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Abstract: 5-(Hetero)aryl-substituted 9-hydroxyphenalenones

(9-HP) can be readily synthesized by Suzuki coupling of 5-
bromo 9-HP with (hetero)aryl boronic acid (derivatives) with-

out protection of the hydroxyl functionality in moderate to

excellent yields (57–94%). A library of 5-(hetero)aryl substi-
tuted 9-HP with broad substituent variation was studied

with respect to their electronic properties (absorption and
emission spectroscopies and cyclic voltammetry) and their

computed electronic structures. All compounds show rever-
sible reductive potentials between @1230 and @1110 mV

and the donor-substituted representatives possess irreversi-

ble oxidation potentials around 600 mV. Compounds with
electron-rich donors even show reversible oxidation poten-

tials. Especially the donor-substituted 9-HPs display emission
bands between 466 and 567 nm with quite large Stokes
shifts (up to 4100 cm@1). TD-DFT calculations nicely repro-

duce the spectroscopic data and Hammett correlations un-
derline a pronounced resonance substituent influence on

the photophysical properties.

Introduction

In the past years efficient and effective synthetic strategies for

accessing functional organic chromophores have considerably
gained a general interest.[1] Among several functional structural

motifs donor–acceptor conjugates have found broad applica-
tion, for instance in organic photovoltaics,[2] photocatalysis,[3]

and model systems for artificial photosynthesis.[4] These conju-
gates consist of electron-rich donors and electron-deficient ac-
ceptor moieties. Although methoxy- or diethylamino-phenyl

groups are often employed as donor moieties, the electron
richness can be considerably enhanced by donor units such as
phenothiazines[2a,5] and triarylamines.[2b, 6] Besides fullerenes,
typical electron acceptors are for example cyanophenyl

groups, rhodaninylidene derivatives,[2b,7] and 9-hydroxyphena-
lenone (9-HP). In particular, 9-HP is a unique electron acceptor

due to its ability to form stable radical anions[8] as well as
metal complexes.[9] This metal-coordinating, radical-forming ac-
ceptor was first synthesized in 1941 by Koelsch from cinnamic

acid and 2-methoxynaphthalene under Friedel–Crafts condi-
tions.[10] Ever since then, many different syntheses have been

published.[11] In addition 9-HP functionalization was intensively

studied, but predominantly the transformation of the hydroxyl
group into an amino group was addressed,[8a,12] and intensive

studies of stabilized radicals[8a] and numerous metal complexes
performed in detail.[9b–e,13] Interestingly, some complexes can

be employed as catalysts,[14] neutral radical conductors,[15] and
a europium complex embedded in mesoporous silica shows
pronounced daylight-excited luminescence.[9e] But, to the best

of our knowledge, the functionalization in the 5-position of
the 9-hydroxyphenalenone has remained quite rare with the
exception of two reports.[9c, 16] On one hand methyl and propyl
derivatives of palladium and rhodium complexes were investi-

gated[9c] and in the other publication a trifunctional 1,9-dithio-
phenalenylium salt was synthesized and its neutral radical was

studied. An alkyl protected 5,5’,5’’-(1,3,5-phenylene)tris[9-(2-
ethylhexoxy)-1-oxophenalene] was obtained as an intermedi-
ate product.[16] To the best of our knowledge, the synthesis

and systematic study of electronic and photophysical proper-
ties of donor-9-HP conjugates has never been explored.

Herein, we report the straightforward access to a plethora of
5-(hetero)aryl substituted 9-HP and a comprehensive study of

their electronic properties (absorption, emission, redox poten-

tials) and their computed electronic structure.
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Results and Discussion

Synthesis and structure

We reasoned that conjugated 5-substituted 9-HP systems
should efficiently be accessible by Suzuki coupling of 5-bromo-
9-hydroxyphenalenone (1) and aryl boronic acids 2 without
the necessity of protection of the hydroxyl group due to
a strong intramolecular hydrogen bond[17] (Scheme 1).

Therefore, we first set out to optimize the cross-coupling by
a model reaction of 5-bromo 9-HP (1) and 4-methoxyphenyl

boronic acid (2a) in a closed vessel at 100 8C for 18 h furnish-
ing 5-(4-methoxyphenyl)-9-HP (3a) (Table 1). Pd(PPh3)4
(10 mol%) was selected as a suitable catalyst precursor and ini-

tially cesium carbonate was employed as a base in a THF/
water mixture to give 52% of compound 3a (Table 1, entry 1).

Altering the base to sodium bicarbonate improved the yield of
3a to 63% (Table 1, entry 2). Exchanging the co-solvent from

water to methanol resulted in no improvement (Table 1,
entry 3). Finally upon exchanging the co-solvent from THF to

1,4-dioxane a significant increase in yield to 81% was obtained
(Table 1, entry 4).

With these optimized conditions in hand we were able to

exemplify the scope of this synthetic strategy by 14 different
derivatives in moderate to excellent yields (Scheme 2). Elec-

tron-donating (e.g. 3a) and -withdrawing groups (e.g. 3d) in
the aryl boronic acids and esters could be successfully em-

ployed in the reaction sequence, as well as heterocyclic sub-
stituents, such as isoquinoline (3h), thiophenes (3k–n) and

pyrazoles (3 i,j).
The structures of all conjugated 5-substituted 9-HP systems

3 were unambiguously assigned by 1H and 13C NMR spectros-

copy, mass spectrometry, and they were additionally corrobo-
rated by X-ray crystal structure analyses of the compounds 3a
and 3 i. Compound 3a crystallizes as needles (monoclinic
space group P21/c). The 5-anisyl moiety is twisted out of copla-

Scheme 1. Synthesis of 9-hydroxyphenalenone derivatives 3 by Suzuki cou-
pling.

Table 1. Optimization of the reaction conditions in the Suzuki coupling
of 5-bromo-9-hydroxyphenalenone (1) with 4-methoxyphenyl boronic
acid (2a).

Entry Conditions Yield [%][a]

Base Solvent/co-solvent

1 Cs2CO3 THF/H2O 52
2 NaHCO3 THF/H2O 63
3 NaHCO3 THF/MeOH 51
4 NaHCO3 1,4-dioxane/H2O 81

[a] The yield was determined by 1H NMR with the external standard 1,3,5-
trimethoxybenzene.

Scheme 2. Optimized reaction conditions (c(1)=0.125m) and synthesized examples of the Suzuki coupling with the isolated yield (after recrystallization).
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narity with the 9-hydroxyphenalenone fragment by a dihedral
angle of 478 (Figure 1). The phenol H atom is part of an intra-

molecular hydrogen bond to the quinone C=O atom
(Figure 1).

The molecules are stacked directly on top of each other
with sizeable p–p stacking[18] along the a-direction and ar-

ranged in undulated layers parallel to the bc-plane. Besides the
p-stacking interactions the intermolecular packing is organized

by C@H···O hydrogen bonds (Figure 2).

Compound 3 i crystallizes as needles (orthorhombic space
group Pna21). Both moieties, pyrazole and 9-HP, are arranged

in a nearly coplanar orientation with a dihedral angle of 58
(Figure 3). The phenol H atom is part of an intramolecular hy-

drogen bond to the quinone C=O atom (Figure 4).

The molecules are stacked with sizeable p–p stacking (Fig-
ure S4a)[18] along the c-direction and are arranged in a herring-

bone pattern along the a-direction (Figure 4a). Along b the in-
termolecular packing is organized by C@H···N and C@H···O hy-

drogen bonds (Figure 4b). Interestingly, compound 3 i crystalli-
zes in a non-centrosymmetric polar space group. This can be

traced to the orientation of the molecules with the pyrazolyl

end along the positive c-axis (Figure 4a).

Electrochemical properties

For determining the electrochemical properties cyclovoltam-
metric experiments were performed with all 5-(hetero)arylsub-
stituted 9-HP derivatives 3. All compounds 3 possess Nernstian
reversible reduction potentials E0=@1

0 arising from the 9-HP part

in a narrow range between @1110 and @1230 mV with excep-
tion of compound 3g (Figure 5). The reduction potential of

the 9-HP substituent is only affected to a minor extent by the

remote substituents, yet the cathodic shift for electron releas-
ing substituents and the anodic shift for electron withdrawing

moieties can be clearly identified.
In the case of donor-9-HP systems, such as 3a and 3g, an

additional irreversible oxidation potential E0=þ1
0 around

1400 mV can be detected. For compounds 3k and 3 l the oxi-

Figure 1. Molecular structure of 3a (50% thermal ellipsoids), showing the in-
tramolecular O@H···O bond as dashed orange line. H-bonding details O@H
1.06(3) a, H···O 1.51(3) a, O···O 2.508(2), O@H···O 153(2)8. The angle of 478 is
the dihedral angle between the plane defined by the carbon atoms of the
9-hydroxyphenalenone fragment and the 5-anisyl moiety (See Supporting
Information Figure S1 for graphic with atom numbering; details of bond
lengths and angles are given in section 7.1 in the Supporting Information).

Figure 2. Sections of the packing diagram of 3a showing the (a) undulated
arrangement parallel to the bc-plane and (b) selected C@H···O interactions as
orange dashed lines (For detailed information p-stacking and C@H···O inter-
actions see section 7.1 in the Supporting Information).

Figure 3. Molecular structure of 3 i (50% thermal ellipsoids), showing the in-
tramolecular O@H···O bond as dashed orange line. H-bonding details O-H
1.02(4) a, H···O 1.55(4) a, O···O 2.504(2), O@H···O 152(3)8. The angle of 58 is
the dihedral angle between the plane defined by the carbon atoms of the
9-hydroxyphenalenone fragment and the pyrazolyl moiety (See Supporting
Information Figure S3 for graphic with atom numbering; details of bond
lengths and angles are given in section 7.2 in the Supporting Information).

Figure 4. Sections of the packing diagram of 3 i showing (a) the herring-
bone arrangement along the a-axis and (b) selected C@H···N and C@H···O in-
teractions as orange dashed lines. Symmetry transformations i=@1/2@x,
@1/2+y, 3/2+ z ; ii=1@x, 1@y, @1/2+ z.

Chem. Eur. J. 2017, 23, 10551 – 10558 www.chemeurj.org T 2017 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim10553

Full Paper

http://www.chemeurj.org


dation events fall too close to the margin of the measuring

window, and they were therefore neglected.
Compounds 3g and 3n behave slightly differently. By virtue

of the powerful 4-(bis(4-methoxyphenyl)amino substituent in

compound 3g no reduction potential can be found. However,
a unique Nernstian reversible oxidation potential E0=þ1

0 at

620 mV and an irreversible oxidation potential Eþ1=þ2
0 at

1330 mV can be determined. Compound 3n is conjugatively li-

gated by thiophene with a strong aniline donor. This particu-
larly electron rich system results in two reversible oxidation po-

tentials (E0=þ1
0 =650 mV and Eþ1=þ2

0 =1170 mV) and an irreversi-

ble oxidation wave Eþ2=þ3
0 at 1720 mV (Table 2).

Hammett correlation

The reduction potentials of compounds 3a–3e were correlated

with Hammett parameters for scrutinizing the influence of

polar substituents in para-position of aryl rings (Table 3). The
influence of the substituent is best reflected by a correlation

with sp (sp : R
2=0.863; sI : R

2=0.522; sR : R
2=0.611), which ac-

counts for both the inductive sigma constant sI and the reso-

nance sigma constant sR (sp=sI+sR).
[19] This can be interpret-

ed that the remote substituent operates by both resonance
and inductive mechanisms (Figure 6). The overall variation of

the reductive potential within a margin of 60 mV is, however,
quite small.

Photophysical properties

All conjugated 5-substituted 9-HP systems 3 are yellow to red

compounds and most of them show fluorescence in solution
upon irradiation with UV light. Therefore, the photophysical

properties were investigated by UV/Vis and static fluorescence
spectroscopy.

Figure 7 shows the normalized absorption and emission

spectra of the compounds 3a–3 f measured in acetonitrile. The
bathochromic shift of the longest wavelength absorption maxi-

mum and the emission maximum with increasing donor char-
acter of the remote substituent R1 is clear. The other two

maxima at shorter wavelengths are almost not affected by this
substituent.

All compounds show three distinct absorption maxima. The

shortest wavelength absorption maxima appear between 268–
302 nm with highest extinction coefficients e (e+
17400 Lmol@1cm@1). The second absorption maxima are locat-
ed between 305 and 378 nm. Whereas for some compounds

(3e, 3g, and 3 j) the maximum clearly consists of two transi-
tions others (3a, 3k, and 3 i) only display shoulders close to

Figure 5. Cyclovoltammogram of compound 3c, recorded in dichlorome-
thane T=293 K, electrolyte: [Bu4N][PF6] , Pt working electrode, Pt counter
electrode, Ag/AgCl reference electrode.

Table 2. Selected electronic properties of the 9-hydroxyphenalenone de-
rivatives 3.[a]

Structure E0=@1
0 E0=þ1

0 Eþ1=þ2
0 Eþ2=þ3

0

3a @1170 1530[b] – –
3b @1170 – – –
3c @1150 – – –
3d @1140 – – –
3e @1110 – – –
3 f @1230 – – –
3g – 620 1330[b] –
3h @1140 – – –
3i @1150 1490[b] – –
3j @1130 1550[b] – –
3k @1140 –[c] – –
3l @1120 –[c] – –
3m @1170 1360[b] – –
3n @1160 650 1170 1720[b]

[a] Recorded in dichloromethane, T=293 K, electrolyte: [Bu4N][PF6] , Pt
working electrode, Pt counter electrode, Ag/AgCl reference electrode,
E0= (Epa+Epc)/2 with [Fc]/[Fc]+ or [Me10Fc]/[Me10Fc]

+ as a standard. [b] Ir-
reversible maximum. [c] The irreversible maximum is at the edge of the
measurement range.

Table 3. Reduction potentials of the compounds 3a–3e and the sub-
stituents corresponding Hammett parameter.

E0=@1
0 sR

[20] sp
[20]

R1=4-OMe 3a @1170 @0.56 @0.27
R1=4-Me 3b @1170 @0.18 @0.17
R1=4-H 3c @1150 0 0
R1=4-CF3 3d @1140 0.15 0.54
R1=4-CN 3e @1110 0.16 0.66

Figure 6. Hammett correlation between the reduction potential and sp of
the compounds 3a–3e.
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the maxima. This absorption band has the second highest ex-

tinction coefficient, which lies between 9400–
19200 Lmol@1cm@1. The longest wavelength absorption maxi-

mum is between 421 and 486 nm—also this one can be found
split into two peaks or just appear as one with a shoulder

(Table 4)—with extinction coefficients between 2600–

7500 Lmol@1cm@1. This longest wavelength absorption maxi-
mum depends on the compound and its electronic structure,

so donor moieties have a larger bathochromic shift (e.g. 3a
and 3m) than acceptor substituted derivatives (e.g. 3d and

3e).

The emission maximum, which is found between 466 and
567 nm shows the same shift with quite high Stokes shifts.

Compound 3m displays the largest Stokes shift with
4100 cm@1 (lmax,em=567 nm), although all other Stokes shifts

are usually around 2000 cm@1. Only compound 3g is essentially
nonluminescent, presumably since the aryl rings are twisted

out of coplanarity. The fluorescence quantum yields of the 9-
hydroxyphenalenone derivatives 3 are highest for the 4-me-
thoxyphenyl, thiophene and pyrazole derivatives. They were

determined relative to coumarin 153 in methanol.
The bathochromic shift with increasing the donor character

in the fluorescence is shown in Figure 8. The emission color is
shifted from blue via yellow to orange.

In addition the base-induced halochromicity of the UV/Vis
absorptions of compound 3a was studied. Tetrabutylammoni-

um hydroxide·30H2O was chosen as a suitable base to deprot-
onate compound 3a.[22] The pH-value was successively in-

creased from pH 7.00 to 9.19 and the corresponding UV spec-

tra were recorded. Upon deprotonation a redshift of all absorp-
tion bands can be detected (Figure 9) and the pKa was deter-

mined to 8.91. In comparison to phenol (pKa=9.95 in H2O)
[23]

compound 3a is slightly more acidic. The influence of the sub-

stituents (donor and acceptor) on the pKa value is only margin-
al, that is, within a range of 0.1 pK units.

Figure 7. Selected normalized absorption (bold lines) and emission (dashed
lines) spectra of 9-hydroxyphenalenone derivatives 3a–3 f, recorded in
MeCN at T=298 K (c(3)=10@5m). Emission spectra were recorded with
lex=420 nm (c(3)=10@7m, standard for Ff : Coumarin 153 in MeOH,
lex=420 nm).

Table 4. Selected UV/Vis absorption and emission data of the 9-hydroxy-
phenalenone derivatives 3a–3m.

Cmpd. lmax,abs [nm] lmax,em [nm] Stokes shift Dv̄
(e [Lmol@1cm@1])[a] (Ff)

[b] [cm@1][c]

3a 456 (5400) 533 (0.19) 3200
3b 453 (6500) 490 (0.06) 1700
3c 427 (6400), 450 (6800) 478 (0.05) 1300
3d 423 (5200), 445 (5300) 466 (0.03) 1000
3e 423 (6800), 446 (7500) 466 (0.03) 1000
3 f 422 (6200), 455 (7100) 484 (0.05) 1800
3g 470 (2600) – –
3h 421 (6400), 444 (7000) 476 (0.05) 1500
3i 464 (5600) 520 (0.23) 2300
3j 462 (4700) 516 (0.24) 2300
3k 454 (4000) 533 (0.09) 3300
3l 457 (5900) 500 (0.25) 1900
3m 461 (4300) 567 (0.32) 4100
3n 486 (3700) 513 (0.05) 1100

[a] Recorded in acetonitrile, T=293 K, c(3)=10@5m. [b] Recorded in aceto-
nitrile, T=293 K, c(3)=10@7m, fluorescence quantum yield were deter-
mined relative to coumarin 153 in MeOH (Ff=0.45),[21] lex=420 nm.
[c] Dv̄=lmax,abs@lmax,em [cm@1] .

Figure 8. Fluorescence of selected 9-hydroxyphenalenone derivatives 3 in
acetonitrile (c(3)=10@5m, hand-held UV-Lamp, lex=365 nm).

Figure 9. Absorption spectra of 3a with successive addition of tetrabutylam-
monium hydroxide 30 H2O, recorded in MeCN:H2O (1:1) at T=298 K
(c(3)=10@6m).
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Computational studies

The ground state geometry of compound 3a was optimized
by DFT calculations using the program package Gaussian09

with the B3LYP functional[24] and the Pople 6–31+G* basis
set.[25] The polarizable continuum model (PCM) with acetoni-
trile as a solvent was implemented for later addressing the ab-
sorption and emission characteristics in solution.[26] All energy

minimum structures were unambiguously confirmed by analyt-

ical frequency analysis. The calculated ground state structure
of 3a is shown in Figure 7. The torsional angle between the 9-
hydroxyphenalenone and benzene moieties in solution is 388
and in good agreement with the crystal structure (q=458)
(Figure 10).

The first five excited states were calculated on the TD-DFT
level of theory by employing Gaussian09 with the B3LYP func-

tional,[24] the Pople 6–31+G* basis set[25] and the polarizable
continuum model (PCM) with acetonitrile[26] as a solvent for ra-

tionalizing the absorption characteristics. The experimental UV/

Vis absorption maxima are nicely reproduced by the calculated
data and allow the assignment of the optical transitions in the

absorption spectra (Table 5). Two of the calculated maxima are
found in the experimental spectra as shoulders and they are

therefore only given as a range. The most dominant contribu-
tion in the longest wavelength absorption band of arises from

the HOMO–LUMO transition (excited state 1). All other states

consist of two or three FMO transitions (excited states 2–5).
The calculated maximum of the fluorescence using Gaussi-

an09 with the B3LYP functional,[24] the Pople 6–31+G* basis
set[25] and the polarizable continuum model (PCM) with aceto-

nitrile as a solvent[26] is 556 nm. This is in reasonable agree-
ment with the experimentally determined value of 533 nm. For

its calculation only the S1 state was considered according to
Kasha’s rule.

As can be seen from the Kohn–Sham frontier molecular orbi-
tals (HOMO and LUMO) in Figure 11 the coefficient density is

distributed in the HOMO over the complete molecular frame-
work. The coefficient density in the LUMO in comparison is ex-

clusively localized in the 9-hydroxyphenalenone acceptor part

of the computed model compound 3a. All this indicates
a rather moderate charge transfer character of the first excited

state.

Hammett correlation

The absorption and emission maxima and the Stokes shifts of
the compounds 3a–3e were correlated with Hammett param-

eters, which should confirm the influence of the substituent in
para-position of the benzene ring (Table 6).[19]

The correlation of the resonance sigma parameter sR with
the absorption and emission maxima gave best regression co-
efficients with R2=0.924 for the absorption and R2=0.993 for

the emission (Figure 12).
The correlation with the other substituent Hammett parame-

ters gave lower regression coefficients (absorption: sp : R2=

0.892, sp R2=0.262; emission: sp : R2=0.682, sI : R2=0.059).

Figure 10. Optimized ground state and torsions angle q of 9-hydroxy-5-(4-
methoxyphenyl)-1H-phenalen-1-one 3a obtained by application of the po-
larizable continuum model (PCM) with acetonitrile as solvent (Gaussian 09
B3LYP/6–31+G*).

Table 5. TD-DFT calculated absorption maxima under specification of the most dominant contributions of compound 3a using the polarizable continuum
model (PCM) with acetonitrile as solvent (Gaussian 09 B3LYP/6–31+G*).

Excited state lmax,abs calcd. [nm] lmax,abs exp. [nm] Oscillator strength Dominant contributions

1 463 456 0.052 HOMO!LUMO 98%
2 356 358 0.185 HOMO@1!LUMO 87%

HOMO@2!LUMO 7%
3 334 335–346[a] 0.160 HOMO@2!LUMO 82%

HOMO@1!LUMO 6%
HOMO!LUMO+1 4%

4 284 280 0.999 HOMO!LUMO+1 92%
HOMO@2!LUMO 3%

5 269 255–270[a] 0.182 HOMO!LUMO+2 77%
HOMO!LUMO+3 14%
HOMO@3!LUMO+1 2%

[a] Shoulder of the next absorption maximum.

Figure 11. Selected Kohn–Sham frontier molecular orbitals of compound 3a
using the polarizable continuum model (PCM) with acetonitrile as solvent
(Gaussian 09 B3LYP/6–31+G*).
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This underlines that the absorption and emission strongly de-
pends on the resonance effect and not on the inductive effect,
but the excited state experiences a stronger influence by

donor substituents compared to the ground state. Expectedly,
the Stokes shifts also correlate nicely with the resonance pa-
rameter sR (R

2=0.964).

Conclusion

Suzuki coupling of 5-bromo 9-hydroxyphenalenone with (het-
ero)aryl boronates efficiently furnishes an electronically diverse
library of 5-(hetero)aryl substituted 9-HP derivatives, most re-

markably dispensing the hydroxyl group protection. Almost all
compounds display reversible reduction potentials, however,

upon donor-substitution additionally irreversible oxidation
waves can be identified. Absorption spectroscopy reveals three

major absorption bands around 280, 360, and 450 nm for most

derivatives as indicated by their yellow color. The longest
wavelength maximum can be shifted to red and purple by po-

sitioning of moderately, and even more so, of strongly elec-
tron-donating groups. In addition all compounds fluoresce in

solution with substantial quantum yields (up to 0.32). TD-DFT
calculations nicely reproduce the experimental results of the

absorption and emission spectroscopy and thereby rationalize

the characteristics of the electronic structure. The concise, effi-
cient synthesis gives access to a novel type of multifunctional

chromophores possessing in addition to tunable absorption
characteristics also emission and redox activity, as well as an

additional special feature by chelating hydroxyl and carbonyl

groups of the 9-HP acceptor moiety. Studies addressing the
syntheses of further 9-HP derivatives and coordination com-

pounds as well as investigations of the electronic properties
are currently underway.

CCDC 1530859 (3a) and 1530860 (3 i), respectively, contain
the supplementary crystallographic data for this paper. These

data are provided free of charge by The Cambridge Crystallo-

graphic Data Centre.

Experimental Section

Experimental Details

Typical procedure for the synthesis of 5-(hetero)aryl substituted
9-hydroxyphenalenone : In a Schlenk tube with magnetic stir bar
under nitrogen atmosphere 5-bromo-9-hydroxy-1H-phenalen-1-one
(1) (69 mg, 0.25 mmol, 1.00 equiv.) was dissolved in 1,4-dioxane
(1.5 mL) and deionized water (0.5 mL). Tetrakis(triphenylphospha-
ne)palladium(0) (29 mg, 10 mol%), NaHCO3 (52 mg, 0.63 mmol,
2.5 equiv.) and the boronic acid (2) (0.28 mmol, 1.1 equiv.) were
added and the reaction mixture was stirred at 100 8C (oil bath) for
18 h. After cooling to room temperature dichloromethane (5.0 mL),
deionized water (10 mL) and conc. aqueous HCl (2.0 mL) were suc-
cessively added. Then, the aqueous layer was extracted several
times with dichloromethane (3V10 mL). The combined organic
layers were dried (anhydrous magnesium sulfate), filtered, and the
solvents were removed in vacuo. The crude products were recrys-
tallized from acetonitrile and dried at 70 8C for 48 h under reduced
pressure to give the desired 9-hydroxyphenalenone derivatives 3.
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Table 6. Absorption and emission maxima and reduction potentials of
the compounds 3a–3e and the substituents corresponding Hammett pa-
rameter.

v̄max,abs

[cm@1]
v̄max,em

[cm@1]
Stokes shift Dv̄
[cm@1]

sR
[20] sp

[20]

R1=4-
OMe
3a

21900 18800 3200 @0.56 @0.27

R1=4-Me
3b

22100 20400 1700 @0.18 @0.17

R1=4-H
3c

22200 20900 1300 0 0

R1=4-CF3
3d

22500 21500 1000 0.15 0.54

R1=4-CN
3e

22400 21500 1000 0.16 0.66

Figure 12. Hammett correlation between the absorption (abs.) and emission (em.) maxima and the resonance sigma parameter sR of the compounds 3a–3e.
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