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Photochemical Reaction of Lucigenin: Electron-transfer Reduction of
10,10’'-Dimethyl-9,9’-biacridinediium by Counter Anions, followed by

Photocyclization

Koko Maeda,” Toshiko Miyahara, Tamako Mishima, Sachiko Yamada, and Yumiko Sano
Department of Chemistry, Faculty of Science, Ochanomizu University, Bunkyo-ku, Tokyo 112, Japan

Lucigenin (1) is a charge-transfer complex between 10,10'-dimethyl-9,9’-biacridinediium (DMBA2+)
and two nitrate anions. When the complex (1) was irradiated in the charge-transfer absorption band
(>510 nm) in deaerated solutions, DMBA2+ was converted into the reduced form, 10,10’-dimethyl-
9,9'-biacridylidene (2). On the other hand, irradiation of (1) with visible light (>420 nm) gave a red
product assumed to be 7,16-dimethylbenzo[1,2,3-k/:6,5,4-k'/'}diacridine (4). A mechanism is suggested
which involves electron-transfer photoreduction of DMBA2* by counter anions, followed by photo-
cyclization of (2) to give a dihydrophenanthrene-type intermediate (3), and subsequent dehydrogenation.

Lucigenin (1) is a charge-transfer (CT) complex between
10,10’-dimethyl-9,9’-biacridinediium (DMBA?2*) and two
nitrate anions; the cation also forms CT complexes with other
anions such as CI-, Br~, SCN~, and I~ showing the CT band
at wavelength longer than 500 nm.! The absorption intensity
of the CT band increases with decreasing solvent polarity, or
increasing concentration of the salt of DMBA?*, Addition of
nucleophiles such as OH~, CN~, OR~, and PhS~, of stronger
electron-donating power, to the solution of (1) results in
reduction of DMBA 2+ to give 10,10’-dimethyl-9,9’-biacridyl-
idene (2) by electron-transfer from the nucleophile.! We now
report the photolytic behaviour of the CT complex (1).
Irradiation of (1) in several solutions by visible light in the
absence of molecular oxygen or oxidizing agents afforded the
reduced compound (2) or a new red compound (4), depending
upon the wavelength of irradiation.

Results and Discussion

When a deaerated ethanolic solution (5 X 1075 mol dm™3) of
(1) was irradiated with visible light (>420 nm) at 20 °C, the
absorption spectrum gradually changed to that of (2), showing
a new maximum at 420 nm with decrease in absorption at
360 nm; however, an additional weak broad band around 500
nm was observed as shown in Figure 1(a). On further irradi-
ation, the colour of the reaction mixture changed from yellow
to red, and a new absorption maximum was observed at
520 nm. The photoreaction was also monitored by fluorescence
measurement. Lucigenin exhibits two fluorescence maxima, at
500 and 480 nm in ethanol under excitation at 430 nm. At the
first stage of the photoreaction of (1), the shape of the fluores-
cence spectrum became very similar to that of (2), with an
emission maximum at 500 nm. However, the maximum
gradually decreased during further irradiation and the
resulting red solution exhibited a new emission maximum at
545 nm, under excitation at 520 nm. The photoformation of
compound (4) from (1) proceeded much faster at 30 than at
20 °C.

Similar changes of absorption and fluorescence spectra were
also observed in other solvents such as Bu'OH, dimethyl-
formamide (DMF), and dimethyl sulphoxide (DMSO). On
irradiation of (1) in aqueous solution, absorption and fluores-
cence maxima gradually decreased; after about 50 h a yellow-
ish substance precipitated on the wall of the cell, but the red
product did not form. In a separate experiment (100 mg in
200 cm?3) the yellowish precipitate (8 mg) was collected and
identified as compound (2) by spectrophotometric measure-
ments in benzene. It seems that the insolubility of compound
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Figure 1. (a) The time-resolved absorption spectra of (1) (5 x 107*
mol dm™3) in EtOH under irradiation (>420 nm) at 20 °C: A, before
irradiation; B, after 145 min irradiation; C, after 260 min irradi-
ation; D, after 8 h irradiation. (b) The time-resolved absorption
spectra of (1) (§ x 107* mol dm™3) in DMF under irradiation (>510
nm) at 20 °C: A before irradiation; B, after 200 min irradiation;
C, after 16 h irradiation

(2) in H,O caused precipitation and suppressed the formation
of the red product (4). From these findings it was suggested
that photoreduction of (1) is the first step of the photoform-
ation of compound (4), and probably involves electron transfer
from the counter anions.

In order to confirm this suggestion, selective excitation of the
CT transition of (1) was carried out. A deaerated solution of
(1) in DMF (5 X 107 mol dm™) has the absorption spectrum
shown in Figure 1(b); no CT band is apparent at wavelengths
longer than 500 nm because of the low concentration of (1).
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Scheme 1.

However, on excitation in the CT absorption range by
light of wavelength longer than 510 nm, the spectrum of (1)
gradually changed to give one strongly resembling that of (2),
with an isosbestic point at 388 nm [Figure 1(b)]. After 16 h
irradiation no additional change of the spectrum was observed
under CT excitation. In a separate experiment, only two
compounds, (1) and (2), were detected on t.l.c. of the reaction
mixture. From the last spectrum (curve C) shown in Figure
1(b), the (2): (1) ratio was estimated to be about 3.5: 1. The
photoreduction of (1) was also monitored by measurement of
the fluorescence spectrum with excitation at 430 nm after each
irradiation. The positions of the fluorescence maxima of
(1) and (2) are almost identical (506 nm) in DMF; thus a shift
was not observed, although the intensity was enhanced as the
reduction proceeded. From these facts it was concluded that the
photoinduced electron-transfer reduction of DMBA 2* by the
counter anions occurred under charge-transfer excitation.
Although we could not detect any oxidized species formed
from the electron-donating anions, it seems reasonable to rule
out the involvement of ethanol in the photoreduction as
reported for one-electron photoreduction of bipyridinium
salts 2 in primary or secondary alcohols. A similar photo-
reduction by CT excitation was also observed for DMBA 2+2] -
in DMF or Bu'OH. The photoreduction is paralleled by the
chemical reduction of salts of DMBAZ2* by electron transfer
from nucleophiles !* or the electrochemical reduction **¢ to
give (2) as shown in Scheme 1. It is not clear whether the
photoreduced product (2) exists in the reaction mixture as a
diradical or as a species having a double bond between the
two ring systems; however, the precipitated (2) from the
aqueous solution exhibited e.s.r. signals showing presence of
the diradical. This strongly suggests the presence of the
diradical in the photoreduced compound (2) formed in the
organic solvents.

When the irradiation of (1) was carried out with light of
wavelength longer than 420 nm, which can be absorbed by the
reduced compound (2), further photoreaction occurs to give
compound (4) in situ. This process was confirmed by the
following reactions. Subsequent irradiation of the resulting
DMEF solution [curve C in Figure 1(b)] by light of wavelength
longer than 420 nm caused a further change in the absorption
spectrum, accompanied by a colour change in the solution.
The fluorescence intensity at 506 nm also decreased, with
appearance of a new emission maximum at 558 nm. After 2 h
irradiation maximal conversion into compound (4) was
obtained (monitored by intensity of the fluorescence at 558
nm). In the resulting red solution three main compounds (1),
(2), and (4) were detected by t.l.c. Compound (4) was also
produced by irradiation of compound (2) at wavelengths
longer than 420 nm in benzene at temperatures between 6 and
30 °C. Changes in the absorption spectrum of (2) (5 x 1075
mol dm™) under irradiation in deaerated benzene at 20 °C
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Figure 2. (a) The time-resolved absorption spectra of (2) (5 x 1075
mol dm™) in benzene under irradiation (>420 nm) at 20 °C: A,
before irradiation; B, after 30 min irradiation; C, after 2 h irradi-
ation. (b) Absorption (full curve) and fluorescence (broken line)
spectra of (4) (5.4 x 107> mol dm™) in benzene

are shown in Figure 2(a). During photolysis the fluorescence
maximum of (2) (excitation at 430 nm) at 503 nm decreased,
with appearance of a new emission band at 550 nm.

In order to determine the structure of compound (4), its
preparation from (1) (20 mg) was carried out in ethanol by
irradiation with a high-pressure mercury lamp at 30 °C under
nitrogen. The irradiation was continued for 9 h and monitored
fluorophotometrically until the fluorescence band at 545 nm
reached maximal intensity. Extended irradiation brought
about further change in the product (4). After the solvent had
been distilled off in vacuo the resulting reddish-brown residue
was purified by column chromatography. From the benzene
eluate compound (4) (1 mg) was obtained as red prisms. In
this photoreaction of (1), the formation of by-products
(probably oxidation products caused by molecular oxygen as
impurity, or oxidants formed from the electron-donating
nitrate anion) could not be excluded. Therefore, the yield of
(4) from (1) was not good. On the other hand, photolysis of (2)
in deaerated benzene at 30 °C gave the same product (4) in
good yield.

Compound (4) did not exhibit e.s.r. absorption and decom-
posed at 324 °C. Its absorption and fluorescence spectra in
benzene are shown in Figure 2(b). Elemental analysis and mass
spectrum [m/z 384 (M*)] gave the molecular formula
C,sH 0 N,, suggesting its formation by dehydrogenation from
(2). The 'H n.m.r. spectrum is shown in Figure 3(a). Com-
parison with the spectrum of (2) [Figure 3(b)], shows the
following changes: the N-methyl signal undergoes an upfield
shift from & 2.97 to 2.83, and the aromatic proton signals
spread over a wider range, indicating the formation of various
kinds (shielded and deshielded) of protons. The *C n.m.r.
spectrum of (4) showed only one methyl carbon signal (at
33.52 p.p.m.) and 13 kinds of aromatic ring carbon atom
(106.95—141.09 p.p.m.). It has been reported that dixanthyl-
ene’ and 10H,10'H-bianthrylidene ® undergo photocycliz-
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Figure 3. (a) '"H N.m.r. spectrum of (4) in C¢Ds. (b) *H N.m.r. spectrum of (2) in C¢D¢

ation to give dihydrophenanthrene-type compounds which
are transformed into the corresponding dehydrogenation
products, helixanthene, and helianthryl, respectively, on
addition of oxidizing agents. In view of these facts and of our
experimental results, it is considered that compound (4) is
a helixanthene-type product, 7,16-dimethylbenzo(1,2,3-k/:
6,5,4-k’l'Jdiacridine, formed from the dihydrophenanthrene-
type photocyclization product (3) as shown in Scheme 2.
Although the precursor (3) could not be detected in the

spectrophotometric measurements, dehydrogenation to give
(4) from (3) was assumed to proceed with greater facility with
oxygen (impurity) in the solution than in the formation of
helianthryl or helixanthene from the corresponding precursors.

The structure of compound (4) is supported by the following
observations. (a) In the mass spectrum the molecular ion peak
is the base peak, and a doubly charged molecular ion peak
[m/z 192 (M?**)] also appears. The fragmentation pattern is
very simple: the main fragment ions are only m/z 369 (40%),
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Figure 4. The doubly folded form (A) of (2)

and 354 (10%;), corresponding to loss of one and two methyl
groups, respectively. These facts reflect the great stability to
fragmentation of compound (4), as reported for acridines.’
(b) It has been reported that the lowest energy state of
compound (2) is a doubly folded form (denoted A) as shown
in Figure 4,'° which on irradiation at temperatures down to
—180 °C yields an isomer E (Scheme 3). During the A —» E
process an upfield shift of the N-methyl signal, and a downfield
shift of the 1,1’-, and 8,8-proton signals were observed,
resulting from removal of the diamagnetic shielding by the
opposite benzene ring.!! These observations are very similar to
the upfield shift of the N-methyl signals and downfield shift of
the aromatic ring proton signals in the transformation (2) —»
(4) already described above. In this reaction it is assumed that
the doubly folded compound (2) is converted into a configur-
ation similar to that of E, containing a coplanar phenanthrene
moiety. The suggested structure of compound (4) is consistent
with the following assignments for protons in the 'H n.m.r.
spectrum. The signal shifted downfield to 8 8.15 (2 H, dd, J 1.5
and 8 Hz), is considered to be due to the protons at the 3 and 4
positions (in the phenanthrene moiety). The signal shifted
upfield to 8 6.51 (2 H, d, / 8 Hz) can be assigned to the protons
at the 11- and 12-position, probably subject to anisotropic
shielding by the opposite aromatic rings of the phenanthrene
moiety.

Experimental

Measurements of u.v. spectra were carried out using a Shimazu
UV 200 spectrophotometer. Fluorescence spectra were
recorded with a Shimazu RF-510 fluorophotometer. N.m.r.
spectra (‘H and *C) were obtained with a JNM FX-400 or -200
spectrometer. The mass spectrum was run on a Hitachi
RMU 6MG spectrometer. Thermal gravity differential thermal
analysis (TGDTA) was performed with an ULVAC TGD-300
instrument with Al,O; as standard.
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Starting Materials.—Lucigenin (1) was synthesized by the
method of Decker and Dunnant *? from 10,10’-dimethyl-9,9’-
biacridylidene (2), prepared by reduction of N-methylacridone.
Purification was achieved by recrystallization from water and
then ethanol-methanol (1 : 1 v/v). Compound (2) was purified
by recrystallization from pyridine and then benzene.

Spectrophotometry.—The sample solution was introduced
into a long-necked square 10 mm path length cell clear on all
four faces. The solution was degassed by repeated freeze—
pump-thaw cycles. The sample was irradiated with a 500 W
xenon lamp using a Toshiba glass filter (Y-51 or L-42).

General Procedure for Preparation of 1,16-Dimethylbenzo-
(1,2,3-k1:6,5,4-k’'l'Idiacridine (4).—All irradiations were per-
formed on solutions (150 cm3) irradiated by a 400 W high-
pressure mercury lamp from inside the sample solution with-
out filter in a thermostatically controlled bath.

Isolation of the Compound (4) from (2).—A solution of
compound (2) (17 mg) in benzene was irradiated while
nitrogen was bubbled through at 30 °C. After 17 h irradiation,
the solution was distilled to dryness in vacuo under nitrogen.
The n.m.r. spectrum showed the ratio of (4) to (2) to be about
5.5:1. Repeated column chromatography on alumina with
benzene as eluant gave the product (4) as red prisms (8 mg,
47%), m.p. 324 °C (decomp.; from TGDTA); X, (CsHg)
520 (g 20 000 dm® mol™* cm™), 443 (8 600), 391 (9 100), and
321 nm (12 000); 8, (400 MHz; solvent C¢Ds; standard Me,Si)
2.83 (6 H, s, Me), 6.5—8.2 (14 H, m, Ar); dc (200 MHz;
solvent C¢Dg; standard Me,Si) 33.52 (Me), 106.95, 112.82,
114.16, 114.57, 120.25, 120.40, 125.0, 126.81, 127.78, 128.29,
128.68, 129.17, and 141.09 (Ar) (Found: C, 87.3; H, 5.15;
N, 7.15. CyHyN, requires C, 87.45; H, 5.25; N, 7.3%);
mfz 384 (M*, 100%;), 369 (40), 354 (10), and 192 (M?*+, 8).

Acknowledgements

We thank Professor Emeritus Taro Hayashi, Ochanomizu
University, for encouragement and help throughout this work,
and Professor Mamoru Ohashi and Dr. Shuzo Yamada, The
University of Electro-Communications, for the measurement
of the mass spectrum.

References
1 K. Maeda, K. Kashiwabara, and M. Tokuyama, Bull. Chem.
Soc. Jpn., 1977, 50, 473.
2 N. M. D. Brown, D. J. Cowley, and M. Hashmi, J. Chem. Soc.,
Perkin Trans. 2, 1979, 462.
3 K. Maeda and T. Hayashi, Bull. Chem. Soc. Jpn., 1967, 40, 169.
4 S. Wada, K. Maeda, and K. Nakada, Nippon Kagaku Kaishi,
1977, 639.
S E. Ahlberg, O. Hammerich, and V. D. Parker, J. Am. Chem.
Soc., 1981, 103, 844.
6 D. H. Evans and R. W. Busch, J. Am. Chem. Soc., 1982, 104,
5057.
7 R. Korenstein, K. A. Muszkat, M. A. Slifkin, and E. Fischer,
J. Chem. Soc., Perkin Trans. 2, 1976, 438.



J. CHEM. SOC. PERKIN TRANS. 11 1984

8 R. Korenstein, K. A. Muszkat, and E. Fischer, J. Chem. Soc.,
Perkin Trans. 2, 1971, 564.

9 R. G. Bolton, in * The Chemistry of Heterocyclic Compounds,’
Interscience, New York, 1973, vol. 9, p. 709.

10 R. Korenstein, K. A. Muszkat, and G. Seger, J. Chem. Soc.,
Perkin Trans. 2, 1976, 1536.

445

11 R. Korenstein, G. Seger, K. A. Muszkat, and E. Fischer, J.
Chem. Soc., Perkin Trans. 2, 1977, 550.

12 H. Decker and G. Dunnant, Ber. Dtsch. Chem. Ges., 1909, 42,
117.

Received 10th May 1983 ; Paper 3/738



