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Abstract

2,7-Di(4-cyanophenyl)-3,8-di(4-methylphenyl)-1,6-dioxapyreBi{dioX®, a symmetrically substituted 2,3,7,8-tetraaryldioxapyrene, was
synthesized in seven steps from 1,5-dihydroxynaphthalene. The synthetic methodology incorporated a base-catalyzed ring closure process
followed by dehydration to introduce the first tetraaryl-1,6-dioxapyrene. Crystal structure and electrochemical analysis were performed
to directly compare the properties 6fN-dioxto previously reported dioxapyrene derivatives, specifically 1,6-dioxapyreiex)(and
3,8-diethyl-5,10-dimethyl-1,6-dioxapyrenélkyl-dioX). Optical spectroscopy studies were performed to evaluate the potential of the 1,6-
dioxapyrenes as fluorescent prob@sl-dioxrevealed a broad absorption centered near 450em81,900 M cmt) in THF with a cor-
responding fluorescence at 619 ndx € 0.011). This was in sharp contrast to b@fox and Alkyl-diox which displayed broad absorption
bands near 400 nme (~ 5000-10,000 M*cm™t) in THF with corresponding fluorescence near 500 ibp<(0.059 and 0.082 fobiox
and Alkyl-diox, respectively). The luminescence GN-diox was found to be solvatochromié {.x=619-644 nm) with single exponen-
tial lifetimes of less than 1.3ns and an excited state dipole moment2@{81 D. NeitherDiox nor Alkyl-diox showed solvatochromic
properties.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction catalyzed ring closures from substituted naphthalenes. The
present work enhances the traditional methodology of base-
Since the original reports on the synthesis and propertiescatalyzed ring closure and introduces the first tetraaryl-1,6-
of 1,6-dioxapyrenes in the early 1990s-3], there have been  dioxapyrene.
numerous derivatives preparfd-5] along with studies re- Our group has been working toward developing visi-
porting crystal structurel,7], detailed NMR characteriza-  ble/near IR solvatochromic dyes for future NASA planetary
tion[8,9], applications as conductive sdltf)], spectroscopic  exploration missions (for example, as polymeric and biolog-
propertied11], and molecular orbital calculatiofi?]. 1,6- ical probes). Previous work has introduced a series of sub-
Dioxapyrenes have generally been prepared by acid or basestituted, symmetrical and unsymmetrical, benzodifurans that
show high quantum efficiency and large solvatochromic re-
* Corresponding author. Tel.: +1 216 433 9518; fax: +1 216 977 7132. sponse with re;pect to their gm|§3|on spef1d. The. fa-
E-mail addressesdaniel.s.tyson@gre.nasa.gov (D.S. Tyson), vorable properties of these emissive chromophores is a result
michael.a.meador@grc.nasa.gov (M.A. Meador). of charge transfer excited states that stem from the electron
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absorption detector or an Alliance HPLC system equipped
with a dual channel absorption detector. Elemental anal-
ysis was obtained by Atlantic Microlabs, Inc. (Norcross,

GA).

o X o X
2.2. Crystallographic analysis
OO OO Crystals ofCN-diox(9) were grown from slow concentra-
) s tion of a chloroform/dichloromethane solution. Data was col-
lected on a Bruker Apex CCD diffractometer with graphite-
10 £ monochromated Mo K radiation ¢ =0.71073). Unit cell
determination was achieved by using reflections from three
different orientations. An empirical absorption correction
and other corrections were done using multi-scan SADABS.
Fig. 1. CN-diox(9), Alkyl-diox(10), andDiox (11). Structure solution, refinement and modeling were accom-
plished using the SHELXTL package (Bruker). The struc-
ture was obtained by full-matrix least-squares refinement of

donating/accepting ability of the pendant gro{ip3]. In an F2 and the selection of appropriate atoms from the generated
effort to concomitantly extend the conjugation and increase difference map.

the absorption/emission wavelength of our benzodifurans, we

turned to dioxapyrenes. 2.3. Electrochemistry
Earlier reports indicated that substituted 1,6-dioxapyrenes
could be synthesized ieal quantities (i.e. hundreds of mil- Electrochemical measurements were recorded with an

ligrams or more, enough to do thorough studies) and main- EG&G Princeton Applied Research Potentiostat/Galvanostat
tained visible emissiofl-5,11] Using the foundation out-  (Model 273A). The working electrode consisted of a plat-
lined above, a dual approach was chosen. The first goalinum disk, 3mm in diameter. A platinum mesh served
was to develop new or different routes to substituted 1,6- 3s a counter electrode and a silver wire was used as a
dioxapyrenes with either electron donating or electron ac- quasi reference electrode. All electrodes were polished with
cepting properties. The second goal was to measure thep.05.m alumina prior to measurements. The working and
spectroscopic properties and evaluate the solvatochromic recounter electrodes were separated using a vycor frit. Solu-
sponse of these compounds. We report herein the total syntions were prepared with 100 mM TBAP electrolyte and de-
thesis and spectroscopic properties of the first symmetri- gassed with argon for 20 min prior to each measurement.
cally substituted, cyano-functionalized 2,3,7,8-tetraaryl-1,6- All reported standard potentials are versus SCE and were
dioxapyrene g or CN-diox Fig. 1). All experiments were  determined by adding ferrocene (takifig,r,, = 0.424V
performed in direct comparison to unsubstituféd] 1,6- versus SCE in benzene) as an internal potential marker
dioxapyrenes 10 or Alkyl-diox and 11 or Diox, Fig. 1) in [15,16]
order to clearly convey the unique spectroscopic properties  Bulk electrolysis to produce the radical cation was per-
of CN-diox(9). formed using a large area platinum mesh working electrode
and alarge area platinum counter electrode. The experimental
design was the same as described above. The working elec-

2. Experimental trode was biased at 50 mV above the first oxidation potential
for 2 h using the Applied Research Potentiostat/Galvanostat.
2.1. Materials and characterization The oxidized solutions were transferred to quartz cells under

ambient conditions and measurements were recorded imme-
1,6-Dioxapyrene 11 or Diox) and 3,8-diethyl-5,10- diately.

dimethyl-1,6-dioxapyrenel(Q or Alkyl-dioX) were prepared
as previously describdd,3]. All solvents and reagents were 2.4, Spectroscopy
purchased from Aldrich and used as receivid.and 13C
NMR spectra were obtained on a Bruker AC 200 or Avance  Unless otherwise stated, all experiments used optically
300 MHz spectrometer. CDgbr dg-DMSO containing up dilute solutions (OD =0.09-0.11) at room temperature. Lu-
to 1% TMS as an internal reference was used as the sol-minescence samples in 1 émnaerobic quartz cells (Spec-
vent for solution phase experiments. Mass data was mea-tracell, FUV) were deoxygenated with argon prior to mea-
sured on a Finnegan LCQ (atmospheric pressure ionization)surement. Low temperature experiments were accomplished
in positive or negative ion mode with an inlet temperature by freezing the samples in NMR tubes and holding them
of 180-220°C. Normal phase HPLC was performed with a under liquid nitrogen in a quartz dewar. Absorption spectra
Hewlett-Packard HPLC system equipped with a diode array were measured with a Shimadzu scanning spectrophotome-
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ter (UV-3101PC). Emission spectra were obtained with an 2.6. Synthesis of

Aminco-Bowman luminescence spectrometer (Series 2). Thel,5-dimethoxy-4,8-di(4-methylbenzoyl)naphthale®)e (

excitation was accomplished with a 250 W Xe lamp optically

coupled to a monochromatot-2 nm) and the emission was (b)[22—24]Compound (200 g, 1.06 mol) and anhydrous

collected at 990 and passed through a second monochroma- aluminum chloride (3049, 2.29 mol) were cooled t6

tor (2 nm). The luminescence was measured with a photo- under nitrogen in 500 ml of 1,2-dichloroethameToluoyl-

multiplier tube (PMT). Radiative quantum yield®{ were chloride (295 ml, 2.23 mol) was slowly added and the re-

measured against [Ru(bpy)PF6), for which &, =0.062 in action mixture was stirred overnight at room temperature.

CHsCN, accurate to 1094 7], and calculated using the fol-  Standard workup left a deep yellow solution that was con-

lowing equatior{18,19] centrated by solvent evaporation. Petroleum ether was used
to promote crystallization and the product was collected

2 by filtration (208 g, 46% yield). mp: 246—-248. 1H NMR
B = Pog ( ’unk> <Astd> (”unk> (DMSO-ts, 200 MHz,8) 2.35 (s, 6H), 3.45 (2, 6H), 7.05 (d,
Aunk Istd Nstd J=8.4Hz, 2H), 7.24-7.45 (m, 10H). Magslz 425.4 (posi-

tive ion mode).

where unk represents the sample, std the standatide ra- )

diative quantum yield| the integrated emission intensify, 27+ Synthesis of

the absorbance at the excitation wavelengthaihg refrac-  1+>-diydroxy-4,8-di(4-methylbenzoyl)naphthaledje (
tive index of the solvent.

Luminescence lifetimes were measured with an IBHtime- _(¢) [20] Compound3 (72g, 169 mmol) was cooled to
correlated single photon counting (TCSPC) system equippedo_oc under nitrogen in 500 ml of dichloromethane. Boron
with an IBH Model TBX-04 Photon Detection Module. tnbro_rmde (79.8_m|, 844 mmol) was added slowly and the
The excitation source for the TCSPC measurements was d€action was stirred 18h at room temperature. The reac-
pulsed LED (IBH NanoLED, 455nm, 1.3 ns pulse duration tion was q_uen(_:hed wnr_] agueous §0d|um bicarbonate and
or 403 nm, <200 ps pulse duration) with a repetition rate of Washed with dilute sodium hydroxide. The aqueous layer
1 MHz. All data was analyzed by iterative reconvolution of Was neutralized with hydrochloric acid to give compound
the decay profile (10,000 counts at the peak channel) with the? (1:919, 3% yield) as an off white precipitate. It should
instrument response function using software provided by the P€ noted that washing with more concentrated base did not
instrument manufacturer. increase the yield of the substituted dihydroxynaphthalene.

Time-resolved absorption spectroscopy was performed P 154-155C. *H NMR (DMSO-ds, 200 MHz,8) 2.33 (s,
using an LKS.60 nanosecond laser photolysis spectrome-6H)’ 6.76 (dJ=7.4Hz,2H),7.10 (d)=8.0Hz, 2H), 7.21(d,
ter. The excitation source was the unfocused 355 nm output® = 8-2 Hz, 4H), 7.49 (d)=7.8 Hz, 4H), 10.52 (s, 2H). Mass:
of a Nd:YAG laser (Continuum Surelite 1). Typical excita- "72395.1 (negative ion mode). (0] Compounds (573 mg,
tion energies were 2—3 mJ/pulse. Samples were continuously1'37 mmol) was stirred in dichloromethane and water (1:1)..
purged with a stream of high purity argon throughout the ex- The layers were separated and _treated_as above (see reaction
periments. The data, consisting of either a single shot or a(C))- Compoundi was collected in 1% yield (5.7 mg) while
10 shot average, were analyzed using Origin 7.0 (OriginLab C0MPounds was recovered at 66% (380 mg). The reaction
Corporation). was also attempted with d|chlor0methane/Na\15_a;7| ace-

It should be noted that all experiments performed in so- ©one/water, and acetone/Na@pj. There was no improve-
lution with light interaction resulted in sample degradation. Mentin yield. (f) Compound (31.80 g, 83.6 mmol) was sus-

Consequently, fresh samples were prepared for all physicalP€nded in 300 ml of 6 M sodium hydroxide and refluxed for
measurements. 18 h. Once cool, the reaction mixture was diluted (approx.

1M NaOH), placed in an ice bath, and slowly acidified with
concentrated hydrochloric adjtll]. The tan precipitate was

2.5. Synthesis of 1,5-dimethoxynaphthaleéte ( collected by filtration, washed with excess water, and dried
for 3 daysinavacuum oven (6C, <1 mmHg). Compound

(a) [21,22] 1,5-Dihydroxynaphthalene (400 g, 2.50 mol), was produced in 99% yield (33 g) and, with the exception of

dimethylsulfate (476 ml, 5.02 mol), and potassium carbonate a slight color variance, was identical to the samples collected

(346 g, 2.50 mol) were refluxed in 21 of acetone for 2 days. from reactions (c) and (d).

Once cool, an equal volume of water was added and the solid

collected by filtration. The crude product was purified by 2.8. Synthesis of 6-(4-methylbenzoyl)-2-(4-

ethanol digestion (454 g, 97% yield). mp: 178-280(lit., methylphenyl)naphtho[1,8-b,c]furan-5-one

181-183C[22] or 183-184C[21]). *H NMR (DMSO-, (5)

200 MHz, §) 3.93 (s, 6H), 6.98 (d)=6.6 Hz, 2H), 7.39 (t,

J=6.6Hz, 2H), 7.69 (dJ=6.6Hz, 2H). Massnvz 189.1 The organic layer from, procedure (c), was washed with

(positive ion mode). dilute NaOH (<), NaHCG; (2x), and water (X). After dry-
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ing over MgSQ, the solvent was removed in vacuo providing
compounds as a yellow-orange solid (47.54 g, 74% yield).
mp: 212—-214C.*HNMR (CDCl3, 200 MHz,8) 2.38 (s, 3H),
2.48 (s, 3H), 6.60 (d]=9.6 Hz, 1H), 7.20 (d)=8.0 Hz, 2H),
7.38-7.50 (m, 3H), 7.69-7.79 (m, 3H), 8.00 (& 7.8 Hz,
3H). Massim/z 379.6 (positive ion mode).

2.9. Synthesis of 6-(4-methylbenzoyl)-5-hydroxy-2-(4-
methylphenyl)naphtho[1,8-b,c]furylium perchlorate
(6)

(d)[20] Compoundb (500 mg, 1.41 mmol) was suspended
in glacial acetic acid (10 ml) and excess perchloric acid (2 ml)
was added slowly. The solution was refluxed for 10 min then
cooled in an ice bath. CompouBgrecipitated as a red solid
and was used without further purification or analysis (573 mg,
97% yield).

2.10. Synthesis of
1,5-di(benzyloxy)-4,8-di(4-methylbenzoyl)naphthalene
(78)

(9) [13] Tetrabutylammonium hydrogen sulfate (81.4 mg,
0.24 mmol), KCO3 (2.98 g, 21.57 mmol), and Kl (995 mg,
5.99 mmol) were dissolved in 50 mb@. 4,8-Ditoluoyl-1,5-
dihydroxynaphthalene (1.91g, 4.79 mmol) and benzyl bro-
mide (1.64g, 9.59 mmol) was dissolved in 50ml of 1,2-
dichloroethane. The solutions were mixed quickly and re-
fluxed under N for 18 h. Once cool, the reaction solution
was washed with saturated NaHE@x) and HO (1x),
dried over MgSQ, filtered, and rotary evaporated to dry-
ness. The resulting oil was taken up in a minimum amount
of CH2Cl, and dripped into cold petroleum ether. The crude
product was recrystallized from MeOH and collected as a
tan solid (961 mg, 35% yield). mp: 190-200. 'H NMR
(DMSO-a5, 200 MHz,8) 2.27 (s, 6H), 4.80-5.03 (brdd, 4H),
6.82—7.43 (brm, 22H). Masryz575.7 (negative ion mode).

2.11. Synthesis of 1,5-di[(4-cyanobenzyl)oxy]-4,8-di(4-
methylbenzoyl)naphthalene
(7b)

(g9) The reaction was run as described above with mod-
ification to the purification procedure. Reagents: tetra-
butylammonium hydrogen sulfate (256.8 mg, 0.76 mmol),
K2COs (9.41 g, 68.08 mmol), Kl (3.14 g, 18.91 mmol), 4,8-
ditoluoyl-1,5-dihydroxynaphthalene (6.00g, 15.13 mmol),
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2.12. Synthesis of
2,7-di(4-cyanophenyl)-3,8-dihydroxy-3,8-di(4-
methylphenyl)-2,3,7,8-tetrahydro-1,6-dioxapyrene
)

(h) [25] Compound?b (2.00 g, 3.19 mmol) and tetrabuty-
lammonium cyanide (2.49 g, 15.95 mmol) were dissolved in
anhydrous CHCN (300 ml), protected from light, and re-
fluxed under N for 18 h. The solvent was removed and
the residue dissolved in GIEl,. The organic phase was
washed with saturated NaHG@2x) and HO (1x), dried
over MgSQ, filtered, and rotary evaporated to dryness. The
crude product was a mixture of isomers and was used without
further purification ¢1.5g, 75% yield)*H NMR (DMSO-
ds, 200 MHz, §) 2.07-2.46 (m, 6H), 5.39-5.78 (m, 2H),
6.41-7.71 (m, 20H).

2.13. Synthesis of 2,7-di(4-cyanophenyl)-3,8-di(4-
methylphenyl)-1,6-dioxapyren@ ¢r
CN-diox)

(i) Compound8 (~1.5g, 2.4mmol) was dissolved in
100 ml of toluene and a catalytic amounfpetoluenesulfonic
acid monohydrate. The reaction mixture was held under N
in the absence of light and refluxed for 2 days. A Dean-Stark
trap was used to ensure anhydrous conditions. Once cool,
the reaction mixture was held at’@ for 1 day followed
by collection of the crude product as a red precipitate. The
product was reprecipitated from hot @El,/CHCI3 by ad-
dition of hot CH;CN several times until the red, microcrys-
talline title compound was pure by HPLC (0.60 g, 43% yield).
mp: 372-375C. 'H NMR (CDCls, stabilized with NaBHj,

300 MHz, §) 2.36 (s, 6H), 6.10 (dJ=5.4Hz, 2H), 6.23 (d,
J=5.4Hz, 2H), 7.03 (dJ=5.4Hz, 4H), 7.19 (dJ=5.2 Hz,

4H), 7.25 (d,J=6.0Hz, 4H), 7.39 (dJ=5.8 Hz, 4H).13C
(CDClg, stabilized with NaBH, 300 MHz,5) 21.33, 108.25,
111.25, 118.62, 119.29, 120.21, 128.96, 130.11, 130.23,
131.10, 131.45, 138.05, 138.32, 136.22, 151.69. Mats:
590.6. Calculated for £H26N20,-(1/4)CH,Cl,: C 82.93, H
4.37. Found: C 82.90, H 4.40.

3. Results and discussion

3.1. Synthesis

1,5-Dihydroxy-4,8-di(4-methylbenzoyl)naphthalend) (
is the central compound in the present synthetic method-

and 4-cyano benzyl bromide (5.96 g, 30.40 mmol). The crude ology. The hydroxyl groups o# provide a synthetic an-
product was digested in EtOH and collected as a tan solid chor from which numerous functionalities may be attached.

(4.38¢, 46% yield). mp: 268—27C. 'H NMR (DMSO-as,
200 MHz, 8) 2.33 (s, 6H), 4.97-5.14 (brdd, 4H), 7.10 (m,
16H), 7.69 (d,J=8.0Hz, 4H).13C (CDCk, 300 MHz, §)

Minyaeva and coworkerf20] have published the detailed
synthesis of 4,8-dibenzoyl-1,5-dihydroxynaphthalene, which
is closely related to our target molecule. Our approach was

2160, 6994, 10680, 11177, 11858, 12422, 12611, 12804‘n|t|a”y modeled after Minyaeva’s Synthes|§((heme )_

128.81, 129.39, 130.16, 132.09, 135.61, 140.37, 143.39,

153.98. Massm/z 628.2 (negative ion mode).

Commercial grade 1,5-dihydroxynaphthaleig Was pro-
tected by methylation of the hydroxyl groups to produce
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3% 74%

Scheme 1. Representation of the synthesis of 1,5-dihydroxy-4,8-di(4-methylbenzoyl)naphtalere (,5-dihydroxynaphthalené);

1,5-dimethoxynaphthalen@)(in high yield[21,22] Acyla- The transformation of the inevitable side-product,
tion of 2 presence of anhydrous aluminum chloride gave the methylenequinonéy, to the desired product, dihydroxydike-
expected product, 1,5-dimethoxy-4,8-di(4-methylbenzoyl) tone @), is of considerable importance as a 1% yield falls well
naphthalene 3) [22-24] Deprotection of3 progressed  short of a synthetically useful method. Minyaeva indicates,
with excess boron tribromide to produce 1,5-dihydroxy- and we agree, that the formation of methylenequinone is due
4,8-di(4-methylbenzoyl)naphthalend) (in 3% yield and to acid-catalyzed dehydration of the corresponding dihydrox-
the corresponding methylenequinone, 6-(4-methylbenzoyl)- ydiketone. Under anhydrous and acidic conditions, dehydra-
2-(4-methylphenyl)naphtho[1,8-b,c]furan-5-o%, (n 74% tion is favored and formation of the methylenequinone pre-
yield [20]. No attempts were made to isolate the partially dominates. By drastically reversing the reaction environment,
demethylated hydroxymethoxydiketone. Also, the use of the process is likely to proceed in the opposite direction. Fol-
boron tribromide instead of aluminum chloride did not pro- lowing this logic, compoun& was suspended in 6 M NaOH
duce a significant change in our reaction yields as com- and refluxed for 18 h§cheme B All extraction attempts
pared to Minyaeva’s yields. Treatment®fvith strong acid resulted in loss of product due to inseparable suspensions.
(Scheme 2led to the naphtha-[1,8-b,c]furylium sab)(in However, by simply precipitating the product from the di-
quantitative yield20]. Subsequent hydrolysis 6fproduced luted reaction mixture and washing with excess water we
4in 1% yield[20]. Although several solvent mixtures were were able to obtaid in near quantitative yield26]. Due
evaluated, we were unable to come close to the 19% yieldto the hydrophylic nature of the substituted dihydroxynaph-
reported with the benzoyl derivative. thalene, care must be taken to remove excess water. After

Scheme 2. Representation of the synthesis of 1,5-dihydroxy-4,8-di(4-methylbenzoyl)naphtipfema 6-(4-methylbenzoyl)-2-(4-methylphenyl)naphtho
[1,8-b,c]furan-5-onef) using a two-step literature procedure.
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Scheme 3. Representation of the synthesis of 1,5-dihydroxy-4,8- ] 0.000 M !
di(4-methylbenzoyl)naphthalene 4)( from 6-(4-methylbenzoyl)-2-(4- ) P T .
methylphenyl)naphtho[1,8-b,c]furan-5-on8) (using a modified one-step 0.0154 Time (us)
T T T T T
procedure. 350 400 450 500 550 600
Wavelength (nm)

vacuum drying at 60C for 3 days, 1,5-dihydroxy-4,8-di(4- _ . . _ _
methylbenzoyl)naphthalend)(was collected in 99% yield. Fig. 2. Transient absorption spectrum of 1,5-di(benzyloxy)-4,8-di(4-

. . . methylbenzoyl)naphthalen@d). The experiment was performed in deoxy-
Symmetrically substituted dibenzyl etheiScheme 3 genated benzene at room temperature with 355 nm pulsed excitation. (Inset)

1,5-di(benzyloxy)-4,8-di(4-methylbenzoyl)naphthalef®(  kinetic trace ofcN-diox(9) at 430 nm.

and 1,5-di[(4-cyanobenzyl)oxy]-4,8-di(4-methylbenzoyl)

naphthalene 7b), were prepared in one step fros by

a previously reported Williamson ether synthesis under (>100 ns) specieg33]. Based on this data, the excited state
phase transfer conditiorid3]. It has been shown that- of 1,5-di(benzyloxy)-4,8-di(4-methylbenzoyl)naphthalene
benzyloxyphenyl ketones such@benzyloxybenzophenone (7a) is assigned to the,«" triplet, not the 1,7-biradical. The
[27], a-(0-benzyloxyphenyl)acetophenof#8], and related absence of the biradical intermediate effectively prevents the
compounds [13,28-30] undergo efficient photoinduced synthesis of 1,6-dioxapyrenes by this methodology.
hydrogen abstractiore{hydrogen abstraction in the case of An alternative route to the photochemical process is shown
a-(0-benzyloxyphenyl)acetophenone) to produce biradicals in Scheme 4Base-catalyzed ring closure @b using tetra-
that spontaneously cyclize in high yieldS¢gheme h butylammonium cyanide and anhydrous acetonitrile resulted
Photo-initiated (450W Hg lamp, benzene) ring closure in the corresponding hydrated 1,6-dioxapyrene in 75% yield
via a similar excited state intramolecular-hydrogen [25]. The analogous reaction usifig resulted in no reaction
abstraction was unsuccessful for b@tand7b. The excited as only unreacted starting material was recovered. These re-
state absorption spectrum of 1,5-di(benzyloxy)-4,8-di(4- sults are not surprising as related work has shown that the in-
methylbenzoyl)naphthalengd) is shown inFig. 2 The data ductive properties of the pendant phenyl group directly affect
reveals a broad transient band centered near 430 nm with ahe efficiency of the ring closure reactigd3]. In this pro-
lifetime of 25+ 2 us in deoxygenated benzene. Related  cess, the abstraction of theproton (in relation to the ether)
alkoxyphenyl ana-benzoyloxyphenyl ketones that produce is favored by functional groups that delocalize the incipi-
biradical transient species show decay rates on the order ofent negative charge (i.e. electron withdrawing groups). Our
1-50 n430-32] Excited state absorption studies of naphtha- results agree with this observation because the phenyl deriva-
lene have shown both singtetr” (<100 ns) and tripletr, =" tive imparts no charge delocalization and no reaction yield

0. o]
oh )
7a (R = H) 35% . 9
7b (R=CN)a6% 75%  CN 43%  ¢n

Scheme 4. Representation of the synthesis of 2,7-di(4-cyanophenyl)-3,8-di(4-methylphenyl)-1,6-dioxepwre@l-dio® from 1,5-dihydroxy-4,8-di(4-
methylbenzoyl)naphthalend)(
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Fig. 3. X-ray structures foEN-diox(9).

N structure. The cyanophenyl and methylphenyl substituents
- are at dihedral angles of 22.@and 82.6, respectively, from
i thecore The extended X-ray structure shows repea@iy
— 7] diox (9) in an off-center columnar arrangement. Each end of
@J the CN-diox (9) in the column is adjacent to a perpendic-

ular CN-diox (9). The resultant phenyl cage maintains one

CHCl, between four substituted phenyl rings.
Scheme 5. Simplified representation of the photocyclization aef 2~2 P y 9

(o-(benzyloxyphenyl)acetophenone) via the 1,6-biradical intermediate
[27]. 3.3. Electrochemistry

. . o o The electrochemical data GN-diox(9), Alkyl-diox(10),
while the cyano-substituted phenyl derivative maintains a andDiox (11) in benzonitrile is summarized iFable 1 A rep-

large delocalization effect and high reaction yield. The trans- osentative cyclic voltammogram of a benzonitrile solution of
formation of8 to the desired 2,7-di(4-cyanophenyl)-3,8-di(4- - cN_diox(9) is given inFig. 4. All reported standard potentials
methylphenyl)-1,6-dioxapyrene (or CN-dioX, proceeded  grq yersus SCE and were determined by using ferrocene as an
in 43% yield via acid-catalyzed dehydration under Dean- jytarna| potential markdf.5,16} Reduction potentials were

Stark conditions. The crude product was dissolved in hot 14t investigated as they were not observed in the solvent win-
CHoCl2/CHCI5 and reprecipitated by slow addition of hot 44 and the low solubility oEN-diox(9) limited the choice

CHsCN. The procedure was repeated several times until the ot other solvent systems. All three 1,6-dioxapyrenes had
red, microcrystalline compound r CN-dioy was pure by two oxidation waves. The first oxidation wave was 0.571V

HPLC. for CN-diox (9), 0.308 V for Alkyl-diox (10), and 0.529V
for Diox (11). It is important to note that the first oxida-
3.2. Crystallography tion potentials forCN-diox (9) andDiox (11) were similar.

This data suggests that the core of the 1,6-dioxapyrene re-
The TEP representation @N-diox (9) is displayed in mains electronically unaffected by the addition of pendant
Fig. 3. Thecore(i.e. only the 1,6-dioxapyrene) shows a slight phenyl groups. Analysis oAE, and ipox/ipred values in-
twist thatis not present iDiox (11) [6]. Both oxygens are out  dicated the first oxidation waves for each 1,6-dioxapyrene
of the plane (one up and one down) by A.from the center were reversibleAEy’s, the difference between the peaks of
of each oxygen or 8%using the inner dihedral angle. In di- the forward and reverse sweeps, @X-diox(9), Alkyl-diox
rect comparisorDiox (11) shows no deviation from a planer  (10), andDiox (11) were between was 0.082 and 0.084 V.

Table 1
Electrochemical data at room temperature in benzonitrile
Solvent 1By V) Apr V) ip0></ipredC 2Ey2 V) AEp (V) ipox/ipred E1zred (V)
9 0.571 0.084 1.03 0.989 - - 0.061
10 0.308 0.082 155 0.686 0.125 2.74 —0.091
11 0.529 0.084 1.56 1.0%6 - - —0.187

2 Degassed benzonitrile, 100 mM tetrabutylammonium perchlorate, at 50 mV/s.

b Ferrocene displayed AE, of 0.80+ 5V under our experimental conditions when not significantly overlapping other waves.
¢ A completely reversible system should haveigg/ipreq of 1.00.

d Eoy reported instead df;/, due to irreversibility.

€ Represents the peak of a new reduction wave after performing repeated oxidations.
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Fig. 4. (Left) Cyclic voltammogram dEN-diox(9). The experiment was performed in benzonitrile (0.1 M TBARA a scan rate of 50 mV/s. (Right) Electronic
spectra of the electrochemically generated radical cati@Nofliox(9, solid line),Alkyl-diox (10, dashed line), andiox (11, dotted line) in benzonitrile.

Ferrocene displayed@E, of 0.080 V under our experimen-  were significantly lower in energy, near 580 and 700 nm. Al-
tal conditions. Although alhE, measurements were higher though the oxidation potentials are similar, the addition of
than the accepted 0.059V for reversible proce$34f di- a cyanophenyl group to the 1,6-dioxapyrene core lowers the
rect comparison of the 1,6-dioxapyrenes to ferrocene (which excited state transitions of the radical catiorC-diox(9).

is known to have reversible one electron oxidation behavior

[15,16) illustrates the reversibility of the oxidation waves. 3.4. Photophysical properties

In a separate analysigox/ipreqwas calculated to be 1.03 for

CN-diox(9), 1.55 forAlkyl-diox(10), and 1.56 foDiox (11). Fig. 5 displays the absorption spectra GN-diox (9),
Under ideal conditions, a completely reversible process will Alkyl-diox (10), and Diox (11) in THF (all solvents dis-
show anip ox/ip req 0f 1.00. played similar absorption features). The electronic spectrum

CN-diox(9), Alkyl-diox (10), andDiox (11) maintained a  of Alkyl-diox (10) shows a broad absorption band with a
second oxidation wave at 0.989, 0.686, and 1.026 V, respec-maximum at 370 nm and a molar absorption coefficient of
tively. The second oxidation wave for each 1,6-dioxapyrene 11,000 M~ cm~L. The electronic spectrum @fiox (11) re-
showed irreversible behavior. The reverse wave was not vis-veals a broad absorption band with three clear peaks of 360,
ible for CN-diox(9) andDiox (11) and consequently neither 395, and 420nm having molar absorption coefficients of
AEp nor ipoxlipred values could be determinedlkyl-diox 7600, 4500 and 4500 M cm™1, respectively. The spectrum
(10) had a minimal reverse wave and batk, (0.125 V) and of CN-diox(9), however, reveals unique behavior in compar-
ipox/ipred (2.74) values indicated irreversible processes. The
nature of the irreversibility (i.e. electrochemical or chemical
reactions, or a combination of both) was not investigated. In <=
all cases, however, a new reduction wave was observed dur-ﬁ ]
ing the reverse sweep. This wave always appeared at IowerE_ 35—
potential than the first oxidation wave and was only seen af- ‘@ _ ]
ter the cell potential was raised beyond the second oxidation X
potential. This suggests chemical degradation as a source o
irreversibility, although it does not eliminate electrochemical
irreversibility.

Fig. 4 displays the absorption spectra for the radical
cations of CN-diox (9), Alkyl-diox (10), and Diox (11) in
benzonitrile. Photoluminescence was not detectable for any 3
of the radical cations. The radical species were electrochem- o
ically generated as described in the experimental section and< - AN
were found to be stable under ambient conditions for several
hours. The electronic spectra 8ikyl-diox (10) and Diox
(12) show two main absorption bands with absorption max-
ima near 500 and 600 nm. The spectrunCdf-diox(9) also Fig. 5. Electronic spectra @N-diox(9, solid line),Alkyl-diox (10, dashed
reveals two main absorption bands; however the transitionsiine), andbiox (11, dotted line) in THF.

rption Coefficient

bs
(¢,
1 X
N
e

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



D.S. Tyson et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 97-107

ison to the unsubstituted 1,6-dioxapyren@sl-diox(9) has
two main areas of absorption; a low energy, broad band with
an absorption maximum at 440 nm and a molar absorption

coefficient of 32,000 ! cm~! and a higher energy band

with a distinct vibrational structure. The latter has three clear

bands, red shifted but similar to pyrene, and an absorption
maximum at 390 nm and a molar absorption coefficient of
41,000 M1cm1. These data indicate a significant distor-

Nor. PL

tion of thetypical 1,6-dioxapyrene core. First, the appear-
ance of a lower energy absorption band without significant
change in the oxidative properties indicates a lowering of the
LUMO in CN-diox(9) as compared télkyl-diox (10) and
Diox (11). Second, the pyrene-like vibrational structure of
the higher energy absorption band suggests a higher degree

of aromaticity withinCN-diox(9).

The luminescence maxima, quantum yields, and excited
state lifetimes oCN-diox(9), Alkyl-diox(10), andDiox (11)
in solvents of different polarity are summarizedTable 2
[35]. The emission spectra @N-diox(9), Alkyl-diox (10),

andDiox (11) in THF are shown iifrig. 6. The photolumines-
cence was normalized to 1 a@iN-diox(9, solid line) shows

tra of Alkyl-diox (10) andDiox (11) show structured bands
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Fig. 6. Normalized photoluminescence spectra&Cdf-diox (9, solid line),
Alkyl-diox(10, dashed line), anBiox (11, dotted line) in THF at 23C. The
excitation wavelengths were 440, 370, and 360 nm, respectively.

while CN-diox(9) has a broad emission band centered near
a clear THF Raman band near 500 nm that should not beg19 nm. As shown iffable 2 bothAlkyl-diox (10) andDiox
misinterpreted as analyte luminescence. The emission SpeC(ll) show small to moderate solvent dependence on emis-
sion maxima with no clear polarity tren@N-diox (9), on
with maximum intensities at 497 and 487 nm, respectively, the other hand, has a 50 nm solvatochromic shift, increasing

Table 2
Spectroscopic and photophysical dat&Cdf-diox(9), Alkyl-diox(10), andDiox (11) in solvents of increasing polarity
Solvent (dielectric) EMmX max (NM) 1z (nsf @,° ki (x10°s71) ke (x10°s™1)
9 10 11 9 10 11 9 10 11
Toluene (2.4) 593 498 489 1.39 6.93 6.97 0.010 0.0072 0.71
241 3.39 0.044
0.115
CHCl3 (4.8) 619 476 493 0.92 7.27 4.82 0.011 0.012 1.08
2.28 1.78 0.011
0.51 0.44 0.012
THF (7.6) 619 497 487 0.78 7.09 6.77 0.011 0.014 1.27
3.40 3.41 0.059
0.082
CH,Cl, (9.1) 629 500 490 0.69 7.17 6.54 0.0071 0.010 1.44
2.73 3.06 0.069
0.094
CyH4Cl, (10.7) 625 466 490 0.68 6.26 7.16 0.011 0.016 1.45
2.51 3.18 0.10
0.31 0.084
Acetone (20.1) 632 497 487 0.50 6.03 5.76 0.0055 0.010 1.99
2.74 3.14 0.039
0.069
DMF (37) 640 499 489 0.38 8.47 7.47 0.0036 0.011 2.62
3.59 3.32 0.069
0.085
DMSO (45) 644 500 491 0.36 9.61 8.49 0.0034 0.0083 2.77
4.03 3.72 0.088
0.13

2 Represents the maximum of the largest emission peak.
b TCSPC using 455 nm or 403 excitation (pulsed LED) and iterative reconvolution with an error of less than 5%.
¢ Ru(bpy)?* in ACN (& =0.064) was used an actinometer in all cases (ertet6%).
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Alkyl-diox (10), andDiox (11). CN-diox(9) displays a gen-
eral decrease of quantum yield from nonpold# £ 0.010
7000 [ in toluene) to polar environment®{=0.0034 in DMSO).
Alkyl-diox (10) andDiox (11) maintain multiple exponential
fluorescence decays in all solvef8]. In general, the unsub-

E e stituted 1,6-dioxapyrenes have double exponential fluores-
E cence decays with along component of approximately 5-8 ns
& 5000+ and a short component of 2—-4 ns. AgddN-diox(9) displays
8 ot __ee- uncharacteristic behavior with single exponential lifetimes
£ 40004 in all solvents[43]. Furthermore, the excited state lifetimes
| & - of CN-diox(9) measurably decrease from 1.39 ns in toluene
AT ——— Ao e (nonpolar) to 0.36 ns in DMSO (polar). The deridgdandk;

0004 values forCN-diox(9, Table 2 highlight an interesting trend.

: — T T T T Specifically, the nonradiative decay rakg, is continuously
0.00 005 010 0.15 020 025 0.30 ;

e AW increased from nonpolar to polar solvents. Furthermore, there
{extii@eat){wr1pant) is no clear trend with respect to the radiative decay r&tes,
Fig. 7. Relationship of the Stokes shift and Lippert-Mataga polarity param- AS noted earllerCN-(Ii_IOr): (Qt)) dﬁqomﬁoseS/reaCtS W:;h gon-
eter forCN-diox(9, W, solid line),Alkyl-diox(10, ®, dashed line), anBiox tinuous exposure to light, both in the presence and absence
(11, A, dotted line) in the eight solvents listedTable 2 Two solvents were of oxygen. The increase ky suggests the destructive path-
removed from the analysis @ikyl-diox(10) due to broad emission spectra. ~ way may be enhanced in polar environments. Further work

is underway to identify and possibly control the excited state
systematically from 593 nm in toluene to 644 nm in DMSO. decomposition.

These data suggest a charge transfer nature to the excited state
of the cyano-substituted 1,6-dioxapyrene derivative. 3.5. Summary
The solvatochromic response GN-diox(9) to photoex-
citation was further characterized by analysis of the Stokes A symmetrically substituted 2,3,7,8-tetraaryldioxapyrene,

shift and Lippert-Mataga polarity parameter: 2,7-di(4-cyanophenyl)-3,8-di(4-methylphenyl)-1,6-dioxap-
B 1 (Ap? [ es—1 n2_1 yrene @ or CN-dioX, was synthesized in seven steps from
v= P ( 2eetl 227 1) +C 1,5-dihydroxynaphthalenel), The first notable transfor-

mation is the alkaline treatment &fto produce4 in one
wherev is the Stokes shiftin wavenumbehghe Plank’s con- step with a 99% vyield, an improvement of 80% compared
stant,c the speed of lightgg the permittivity of free space, to the acidic, two-step literature method for preparing
A the change in the dipole moment upon excitatiohthe 4,8-dibenzoyl-1,5-dihydroxynaphthalene. The second im-
molecule’s volumd36], s the solvent dielectric constant, portant sequence is the base-catalyzed ring closure followed
andn the solvent refractive indef87—42] This relationship by the acid-catalyzed dehydration to produ€-diox
quantifies the change in dipole between the ground state and9). The complete synthesis represents a new route for
excited state of a molecule and, when used with the calcu-preparing tetraaryl-1,6-dioxapyrenes. Crystal structure
lated ground state dipol&6], the magnitude of the excited and electrochemical analysis were performed to directly
state dipole moment may be estimated. The Lippert-Matagacompare the properties @N-diox(9) to previously reported
correlations ofCN-diox (9), Alkyl-diox (10) and Diox (11) dioxapyrene derivatives, specifically 1,6-dioxapyrehedr
are shown irFig. 7. The slopes oAlkyl-diox (10) andDiox Diox) and 3,8-diethyl-5,10-dimethyl-1,6-dioxapyrerd® or
(12) are nearly zero, indicating small changes in dipole for Alkyl-dioX. Crystallography revealed the dioxapyrene core
each molecule<£6.677x 1073°Cm, or~2.00D, as calcu-  oxygens were out-of-plane by 8,using the inner dihedral
lated from the Lippert-Mataga relationshig}N-diox (9), angle, and the dihedral angle between the cyanophenyl and
however, displays a slope of 4940.6ch(R2=0.95). Us- the central structure was 22.7Electrochemistry showed
ing the volume of 530.30%3 from molecular modeling,  similar oxidative behavior for all derivatives with notably
An=7.610x 1072°Cmor22.81 D. The ground state dipole lower energy transitions in the corresponding spectroelec-
from molecular modeling was 0.004889 D, thus the excited trochemical absorption spectra. Both data suggest similar
state dipole is~22.81 D. This data further supports the ex- electronic structure for the 1,6-dioxapyrene core and a
istence of a polar excited state fGN-diox(9), a distinctive lowering of the LUMO by covalent attachment of an
property as compared #lkyl-diox (10) andDiox (11). electron accepting group. Optical spectroscopy studies were
The unique properties dEN-diox (9) are also observed performed to evaluate the potential of the 1,6-dioxapyrenes
with the luminescence quantum yields and excited state life- as fluorescent probeSN-dioxrevealed broad absorption and
times. CN-diox (9), Alkyl-diox (10), andDiox (11) show a emission properties that were red shifted with respect to the
significant solvent dependencé;(range of 0.003-0.127) two model compoundd)iox (11) nor Alkyl-diox (10). The
on emission quantum yield, yet there is no clear trend for luminescence dEN-diox(9) was found to be solvatochromic
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(Amax=619-644 nm) with single exponential lifetimes of [21] W.H. Benthey, R. Robinson, C. Weizmann, J. Chem. Soc. (1907)
less than 1.3ns and an excited state dipole moment of  104.

~22.81D. NeitherDiox (11) nor AIkyI-diox (10) showed [22] J.E. Corrie, T.G. Papageorgiou, J. Chem. Soc., Perkin Trans. 1 (1996)
. . L 1583.
solvatochromic properties. These date indicate the PreSence,s; 1y £ Fierz-David, G. Jaceard, Helv. Chim. Acta 11 (1928) 1042.

of a charge transfer excited stateGi-diox(9). Continuing  [24] H. Ritter, R. Thorwirth, Makromol. Chem. 194 (1993) 1469.
efforts will focus on synthesizing alternative donor/accepter [25] J. Santos, M.A. Meador, in preparation.
derivatives to systematically study the spectroscopic [26] The reversibility of this reaction in acidic solutions is an area of con-

properties of this new class of 1 6-dioxapyrene cern when precipitating with concentrated hydrochloric acid. Slow
' ) addition of the acidic solution with constant stirring until the reaction

mixture was just below pH 7 minimized the back reaction.
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