted pi-con-
jugations (Fig. 2 (a) and (b)) [13,14]. The two bromine atoms at the
bay rebel against each other, which twists the whole molecules sig-
nificantly with torsion angles of 56.10� for 1 and 56.00� for 2. The
angle of 1 was the mostly same with that of 2, which indicates that
difference between tert-butyl and iso-propyl groups at 3, 6, 11, 14-
positions doesn’t affect the molecular distortion. On the other
hand, 3 having four protons at the bay was also analyzed crystallo-
graphically with 36.85� torsion angle (Fig. 2(c)) [15]. Thus, for a
comparative study, four bromines of 1 and 2 expand the angle in
more 20� than four protons of 3. Besides, as the angle 36.85� of 3
is compared with the angle 35.60� of unsubstituted DBC of
C26H16, both are ranked the same [16].

With gram-scale amounts of 1 and 2 in hand, the substitution
reactions at the bay regions were attempted through metal-medi-
ated activation of bromines. More soluble bromide 1 than 2 was
suitable for productive transformation. Although we were involved
Fig. 2. Molecular structures with ORTEP drawings of (a) 1, (b) 2, (c) 3 with thermal
ellipsoids at the 50% probability level (the hydrogen atoms are omitted for clarity):
From the left in each (a)-(c), top view, side view from a fjord region (iso-propyl or
tert-butyl groups are removed for the ease of viewing), and side view from a bay
region.

Fig. 3. Compounds 9, 10, and 11.



Scheme 3. Reaction conditions for (a) 9, and (b) 10 and 11.

Scheme 4. Synthesis of 12.

Fig. 4. Molecular structures with ORTEP drawings of (a) 9, (b) 10, (c) 11, (d) 12 with th
clarity): From the left in each (a)-(d), top view, side view from a fjord region (iso-propy
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in synthetic hardships inherent in the steric congestion [17],
organolithium reagents enabled us to identify production of com-
pounds 9 (R = CH3), 10 (R = SCH3), and 11 (R = S(O)2CH3) (Fig. 3),
and the reaction conditions are shown in Scheme 3. For part (a),
1 underwent lithium–halogen exchange reaction by methyl
lithium, and 9 was immediately formed in 51% yield prior to addi-
tion of an electrophile such as CH3I and CH3Br. The simultaneous
production of CH3Br by the lithium-bromine exchange would react
the lithiated-1. For part (b), the reaction with electrophilic
dimethyl disulfide yielded 10 in 68%. Oxidation of 10 by hydrogen
peroxide provided 86% yield of 11 in which fully bulky substituents
fill space around the bay. Interestingly, non-equivalent protons and
carbons signals of methyl groups in 10 and 11 were clearly
observed, which may indicate that bulky substituents at the bay
give the high inversion barrier of helically chiral DBC framework.
Those racemate could be elaborately separated into optically active
molecules. In addition, we tried to make double linkages at the bay.
Five-membered rings through silicon atoms became target sub-
structure for synthesis (Scheme 4). The lithiation of 1 was followed
by reaction with Cl2Si(CH3)2, and 21% yield of 12 was barely
obtained at high 60 �C [18].

Crystallographic analyses of 9, 10, 11, and 12 were also demon-
strated. Those ORTEP drawings were summarized in Fig. 4 (a)-(d).
Both side-views from a bay and a fjord in Fig. 4 readily explain that
9, 10 and 11 in part (a)-(c) is greatly contorted as compared to the
ermal ellipsoids at the 50% probability level (the hydrogen atoms are omitted for
l groups are removed for the ease of viewing), and side view from a bay region.



Table 1
Correlation between substituents and torsion angles and structural features.

Entry DBC Substituents at the bay Torsion angle (�) HOMO [eV] LUMO [eV] Gap [eV] [b] Central C@C bond
length (Å) [c]

Stretching vibration
of C@C (cm�1) [d]

Crystals DFT [a]

1 3 -H 36.85(8) 39.0 �4.64 �0.87 3.77 1.391 1611
2 1 -Br 56.10(3) 57.5 �5.24 �1.71 3.53 1.400 1587
3 2 -Br 56.00(7) 55.4 �5.21 �1.68 3.53 1.385 1582
4 9 –CH3 55.39(15) 56.5 �4.81 �1.22 3.59 1.391 1583
5 10 -SCH3 57.40(2) 56.5 �5.00 �1.42 3.58 1.385 1587
6 11 -S(O)2CH3 57.39(11) 61.4 �5.56 �2.00 3.56 1.379 1587
7 12 -Si(CH3)2 31.77(16) 31.3 �4.80 �1.09 3.71 1.408 1575

aPerformed at B3LYP/6-31G(d,p) using the Gaussian 16 suite program (G16RevC.01).
bEnergy gap between HOMO (eV) and LUMO (eV).
cLengths of the intersectional center carbon–carbon double bond that is determined by crystallographic analysis.
dThe smallest wavenumber for stretching vibration of the aryl C@C bonds, which is determined by IR spectroscopic analysis with the aid of software ‘‘Know-it-all” that Wiley-
VCH offers.
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fused-ring 12 in part (d). The torsion angles were 55.39� for 9 [19],
57.40� for 10 [20], 57.39� for 11 [21], and 31.77� for 12 [22], respec-
tively. Compared to the angle of tetra-bromide 1, the angle of 9
shrinks with 0.71� smaller, and the angle of 10 enlarges with
1.30� larger. To the best of our knowledge, 10 and 11 possess the
largest angle of about 57.4� among DBCs reported so far. Although
the sulfone groups in 11 are obviously bulkier than the sulfide sub-
stituents in 10, 11 bend in the same angle with 10. This might
mean that such huge angles reach near the limit of the contortion
in DBCs. For bis-silole 12, two silicon-bridges made itself flatter
than 3, and a difference of 5.08� decreased from 36.85� of 3 owing
to disappearance of repulsion between two protons at the bay
[23,24].

Thus, as depicted in Table 1, we summarized the torsion angles
obtained by crystallographic analyses and performed density func-
tional theory (DFT) calculations to take computational torsion
angles [25]. Geometrically optimized structures using the DFT
method showed results that fit the crystal structures (Fig. S2-S5
in the Supporting Information): the calculated angles are very sim-
ilar to the experimental ones through entries 1–7, respectively.
This means that the twisted geometries of 1–3 and 9–12 in the
ORTEP drawings would be mostly free from the effect of crystal
packing. The maximum measurement is 57.4� for 10 and 11, and
the minimum one is 31.8� for 12; thus, the skeletal DBC proved
to be flexibly movable at least within a range of 25.6�. In addition,
DFT calculations informed us the energies (Table 1) for frontier
orbitals of 1–3 and 9–12 (Fig. S2-S5). The HOMO and LUMO ener-
gies for CH3-substituted 9 with large torsion angle are lowered as
compared to those for DBC 3 (entries 1 and 4). In the Br-substituted
1 and 2, and SCH3-substituted 10, which have the similar torsion
angle to methyl substituted 9, the HOMO and LUMO levels are low-
ered than those for 9 (entries 2, 3 and 5). This should be due to the
electron-withdrawing effect caused by the large electronegativity
of Br and S atoms. Furthermore, the electron-withdrawing SO2CH3

substituents make 11 the lowest HOMO and LUMO among all the
derivatives (entry 6). The bis-silole 12 with a similar torsion angle
to the H-substituted 3 shows the lower levels of HOMO and LUMO
than those for 3 (entry 7). For lengths of the intersectional center
carbon–carbon double bonds, 11 having the largest torsion angle
gave the shortest length of 1.379 Å, and 12 bearing the smallest
torsion angle provided the longest length of 1.408 Å (entries 6
and 7). On the other hand, for aryl C@C stretching vibrations
observed by IR spectroscopic analysis, there is no outstanding cor-
relation between wavelengths and torsion angles.

In summary, we have synthesized DBC scaffolds 1 and 2 having
four bromines at the bay regions. The bromines of 1 were further
elaborated by several substitution reactions through lithium–halo-
gen exchange, which allowed us to observe what kind of sub-
stituents are amenable to bond beyond the sterically demanding
4

environments. Synthetic investigation with crystallographic analy-
ses and DFT computations strongly suggests the following three
salient features that will direct future study. Firstly, the bay-
1,8,9,16-positions accept four-fold substituents of -SO2CH3, -SCH3,
-CH3, -Br. These substituents contorted the whole molecule with
their steric repulsion in more than 55�, in which torsion angles in
the crystallographic method are very similar to those of computa-
tional one. This indicates that the angles obtained in crystal data
are mostly free from packing effect. Secondly, the bay region is able
to connect with a silicon atom with crystallographic evidence. The
double silyl-bridges get rid of steric repulsion between protons at
the bay, which suppressed the skeletal distortion in a difference of
5.08�. Thirdly, DBCs range in torsion angle from 57.4� to 31.8�. This
means that a DBC core is at least flexibly movable to 25.6� extent.
These features illustrate relevance of the bay-substituted DBCs to
the synthetic design of distortion-regulated molecules and materi-
als. In this endeavor, we look forward to reporting on the inversion
barriers of those non-planar DBC faces from the chiroptical point of
view. Further research about helical chirality of twisted DBCs as
well as optical and physical properties is ongoing in our group
and will be reported in due course.
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