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Cardo Bisphenol Fluorene Fused with Dibenzo[g,p]lchrysene
for a High Refractive Index Monomer

Toko Yura,” Rion Noda,” Ikuma Okada,” Zhenfeng Guo,” Takashi Nakanishi,”

Yousuke Yamaoka,'® and Tetsuo lwasawa*™

Synthesis and properties of a new cardo-typed bis-phenol are
described. A dibenzo[g,p]chrysene (DBC) core that has one ester
group at the bay was prepared, and then intramolecular
Friedel-Crafts acylation gave a key cyclopentanone intermedi-
ate. Finally, two-fold arylation successfully yielded a DBC-linked
bis-phenol. This new DBC-linked bis-phenol was compared with

Introduction

Bisphenol fluorene (BPF) is a monomer used in the production
of cardo resins, which are known for their high-performance
optical properties (Figure 1(a))."’ BPF-based polymers exhibit
high transparency, a high refractive index, and outstanding
thermal stability, making them suitable for advanced optical
applications such as lenses, optical fibers, and other
components.**¥ BPF monomer when polymerized leads to a
cardo polymer, characterized by spiro-carbon containing pend-
ant rings.”’ The spiro-carbon creates a point of rigidity in the
molecule and suppresses inter- and intra-molecular interactions,
which is a reason why BPF-based polymers show remarkable
material properties in terms of refractive index, birefringence,
and Abbe’s number.””

There are two main approaches to improve the perform-
ance of BPF, which take a structure-activity approach: modifying
the phenol moiety and altering the fluorene backbone.l*3?
While many chemical modifications have been made to the
phenol moiety, there have been relatively fewer examples of
altering the fluorene skeleton."®'" Replacing the fluorene seg-
ment with a polyaromatic hydrocarbon substructure expands
the m-conjugation, which is expected to improve the material’s
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the prototype bis-phenol fluorene (BPF). The structure-activity
relationship between these two bis-phenols reveals that the
expansion of the m-conjugated system using a skeletal DBC
influences the quality of its attributes with a refractive index of
1.83. This comparative study provides us a basis for future cardo
structure material chemistry.
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Figure 1. (a) A typical cardo structure of bis-phenol fluorene (BPF, namely
9,9-bis(4-hydroxyphenyl)fluorene, CAS RN: 3236-71-3); (b) hepta-cyclic cardo
bisphenol 1; (c) dibenzo[g,p]chrysense (DBC).

optical properties."? However, this modification reduces sol-
ubility in organic solvents, making practical synthesis more
challenging.

Herein we present the synthesis of cardo bisphenol 1 in
which a skeletal dibenzo[g,plchrysene (DBC) fuses into BPF
(Figure 1(b) and (c)). We anticipated that extending the -
conjugation in DBC would yield prominent BPF properties,
while preserving solubility. In a recent study, our group
developed a solvent-alone-driven cross-coupling to synthesize
unsymmetric DBC derivatives."® Building on that approach, we
designed a synthetic route to 1 utilizing three key precursors:
fluorenone 2, ester 3, and cyclopentanone 4 (Scheme 1).
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Scheme 1. Proposed scheme to synthesize cardo 1 through key intermedi-
ates of fluorenone 2, and ester 3, and cyclopentanone 4.
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Results and Discussion

At the outset of our study, 2 was synthesized (Scheme 2). First,
commercially available 2,7-di-tert-butyl-9-fluorene underwent
regio-defined formylation at the 4-position in 97% vyield.""
Then, Bolm oxidation using tert-butyl hydroperoxide (TBHP) and
FeCl; efficiently carried out two different transformation in 92%
yield."™ Finally, methyl esterification under basic condition
formed 2 surely in 74% yield. Each derivative in the sequence
was additionally prepared on multi-gram scale.
Cross-dimerization between 2 and 2,7-dibromo-9-fluroe-
none yielded the corresponding spiroketone 5 quantitatively
(Scheme 3)." The ketone was subjected to reduction by NaBH,,

MeOCHCI, 70% aq. TBHP LiCO3
(1.1eq) (9.0 eq) (2.2 eq)
SnCly FeClz*6H,0 O CHl
(1 2eq) (o 2 eq) (32eq) o,
’ o0——> 74%
CH20|2 OHC 05H5N DMF (8.09)
rt,05h 80°C,>16h O rt,>11h

97% 92%
(36 mmol)

Scheme 2. Gram-scale synthesis of 2. TBHP, tert-butyl hydroperoxide.
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Scheme 3. Cross-dimerization between 2 and 2,7-dibromo-9-fluorenone to
form 5. The following two-step access, including reduction and migration, to
DBC 3. MsOH, methanesulfonic acid.
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Scheme 4. Synthesis of hepta-cyclic ketone 4 through DBC derivatives 6, 7,
8,and 9.
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which was followed by Wagner-Meerwein rearrangement to
form 3 in 93% yield. Each process was compatible with
solution-phase multi-gram technique.

The hydrolysis of ester 3 yielded the corresponding
carboxylic acid 6, which was transformation into the acid
chloride 7 in quantitative yield (Scheme 4). The acid chloride
underwent AlCl;-mediated intramolecular Friedel-Crafts acyla-
tion to yield 70% of cyclopentanone 8."° Then, palladium-
catalyzed dehalogenation of 8 proceeded, giving 9 in 88%
yield."” Removal of tert-butyl groups of 9 produced hepta-cycle
ketone 4 in 84% yield. The molecular structure of 4 was
determined by crystallographic analysis, which made apparent
its hepta-cycle with non-planar pi-conjugation (Figure 2)."® The
hepta-cycle constructs one bridge through the carbonyl group,
and selected bond lengths and angles were depicted (part (a)).
The cove area is expanded with the mentioned angles of about
113.86° and 115.93° presumably due to tying aryls with the
carbonyl moiety. A twisted topology was also found with
dihedral angle of about 30.55° that was smaller than 35.6° in
unsubstituted DBC (part (b), (c) and (d))."” The interlayer
distance in packing structure was 3.554 A (Figure S1 in Support-
ing Information).

With 4 in hand, direct substitution reaction through
activation of the carbonyl group with methane sulfonic acid in
phenol solvent was attempted. The reaction smoothly occurred,
yielding 1 in 69% as white solid materials (Scheme 5). The

Covearea

torsion angle = ~C'-/C?-,C3-,C*

Figure 2. ORTEP drawing of 4 with thermal ellipsoids at the 50% probability
level (the hydrogen atoms are omitted for clarity); (a) top view with a
description of selected bond lengths and angles, (b) side-view from a ketone
moiety, (c) side-view from a slanting upper part (substructure in the
foreground are colored darker), (d) torsion angle, 30.55(6)°, determined by
the four carbon atoms of C', C3, C, and C*.
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Scheme 5. Synthesis of bis-phenol 1.
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solubility of 1 was evaluated by dissolving a 5.0 mg sample in
5.0mL solvent. 1 dissolves well in CHCl;, acetone, CH,;CN,
(CH5),NCHO, and (CH,),SO, but remains poorly soluble in
hexane, toluene, and CH,Cl,. In contrast, BPF is only insoluble in
hexane, yet dissolves readily in all the other tested solvents."”
The molecular structure of 1 was determined by crystallo-
graphic analysis, which made apparent its cardo structure
(Figure 3).”” The molecule exhibits a hepta-cycle fused ring
structure (part (a)), and spreads its twofold phenol moieties
wide over space (part (b)). In addition, the hepta-cycle
substructure proves to be twisted (part (c)), and the contorted
shape is similar to 4. The angle of 102.1° at the quaternary
spiro-carbon of 1 narrowed as compared to that of 105.6° at
the carbonyl sp®>-carbon of 4 (part (d)). The dihedral angle of 1
according to part (e) displayed 32.1(3)°, which was larger than
the angle 30.55(6)° of 4. The twisted-shape turned out to be
common between 1 and 4. Packing views of cardo 1 were also
obtained (Figure 4). The hexa-cycle pi-surface tends to overlap
and slant a little with each other. The pi-surfaces seem to

torsion angle =.C'-.C2-,.C3-.C*

Figure 3. Molecular structures with ORTEP drawing of 1 with thermal
ellipsoids at the 50% probability level (the hydrogen atoms are omitted for
clarity); (a) top view, (b) side-view from a cove region, (c) side-view from a
slanting upper part (phenol groups are removed for ease of viewing, and
substructure in the foreground are colored darker), (d) top view with a
description of selected bond lengths and angles, and (e) torsion angle,
32.1(3)°, determined by the four carbon atoms of C', C?, C, and C*.

Figure 4. Molecular packing structure of 1 with ORTEP drawings with
description of inter-molecular distance (3.377 A); (a) top view, and (b) side
view. The hydrogen atoms are omitted for clarity.
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interact with another aromatic moiety with the stacking
distance of approximately 3.38 A.

DFT calculations were performed to clarify information on
the frontier orbitals of 1 at the B3LYP/6-31G(d,p) level of
theory.?" Structural optimization of 1 was performed using X-
ray crystallography as an initial structure, wherein the optimized
structure reproduced the twisted structure. Regarding the
molecular orbitals, the HOMO is affected by DBC moiety
although the contribution of bisphenol cardo substructure is
significant in the HOMO-1 (Figure 5). For the LUMO and LUMO
+1, orbitals located on DBC skeletons. In terms of energy,
HOMO-LUMO gap of 3.84eV was larger than that of an
unsubstituted DBC (3.13 eV).??

In order to evaluate properties of 1, compared with the
widely used BPF, the spectroscopic properties were investigated
using UV/Vis absorption and photoluminescence measurements
(Figure 6). 1 showed significant red shift in comparison with
that of BPF, presumably due to the enlarged pi-conjugation of
DBC framework. Furthermore, the solvent polarity did not
noticeably affect the absorption and fluorescence spectra of 1
(Figure S3 and Table S2). As the absolute photoluminescence
quantum yields were evaluated, BPF reached 19.9% and 1
provided 7.3 %. For TGA values of 5% weight loss temperature
(T4s), 1 provided higher 378°C than 302 °C of BPF (Figure 7). The

HOMO-1 (-5.67 V)

HOMO (-5.33 eV)

Figure 5. Frontier orbitals mappings and the energies for 1 calculated at the
B3LYP/6-31G(d,p) level of theory.
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Figure 6. UV/Vis absorption (red line) and fluorescence (blue line) spectra of
(a) 1, and (b) BPF (1.0 x 107° M in CH,Cl,, excitation wavelength: 308 nm for
1 and 275 nm for BPF).
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Figure 7. TGA graphs at a heating rate of 10 °C/min from ambient temper-
ature to 700°C under argon flow, red line for % of weight: (a) 1, and (b) BPF.
Each 5% weight loss temperature (Tys) is 378 °C for 1 and 302 °C for BPF.

observed increase in Ty of 1 indicates that the rigidity inherent
in its polyaromatic hexa-cycle fused-ring enhanced the thermal
resistance of the bis-phenol. Refractive indices of BPF and 1
were depicted in Table 1: this study adopted a method of
extrapolating the measurement results based on the concen-
tration dependence of the dispersion solution.”” Commercially
available BPF reached 1.64,%" while 1 achieved high 1.83. The
0.19 higher value suggests that 1 exhibits superior optical
performance compared to BPF, because increasing light-
bending capability makes 1 more suitable for precise optical
application and device such as a plastic lens.”

Conclusions

The formation of a cardo bis-phenol moiety which resides in a
bay region of DBC core, provides a new architecture for high
refractive index monomer. The creation and analysis of 1 is the
only one example among cardo molecules, and nothing like it
has been made in synthetic chemistry so far. Three important
features from this study are worthy of note. First, ketone 4 was
constructed through the intra-molecular Friedel-Crafts acylation,
in which the solvent-alone-driven cross-coupling between two
different fluorenones played a vital role. Second, 4 was readily
transformed into cardo bis-phenol 1, and crystallographic
analysis revealed the twisted topology, and DFT calculations
based on the X-ray geometry disclosed important information

Table 1. A comparison between 1 and BPF with respect to their optical
and physical properties.

1 BPF!
Aabsmax 308 275
Xems max 409 325
PLQY [%]" 7.3 19.9
Melting point [°C] >350 224-226 (223-224)
Tys [°C19 378 302
Refractive index™ 1.83 1.64 (1.68)

[a] BPF purchased from TCI. [b] Absolute photoluminescence quantum
yield (1.0x10~° M in CH,Cl,). [c] The numbers in parenthesis were referred
to the website of prominent supplier, see ref-[24]. [d] Ty for 5% weight
loss temperature, measured by thermogravimetric analysis (TGA). [e] Na—D
line, 589 nm at 298 K.
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about m-conjugation. These results were the main purpose of
beginning this work. Third, a comparison of optical and
chemical properties between 1 and BPF allowed us to identify a
clear distinction, in which the refractive index of 1 (1.83) was
much higher than that of BPF (1.64-1.68). These results
emphasize the relevance of the DBC substructure to the design
of new and potent cardo-based optical devices. Further
development of 1 into polymer synthesis with investigation of
the properties is ongoing, and the results will be reported in
due course.

Experimental Section

Synthesis of  4,4’-(4H-benzol[plindeno[7,1,2-ghilchrysene-4,4-
diyl)diphenol (1). Under an argon atmosphere, to a suspension of 4
(800 mg, 2.3 mmol) in phenol (1.0 mL, 23 mmol) at 80°C (oil bath
temp.) was added methanesulfonic acid (0.07 mL, 1.1 mmol). After
stirred for 4 h, the reaction mixture was allowed to cool to ambient
temperature, and diluted with ethyl acetate (20 mL). The mixture
was washed with brine (15mL x3), dried over Na,SO, and
concentrated in vacuo to give 2.2 g of crude products. The resulting
sample was washed with hexane (180 mL) and dried in vacuo (100
°C, 1 h) to give 870 mg of the target molecules as whitish brown
solid materials. Purification by short-plugged silica-gel column
chromatography (toluene/EtOAc, 9:1) afforded 810 mg of the
desired molecules in 69% yield as whitish yellow solid materials.
Further purification by recrystallization from toluene (1000 - 841 =
159 mL, 106 mL/g) gave the first prisms of 404 mg (34 %) as whitish
yellow solid materials. Data: Rf value 0.38 (toluene/EtOAc, 4:1); M.p.
>350 °G; 'H NMR (400 MHz, CD,CN) 9.03 (dd, J=8.5, 1.7 Hz, 2H, H-
15), 8.82 (dd, J=8.5, 1.8 Hz, 2H, H-12), 8.68 (d, J=8.2 Hz, 2H, H-1),
7.77-7.67 (m, 8H, H-2, H-3, H-13, H-14), 7.12 (dd, J=8.7, 2.0 Hz, 4H,
phenyl H-3), 6.86 (s, 2H, OH), 6.68 (dd, J=8.7, 2.0 Hz, 4H, phenyl H-
2) ppm; *C NMR (100 MHz, DMSO-d); 156.2 (phenyl C-1), 150.0
(phenyl C-4), 135.2 (C-12, C-2, two peaks are overlapped), 129.9 (C-
13), 129.7 (C-14), 128.8 (phenyl C-3, phenyl C-5, two peaks are
overlapped), 1284 (C-3a), 128.1 (C-3a"), 127.6 (C-1), 127.4 (C-3),
127.3 (C-15¢), 125.2 (C-15), 125.0 (C-11b), 123.9 (C-15b), 122.9 (C-
15a), 115.2 (phenyl C-2, phenyl C-6, two peaks are overlapped), 66.2
(C-4) ppm; MS (DART-TOFMS) m/z: 525 [MH]*; IR (neat): 3486 (OH),
3366 (OH), 3059, 1606, 1506, 1426, 1174, 827, 718, 560 cm™'; HRMS
(DART-TOFMS) calcd. for C3H,505: 525.1855 [MH] ", found: 525.1859;
Anal. Calcd for C3oH,,0,; C, 89.29; H, 4.61. Found: C, 89.47; H, 4.64.

Deposition Numbers 2367919 (for 4) and 2401647 (for 1) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe, http://www.
ccdc.cam.ac.uk/structures, Access Structures service.
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Synthesis of an unexplored cardo-
typed optical material showing a high
refractive index of 1.83 is described.
The hepta-cycle precursor wherein
dibenzolg,plchrysene and cyclopenta-
none are fused together undertook

6) Debromination
7) Dealkylation
8) Arylation

Refractive Index = 1.83

double arylation to form a quaternary
carbon. The resulting cardo scaffold
was ranked with the primal cardo-
monomer bis-phenol fluorene in
chemical properties, which clarified
the efficacy of dibenzo[g,plchrysene.
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