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ABSTRACT: The [2,1-a]- and [1,2-a]-isomers of fluorenofluor-
enedione have been synthesized via intramolecular Friedel—Crafts
acylations. DFT calculations indicate that the [1,2-a]-isomer adopts
a twisted, helical C,-symmetric structure and that its protonated

form is the thermodynamic product of the Friedel—Crafts acylation

in hot sulfuric acid. Absorption spectroscopy and cyclic voltammetry

measurements provide experimental estimations of frontier molec-

ular orbital energy levels, which are reported and discussed.

he synthesis of extended z-systems comprising polycyclic

conjugated hydrocarbons (PCHs) permits fundamental
investigations into concepts related to aromaticity and
antiaromaticity’ and enables applied research toward the
development of functional organic materials.” In recent years,
PCHs bearing a variety of structural arrangements have been
featured in devices such as organic field-effect transistors’
(OFETs), organic light-emitting diodes (OLEDs),* and organic
photovoltaics (OPVs).” Strategies to access these extended
PCHs often rely on cyclic ketones as synthetic intermediates.
Ketones serve as direct precursors for s-extension via W1tt1g
type reactions, partlcularly Ramirez dibromoolefinations® and
fulvene formation’, and have been employed in the synthesis of
phenalenyl radicals.8 and bisphenalenyl® systems. PCH-based
diones are particularly useful as precursors to substituted 7-
extended molecules via addition of organometallic reagents
followed by Sn-mediated reductive aromatization.'’ This
methodology appears often in the chemical literature and has
been featured in the synthesis of archetypal PCHs such as
oligoacenes,ll zethrenes,'” and bisanthenes."

Over the past decade, the groups of Haley and
Tobe'”™"? have generated a variety of Kekulé diradicaloid™’
indenofluorene (IF) isomers, all of which have been
synthesized from IF-dione precursors.”’ Whereas isomers of
IF possess benzenoid rings as cores, isomers of fluoreno-
fluorene (FFs) contain central naphthalenoid groups. Three
examples of FF, each deriving from dione intermediates, have
been reported to date: Haley’s closed-shell [4,3-c]-** and [3,2-
bl-isomers”® and Tobe’s substantially open-shell [2,3-b]-
isomer.”* Their usefulness as synthetic building blocks and as
organic materials” motivates the synthesis and study of new
PCH-based diones.
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Synthesis of IF- and FF-based diones relies primarily on two
strategies, which Haley categorizes as “inside-out” and “outside-
(Scheme 1)."** Both methods employ intramolecular
Friedel—Crafts acylation but differ in the locations of the

acylium electrophiles. In the inside-out strategy, acylium ions

Scheme 1. “Inside-Out” and “Outside-In” Strategies for IF-
Dione Synthesis ([1,2-b]-Isomer Shown) and the “Outside-
In” Approach to FF-Diones from Diones 1a and 1b
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located on the central aromatic ring add to the exterior benzene
rings to form the polycylic dione. Conversely, in the outside-in
strategy, acylium ions located on the outer rings add to the
central aromatic ring. Haley’s syntheses of [4,3-c]- and [3,2-b]-
FF-diones™ and Tobe’s synthesis of [2,3-b]-FF-dione™* all
make use of an inside-out strategy. Note that Haley used a Pd-
catalyzed aryl—aryl cyclization develozped by Scherf® in his
original synthesis of [4,3-c]-FF-dione.”” In the present study,
we set out to synthesize and study fluorenofluorenediones via
the outside-in strategy from diphenylnaphthalene-based die-
sters 1a and 1b.

Diesters 1la and 1b were synthesized from commercially
available diols 2a and 2b, respectively (Scheme 2). Triflation

Scheme 2. Synthesis of FF-Diones 4a (Top) and 4b
(Bottom)
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and subsequent Suzuki cross-coupling”’ reactions with 2-
ethoxycarbonylbenzeneboronic acid (3) afforded 1a and 1b in
gram quantities following a known procedure to diester 1a.”*
Outside-in Friedel—Crafts acylation of 1a generated dione 4a
(the [2,1-a]-isomer) in a high yield, a result that was
unsurprising due to the higher nucleophilicity of naphthalene’s
1- and 5-positions compared to its 3- and 7-positions. Although
a dithieno analogue of 4a has been recently described,” dione
4a is reported only once in the chemical literature in a German
patent from 1932. The patent describes the appearance of the
compound in passing as “weinrot gefirbte, metallisch
glinzende, schdn ausgebildete Blitter” (red wine-colored,
metallically shiny, beautifully shaped leaves).”” We found that
microcrystalline flakes and films of 4a match the patent’s
description and that the fine powder form exhibits a lighter,
bright-red color. The dione is sparingly soluble, a common
characteristic for planar PCH-bearing diones.”” Saturated, yet
intrinsically highly dilute, solutions in CH,Cl, and acetone are
faintly peach-colored, and slightly higher concentrations in
refluxing toluene are yellow.

Remarkably, intramolecular Friedel—Crafts acylation of 1b
affords dione isomer 4b (the [1,2-a]-isomer) exclusively in a
high yield (Scheme 2, bottom). Compound 4b is a bright-
orange solid that, unlike compound 4a, is moderately soluble as
a bright-yellow solution in polar aprotic organic solvents.
Computational models (B3LYP-6-31G*) indicate that the
ground state of molecule 4b adopts a helical, C,-symmetric

structure to accommodate steric clashing, and likely electro-
static repulsion, of the two oxygen atoms (Figure la).
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Figure 1. (a) Calculated structures of 4b in C,- and C,,-symmetric
conformations. (b) Calculated ground state energies for diones 4b, 4c,
and 4d and their protonated derivatives 4b-H*, 4c-H*, and 4d-H".
Lowest-energy protonated isomers are shown. (c) Calculated structure
of 4b-H*, indicating the location of proton wedged between both
ketones. All calculations were performed at the B3LYP-6-31G* level of
theory.

According to the calculations, the planar C,, structure lies 7.2
kcal/mol higher in energy, suggesting that enantiomeric, C,-
symmetric structures of 4b interconvert quickly by structural
flipping at room temperature. We attribute dione 4b’s high
solubility relative to 4a to its twisted molecular structure, which
likely weakens intermolecular z-stacking interactions in the
solid state,*! and its substantial dipole moment, calculated to be
4.2 debye in the gas-phase ground state.

The calculations also predict that the ground state energy of
dione 4b is >13 kcal/mol higher in energy than those of the
other two isomers (the [3,2-a]-isomer 4c and the [2,3-b]-
isomer 4d) that could result from a rearrangement-free,
intramolecular Friedel—Crafts acylation of 1b (Figure 1b,
top). The higher nucleophilicity of the 1- and 8-positions of the
naphthalene core of 1b could explain this result. Nucleophil-
icity is, however, a kinetic phenomenon, and the reaction in hot
H,SO, is hardly under “kinetic control.” We propose that an
intramolecular hydrogen-bonding interaction between the
proximal oxygen atoms stabilizes the protonated structure of
4b (Figure 1c) during the reaction. Calculations predict that
the protonated [1,2-a]-isomer 4b-H* lies 6.7 and 8.4 kcal/mol
lower in energy than 4c-H* and 4d-H?, respectively (Figure 1b,
bottom). This result suggests that 4b-H' is indeed the
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thermodynamic product of the reaction and affords 4b after
neutralization.

Absorption spectra of diones 4a and 4b reveal that both
compounds exhibit weakly absorbing, low-energy S, — S,
transitions in the visible region and strongly absorbing
transitions in the UV range (Figure 2). As Haley and co-
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Figure 2. Absorption spectra of 4a (solid line) and 4b (dashed line) in

CH,Cl,. Shaded area shows molar absorptivity (&) multiplied by S
over the range 350—600 nm.

workers point out,” the visible-range absorbances in IF-diones
had been originally attributed to n — 7* transitions;”> TD-
DEFT calculations, however, predict that this absorbance arises
from a n — #m* transition. Given the structural and
spectroscopic similarities between IF-diones and these FEF-
diones, it is likely that the visible transitions in 4a and 4b are
also # = #* in nature. In the UV region, dione 4a exhibits
stronger and sharper absorptions with higher vibrational
structure compared to dione 4b. This result may arise from
dione 4b’s higher flexibility and reduced conjugation: the
peripheral benzene rings in dione 4b are nonconjugated, as
they connect to the naphthalene core at the 2- and 7- positions
in a meta-configuration.

The electrochemical properties of diones 4a and 4b were
probed by cyclic voltammetry experiments (Figure 3). Both
diones exhibit two reductions and no observable oxidations.
Whereas 4a exhibits two reversible reductions, the second
reduction of 4b is not completely reversible. The first reduction
(E,eql) occurs at nearly the same half-wave potential for both
diones (E,ql = —1.43 V for 4a and —1.44 V for 4b). The
second reduction (E,.42) requires a substantially more negative
potential for dione 4b (—1.92 V) compared to dione 4a (—1.72
V). The dianion of 4a possesses a 1,8-napthoquinodimethane
core that can access both open- and closed-shell resonance
forms (Scheme 3, top). The dianion of 4b, however, is
fundamentally diradical in nature and holds two oxygen atoms
with a substantial negative charge in close proximity (Scheme 3,
bottom). Negative charge repulsion likely increases the second
reduction potential of 4b compared to 4a, and the diradical
nature of 4b>~ renders it less stable than 4a*>~. The difference in
potential between E, 41 and E,.42 in dione 4b (0.48 V) closely
matches that of indeno[2,1-b]fluorenedione (0.47 V),” an IE-
dione whose dianion is also fundamentally diradical in nature.

Calculated structures of frontier molecular orbitals of 4a and
4b, and their experimentally determined energy levels, are
presented in Figure 4. Based on onset potentials for their first
reductions, LUMO energies for 4a and 4b are estimated to be
—3.56 eV and —3.53 eV, respectively. Onset wavelengths for

Ereq =—1.43V

Ereq2 =—1.72V

1.0 pA

AE 042 =0.20 V

-

10 uA

Eregl =—1.44 V

Ereq2=-1.92V

-25 -2 -1.5 -1 -0.5
Potential (V vs Fc/Fc+)

Figure 3. Cyclic voltammograms of dione 4a (top) and dione 4b
(bottom). Measurements were performed in a 0.1 M solution of
Bu/NPF¢ in CH,Cl, under N, using a Ag/AgNO; reference electrode,
a Pt disk working electrode, and a Pt wire counter electrode. Dione 4a
is sparingly soluble and was measured as a saturated, yet dilute,
solution. Dione 4b was measured as a 1 mM solution.

Scheme 3. Structures of Dianions of 4a (Top) and 4b
(Bottom)
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absorbance transitions estimate that the HOMO-LUMO
energy gap (Ey_p) of dione 4a is 2.30 eV (540 nm) and that
of dione 4b is higher in energy at 2.46 eV (505 nm). Thus,
HOMO energies lie at —5.86 eV for 4a and —5.99 eV for 4b.

In conclusion, we have used the outside-in Friedel—Crafts
acylation strategy to generate the [2,1-a]- and [1,2-a]-isomers
of fluorenofluorenedione selectively and in high yields from
appropriately substituted diester precursors. Dione 4a is red
and sparingly soluble, and dione 4b is orange and moderately
soluble in polar aprotic organic solvents. Both molecules
undergo two reductions in their cyclic voltammograms, and the
potential and shape of the second reduction of 4b reveals the
instability of its dianion. The diones exhibit electronic
absorptions in the visible and UV ranges. Current work is
directed at employing these diones as synthetic building blocks
for the generation of novel extended 7z-systems.
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Figure 4. Experimentally determined HOMO and LUMO energies for
diones 4a (left) and 4b (right) and their calculated (B3LYP-6-31G*)
orbital structures.

B EXPERIMENTAL SECTION

General Information. Synthetic procedures were performed open
to air unless otherwise noted. Anhydrous THF was dried and stored
over activated 3 A molecular sieves. Other solvents and commercially
available reagents were used as received without further purification.
Analytical thin-layer chromatography was performed on Agela
Technologies silica gel plates and visualized by 254 nm radiation.
Column chromatography was performed with Sorbtech silica gel (60
A, pH range 6.0—7.0). Melting ranges were recorded on a Vernier
Melting Station apparatus. Nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker AVANCE II HD spectrometer at
400 MHz (100 MHz for *C). Chemical shifts for 'H NMR and
BC{'H} NMR are reported in ppm (5) relative to tetramethylsilane
(0.00 ppm) or residual solvent (dichloromethane-d, 5.33 ppm [for 'H
NMR]). Multiplicity is indicated by one or more of the following: s
(singlet); d (doublet); dd (doublet of doublets); td (triplet of
doublets); dt (doublet of triplets). Broad signals are indicated with the
abbreviation (br). Coupling constants (J) are reported in hertz (Hz).
Infrared spectra were recorded on a Thermo Scientific Nicolet iSS
Fourier transform infrared spectrometer (FTIR) using the attenuated
total reflectance (ATR) technique on a diamond surface. Only peaks
that are diagnostic of functional groups are reported. Percent
transmittance of peaks is indicated relative to that of the strongest
peak (normalized to 0%): s (0—33%); m (33—67%); w (67—100%).
High-resolution mass spectra (HRMS) were measured at the Mass
Spectrometry Laboratory in the School of Chemical Sciences,
University of Illinois, Urbana—Champaign; ESI/Q-TOF measure-
ments were performed on a Waters Q-TOF Ultima ESI instrument,
and EI measurements were performed on a Waters 70-VSE
instrument.

Synthesis. 2,6-Bis(trifluoromethylsulfonyloxy)naphthalene. In a
250 mL, I-neck round-bottom flask, a solution of 2,6-dihydroxynaph-
thalene (2.00 g, 12.5 mmol) in CH,Cl, (40 mL) and Et;N (8 mL) was
cooled to 0 °C over an ice bath. Triflic anhydride (5.0 mL, 30 mmol)
was added steadily over S min while stirring. The dark reaction mixture
was allowed to warm to room temperature and stirred for 20 h, after
which H,0 (~10 mL) and CH,Cl, (~10 mL) were added to the
mixture. The aqueous phase was extracted with CH,Cl,, and the
combined organic phase was dried over MgSO, and concentrated in
vacuo. The dark brown oil was then purified by column
chromatography (graduated from heptane to 8:2 heptane/CH,CL,),
affording 2,6-bis(trifluoromethylsulfonyloxy)naphthalene as a color-
less, crystalline solid (3.82 g, 72% yield). The obtained spectra

matched the literature spectra.”®** 'H NMR (400 MHz, CDCl,, 6):
7.98 (d, 2H, J = 8.9 Hz), 7.82 (d, 2H, J = 2.5 Hz), 7.49 (dd, 2H, ] =
8.9, 2.4 Hz).

2,6-Bis[2-(ethoxycarbonyl)phenylinaphthalene (1a). In a 250 mL,
3-neck round-bottom flask affixed with a condenser and two septa, 2,6-
bis(trifloromethylsulfonyloxy)naphthalene (3.00 g, 7.07 mmol), Pd-
(PPhy), (0.654 g, 0.57 mmol), and o-ethoxycarbonylbenzoic acid (4.39
g, 22.6 mmol) were degassed with N, (evacuation/refill). A solution of
20% Na,CO; (aq) (20 mL) and DME (50 mL) (separately degassed
by the freeze—pump—thaw method) were added to the mixture, which
was then stirred at 80 °C for 2.5 h. The resulting brown solution was
allowed to cool to room temperature, and then H,0 (~10 mL) and
EtOAc (~10 mL) were added to separate the phases. The aqueous
phase was extracted with EtOAc, and the combined organic phase was
dried over MgSO, and concentrated in vacuo. The resulting brown oil
was purified by column chromatography (silica, CH,Cl,/heptane 1:9).
The fractions containing product were concentrated in vacuo, yielding
a colorless solid (1.98 g, 66% yield). The obtained spectra matched the
literature spectra.”® 'TH NMR (400 MHz, CDCl,, 6): 7.89 (dd, 2H, ] =
7.8, 1.1 Hz), 7.86 (d, 2H, ] = 8.4 Hz), 7.82 (d, 2H, ] = 1.6 Hz), 7.58
(td, 2H, J = 7.5, 1.4 Hz), 7.51—7.42 (m, 6H), 4.08 (q, 4H, ] = 7.1 Hz),
0.92 (t, 6H, ] = 7.1 Hz).

7H, 14H-Dihydrofluoreno(2, 1-ajfluorene-7,14-dione (4a). Com-
pound la (965 mg, 2.22 mmol) was added to a 25 mL, l-neck
round-bottom flask. Concentrated sulfuric acid (8 mL) was then
added, and the reaction was stirred at 90 °C for 35 min. The resulting
dark green, acidic solution was neutralized with saturated, aqueous
NaHCO; in an ice bath, generating a dark purple-red precipitate. The
precipitate was filtered and washed with H,O and then washed with
acetone to remove side products. After the acetone wash, the purple-
red solid was triturated with hot toluene and allowed to cool to room
temperature. Filtration afforded purple-red plates (623 mg, 84% yield).
Mp >300 °C. '"H NMR (400 MHz, CD,CL, §): 9.09 (d, 2H, J = 8.3
Hz), 7.76 (d, 2H, J = 8.3 Hz), 7.53 (dt-like d, 2H, J = 7.4 Hz), 7.50
(dt-like d, 2H, J = 7.4 Hz), 7.44 (td, 2H, ] = 7.4, 1.1 Hz), 7.24 (td, 2H,
J = 7.4, 1.0 Hz). ®*C NMR not measured due to sparing solubility of
compound. HRMS (ESI/Q-TOF, m/z): caled for C,H,,0,,
332.0837; found, 332.0838. FTIR (neat, cm™): selected absorptions
1696s, 1601m.

2,7-Bis(trifluoromethylsulfonyloxy)naphthalene. In a 500 mL
round-bottom flask, a solution of 2,7-dihydroxynaphthalene (3.00 g,
18.8 mmol) in CH,Cl, (50 mL) and Et;N (10 mL) was cooled to 0
°C. Triflic anhydride (7.6 mL, 45 mmol) was added steadily over S
min while stirring. The dark reaction mixture was allowed to warm to
room temperature and stirred for 3.5 h. H,0 (~10 mL) and CH,CL,
(~10 mL) were then added to the mixture, and the aqueous phase was
extracted with CH,Cl,. The combined organic phase was dried over
MgSO, and concentrated in vacuo. The resulting dark brown oil was
purified by column chromatography (CH,Cl,/heptane 2:8) to afford
2,7-bis(trifloromethylsulfonyloxy)naphthalene as a colorless solid
(6.50 g, 81% yield). The obtained spectra matched the literature
spectra.”**> 'H NMR (400 MHz, CDCl,, §): 8.00 (d, 2H, J = 9.1 Hz),
7.81 (d, 2H, J = 2.4 Hz), 7.48 (dd, 2H, J = 9.1, 2.4 Hz).

2,7-Bis[2-(ethoxycarbonyl)phenylinaphthalene (1b). In a 250 mL,
3-neck round-bottom flask affixed with a condenser and two septa, 2,7-
bis(trifloromethylsulfonyloxy)naphthalene (3.00 g, 7.07 mmol), Pd-
(PPhy), (656 mg, 0.57 mmol), and o-ethoxycarbonylbenzoic acid
(4.39 g 22.6 mmol) were degassed with N, (evacuation/refill). A
solution of 20% Na,CO; (aq) (20 mL) and DME (50 mL) (each
separately degassed using the freeze—pump—thaw method with N,)
were added to the reagent mixture via cannula. The resulting reaction
mixture was stirred at 80 °C for 2.5 h. The resulting brown solution
was cooled to rt, and then H,0 (~10 mL) and EtOAc (~10 mL) were
added to separate the phases. The aqueous phase was extracted with
EtOAc, and the combined organic phase was dried over MgSO, and
concentrated in vacuo. The resulting brown oil was purified by column
chromatography (CH,Cl,/heptane 2:3), affording compound 1b as a
light yellow oil (2.45 g 82% yield). '"H NMR (400 MHz, CDCl,, 5):
7.90—7.85 (m, 4H), 7.80 (br s, 2H), 7.57 (td, 2H, J = 7.52, 1.3 Hz),
7.49—7.43 (m, 6H), 4.08 (q, 4H, ] = 7.1 Hz), 0.92 (t, 6H, ] = 7.1 Hz).
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13C NMR (100 MHz, acetone-dg, 6): 168.8, 142.7, 140.2, 133.9, 132.6,
132.3, 1320, 131.6, 130.4, 128.1, 128.0, 127.9, 127.8, 612, 14.0.
HRMS (ESI/Q-TOF, m/z) calcd for C,gH,0, [M + H]*, 425.1747;
found, 425.1745. R;: 0.48 (silica, CH,Cl,/heptane 1:1). FTIR (neat,
em™): selected absorptions 2980w, 1709s, 1597m.

13H, 14H-Dihydrofluoreno[1,2-ajfluorene-13, 14-dione (4b). Com-
pound 1b (1.12 g, 2.65 mmol) was added to a 25 mL round-bottom
flask. Concentrated sulfuric acid (8 mL) was then added, and the
reaction was stirred at 90 °C for 40 min. The resulting dark mixture
was added dropwise to a saturated solution of NaHCO; to produce a
bright orange precipitate, which was filtered, washed with H,O, and
allowed to dry, affording compound 4b as a bright orange solid (780
mg, 89% yield). Mp 265—270 °C dec. 'H NMR (400 MHz, CDCL,,
5):7.95 (d, 2H, ] = 8.3 Hz), 7.67 (d, 2H, ] = 7.3 Hz), 7.63 (d, 2H, ] =
83 Hz), 7.52 (d, 2H, ] = 7.3 Hz), 7.44 (td, 2H, J = 7.3, 1.1 Hz), 7.32
(td, 2H, J = 7.3, 0.9 Hz). 3C NMR (100 MHz, CDCl, §): 191.9,
149.4, 142.9, 137.2, 136.6, 135.5, 134.1, 130.5, 130.1, 124.80, 124.75,
120.7, 119.3. HRMS (EI, m/z) caled for C,,H,,0,, 332.08373; found,
332.08345. Ry 0.35 (silica, CH,Cl,/heptane 1:1). FTIR (neat, cm™):
selected absorptions 3041w, 1675s, 1605m.

Absorption Spectra. Absorption spectra were measured on an
Agilent Technologies Cary Series UV—vis spectrophotometer using 10
mm quartz cuvettes in spectroscopic grade CH,Cl,. Molar
absorptivities (¢) were measured according to the Beer—Lambert
equation (¢ = Acl). The reported spectra show the average ¢ for each
wavelength from three freshly prepared solutions of 4a and 4b (9.30 X
107% 123 X 1075, and 1.25 X 107° for 4a; 1.17 X 107%, 1.25 X 107,
1.36 X 107° for 4b).

Cyclic Voltammetry. Cyclic voltammetry (CV) measurements
were performed under N, on a CH Instruments potentiostat (Model
760B) using a Ag/AgNO; reference electrode (containing a 001 M
solution of AgNO; in CH;CN), a Pt disk working electrode, and a Pt
wire counter electrode. Measurements were performed at a sweep rate
of 100 mV/s in dry, degassed CH,Cl, containing Bu,NPF, (0.1 M) as
a supporting electrolyte. The ferrocene/ferrocenium (Fc/Fc*)
reversible oxidation was used as an internal standard; Fc was added
to the samples and measured directly after measurements of pure 4a
and 4b. The LUMO energy levels of 4a and 4b were estimated using
the following equation:

ELUMO(eV) = _[Eonset - Eonset(FC/Fc+)] — 4.80eV

where E_ ., is the onset potential for the first reductions of 4a or 4a
and E,,.(Fc/Fc") is the onset potential for the oxidation of the Fc/
Fc*. The value —4.80 eV is the HOMO energy of ferrocene compared
to the vacuum level. The plots shown in Figure 3 are referenced
against Fc/Fc* (half-wave potential = 0 V). The value for E,,.(Fc/
Fc') was determined to be —0.09 V. The value for E was
determined to be 1.33 V for 4a and 1.36 V for 4b. Using the equation
above, the LUMO energies for 4a and 4b were estimated to be —3.56
eV and —3.53 eV, respectively.

Calculations. Density functional calculations were performed using
the B3LYP method in the 6-31G* basis set. Calculations were
performed using the Spartan 14 software package (Wavefunction, Inc.
Irvine, CA, USA).>
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