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Aza-BODIPY Derivatives: Enhanced Quantum Yields of Triplet Excited
States and the Generation of Singlet Oxygen and their Role as Facile
Sustainable Photooxygenation Catalysts
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Abstract: A new series of aza-
BODIPY derivatives (4a-4c¢, Sa,c, and
6b,c) were synthesized and their excit-
ed-state properties, such as their triplet
excited state and the yield of singlet-
oxygen generation, were tuned by sub-
stituting with heavy atoms, such as bro-
mine and iodine. The effect of substitu-
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eration when compared to the periph-
eral-substituted systems. The dye 6c,
which was substituted with six iodine
atoms on the core and peripheral
phenyl ring, showed the highest quan-
tum yields of the triplet excited state
(®1+=0.86) and of the efficiency of sin-
glet-oxygen generation (@,=0.80). In-

terestingly, these dyes were highly effi-
cient as photooxygenation catalysts
under artificial light, as well as under
normal sunlight conditions. The
uniqueness of these aza-BODIPY sys-
tems is that they are stable under irra-
diation conditions, possess strong red-
light absorption (620-680 nm), exhibit

tion has been studied in detail by vary-
ing the position of halogenation. The
core-substituted dyes showed high
yields of the triplet excited state and
high efficiencies of singlet-oxygen gen-

Introduction

Singlet oxygen, O,('A,), which is the lowest excited electron-
ic state of molecular oxygen, is a reactive species in a wide
range of chemical- and biological processes.['! It has the abil-
ity to interrupt cellular functions in living organisms and ex-
hibits high chemical reactivity toward most organic mole-
cules owing to the spin-allowed nature of its reactions. The
quantitative generation of singlet oxygen (®,) is one of the
most-important requirements for an efficient photosensitiz-
er,”! because it is thought that biological damage by singlet
oxygen and the subsequent oxidation of tissue through
direct attack on biological substrates is responsible for the
success of photodynamic therapy (PDT).”! Most of the pho-
tosensitizers that have either been approved for clinical use
or are in various phases of clinical trials have a common
cyclic tetrapyrrolic structure that is derived from porphyrins.
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high yields of singlet-oxygen genera-
tion, and act as efficient and sustaina-
ble catalysts for photooxygenation re-
actions.

dyes/

Various non-porphyrinic systems have also been investigat-
ed, including rose bengal, methylene blue, Nile blue, Nile
red, chalcogenopyrylium salts,” squaraine dyes,”! etc. How-
ever, these classes of photosensitizers possess major draw-
backs, such as inherent dark toxicity and low absorption in
the NIR region. In addition to applications in PDT, singlet
oxygen can mediate a wide range of reactions, such as the
photooxygenation of organic substrates.”l However, the high
energy demand of most common artificial light-sources has
limited the use of photochemical methods in industrial ap-
plications.”’ To overcome this disadvantage, sunlight (either
direct or focused) has received recent attention as a sustain-
able light source for such applications.”

Recently, the chemistry of dipyrromethene ligands has at-
tracted much attention owing to their inherent ability to
form stable coordination complexes.”! The conjugated m-
system in these ligands endows the complexes with favora-
ble optical properties, such as intense absorption with high
molar absorption coefficients (¢>10*m'cm™') and moder-
ate-to-quantitative fluorescence quantum yields."'” Among
these compounds, boron complexes, such as 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacenes (abbreviated as BODIPYs),
hold great promise as ideal sensitizers owing to their favora-
ble properties.!!! These systems exhibit strong absorption in
the range 500-600 nm, as well as significant fluorescence
quantum vyields and high photostability."” In contrast, aza-
dipyrromethenes and their boron complexes (aza-BODI-
PYs) show around 100 nm bathochromically shifted absorp-
tion when compared to BODIPYs; these systems have at-
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tracted less attention and have only been studied in the last
decade.l*13-1

With the objective of developing new and efficient photo-
sensitizers that exhibit near-infrared absorption, we designed
a new series of aza-BODIPY derivatives and investigated
their photophysical properties under different conditions. In-
terestingly, the triplet excited state, as well as the efficiencies
of singlet-oxygen generation, of these aza-BODIPY deriva-
tives could be successfully tuned from about 1% to 86 %
through judicial heavy-atom substitution. Moreover, for the
first time, we explored the potential use of these aza-
BODIPY derivatives as catalysts for photooxygenation reac-
tions. When compared to other commonly used sensitizers,
like tetraphenylporphyrin (TPP), rose bengal (RB), and
methylene blue (MB),'® derivative 6b, which contained
four iodine atoms and two bromine atoms, was quite effi-
cient in photooxygenation reactions, thus making it attrac-
tive as a catalyst for “sustainable photooxidation”.

Results and Discussion

Synthesis and characterization: The strategy that was adopt-
ed for the synthesis of various aza-BODIPY derivatives
(4a—4c, Sa,c, and 6b,c) is shown in Scheme 1. Compounds
4a-4c were synthesized in a facile three-step route starting

_CINO, U NH,OAc

2
()
X DEA CH;0H X C» sOH, 48 h

24 h, reflux 80 °C
la-¢ 2a-¢

() ()
TEA, BF; -OEt,
\ NH \I‘ Toluene 80 °C

3a-c

b) R = CHj; X = Br;
¢)R=CHy; X =1

5a,c 6b,c

Scheme 1. Synthesis of aza-BODIPY derivatives 4a—4c¢, Sa,c, and 6b,c.
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from chalcones 1a-1¢. The addition of nitromethane to the
chalcones in the presence of diethylamine gave the addition
products (2a-2¢) in 75-80% yield. Subsequently, the con-
densation products (3a-3¢) were prepared by heating a mix-
ture of compounds 2a-2¢ and ammonium acetate at reflux
in EtOH for 48 h. The product that precipitated during the
reaction was filtered and recrystallized to yield compounds
3a-3c¢ (40-50%), which had a violet metallic luster. Aza-di-
pyrromethenes 3a-3¢ were subsequently converted into the
target aza-BODIPY derivatives (4a—4¢, 65-70%) by heat-
ing compounds 3a-3¢ with boron trifluoride diethyl ether-
ate and triethylamine at reflux in toluene for 5 h.

The iodination of aza-BODIPY derivatives 4a—4¢ was
achieved by using N-iodosuccinimide (NIS) in a mixture of
CHCI; and acetic acid (3:1). When 2.5 equivalents of NIS
was used, we isolated compounds 5a,c (60-65% yield),
which were only iodinated at the core of the pyrrole ring.
On the other hand, when the iodination was carried out
with 4.5 equivalents of NIS under similar conditions, tetraio-
do aza-BODIPY derivatives 6b,¢c were obtained in 65-68 %
yield (after column chromatography on silica gel). All of
these products were recrystallized from toluene and charac-
terized by using analytical- and spectroscopic data (see the
Supporting Information, Figures S1-S4).

Absorption and fluorescence properties: The starting aza-di-
pyrromethenes (3a-3¢) showed absorption in the red region
(610-625 nm) with molar extinction coefficients in the range
3-7x10°m'cm™ (see the Supporting Information, Fig-
ure S5). Interestingly, in the case of aza-BODIPY deriva-
tives 4a-4¢, we observed a bathochromic shift of about 50—
60 nm in their absorption spectra (Figure 1 A). When com-
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Figure 1. A) Absorption and B) fluorescence spectra of representative
aza-BODIPY derivatives 4b, 5¢, and 6¢ in DMSO; excitation wave-
length: 650 nm.

paring the iodinated systems, core-substituted derivatives Sa
and Sc showed blue-shifted absorption maximum at 660 and
670 nm, respectively, whilst derivatives 6b,c, which had sub-
stitution both at their periphery and in core, exhibited an
absorption maximum at 666 and 676 nm, respectively. All of
these derivatives exhibited good solubility in common or-
ganic solvents, such as CHCl;, CH;CN, THF, DMSO, and
DMF.

Figure 1B shows the fluorescence spectra of the corre-
sponding aza-BODIPY derivatives in DMSO. The aza-dipyr-
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romethene derivatives (3b,c) showed an emission maximum
between 650 and 665 nm (see the Supporting Information,
Figure S5B). In contrast, aza-BODIPYs 4-6 exhibited emis-
sion in the range 690-770 nm with a large Stokes shift of
about 530-1730 cm™'. These derivatives showed quenched
fluorescence because of the presence of heavy atoms, such
as bromine and iodine. The absorption- and fluorescence
emission properties of these derivatives are summarized in
Table 1.

Table 1. Photophysical properties of aza-BODIPY derivatives 4-6.1*"

Compound A, [nm] Dem Tr @4 @,

(e x104H [nm]  [ps]
4a 680 (5.94+0.06) 772 28 0.01(+£0.002) 0.009(=+0.001)
4b 664 (3.84+0.15) 701 44 0.07(+0.002) 0.012(=£0.003)
4c 675 (5.24+0.04) 710 7.8 0.08(£0.001) 0.02(+0.003)
5a 660 (83+0.02) 706 19 0.68(£0.02) 0.65(0.02)
5¢ 670 (7.1+0.11) 695 1.8 0.70(+0.03) 0.68(+0.03)
6b 666 (6.9+0.05) 694 1.5 0.78(+0.02) 0.70(£0.03)
6c 676 (4.9+0.07) 712 1.6 086(£0.03) 0.80(+0.02)

[a] Average of more than three experiments; [b]in DMSO; [c]in
M 'em™'; [d] yields were calculated by using the triplet-triplet energy-
transfer method; [e] quantified through scavenging of 'O, by DPBF.

Characterization and quantification of the triplet excited
states: To characterize the transient intermediates, such as
triplet excited states, that were involved in these systems, we
performed nanosecond-laser flash photolysis studies.
Figure 2 shows the transient absorption spectra of com-
pounds 6b and 6¢ in DMSO after laser excitation (355 nm,
10 ns, 50 mJ per pulse). Excitation of compound 6b afforded
transient absorption peaks at 320 and 510 nm with bleach in
the region that corresponded to its ground-state absorption.
The transient intermediate formed from compound 6b
within the laser pulse decayed by a first-order process and
led to recovery of the ground-state absorption (Figure 2 A,
inset), thereby ruling out the formation of any permanent
products and/or degradation of the dye under these condi-
tions. This transient absorption was readily quenched by the
dissolved oxygen, thus suggesting that the transient species
may be due to the triplet excited state.’*'*) A similar transi-
ent absorption spectrum, with bands at 330 and 520 nm, was
obtained in the case of compound 6¢ upon laser excitation
at 355 nm (Figure 2B). On the other hand, core-substituted
derivatives Sa and Sc¢ showed a transient absorption maxi-
mum at 460 nm (see the Supporting Information, Figures S6
and S7), whilst non-iodinated dyes 4a, 4b, and 4c¢ showed
transient absorption maxima at 450, 430, and 460 nm, re-
spectively. The triplet quantum yields of these derivatives
were determined (Table 1) by using triplettriplet energy-
transfer to f-carotene with a tris(bipyridyl)ruthenium(II)
complex as a reference.”

Non-halogenated dye 4a exhibited a low quantum yield
of the triplet excited state (&;=0.01), with a lifetime of
28 us, whilst bromo- and iodo derivatives 4b and 4¢ showed
relatively higher yields of the triplet excited states (about
0.07 and 0.08, respectively). Notably, when the pyrrole ring
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Figure 2. A) Transient absorption spectra of compound 6b, following
laser-pulse excitation at 355 nm; time-resolved absorption spectra record-
ed at (a) 0.1, (b) 0.4, (c) 1, (d) 2, (e) 4, and (f) 10 ps. Inset: decay of the
transient at 510 nm. B) Transient absorption spectra of compound 6¢, fol-
lowing laser-pulse excitation at 355 nm; time-resolved absorption spectra
recorded at (a) 0.1, (b) 0.5, (¢) 1, (d) 2, (e) 5, and (f) 10 ps. Inset: decay of
the transient at 520 nm.

was iodinated (core-substitution), we observed quantitative
yields of the triplet excited states. Thus, we obtained @;=
0.68 and 0.70 for compounds 5a and Sc, respectively. Inter-
estingly, when the core of the pyrrole and the peripheral
phenyl ring were substituted with iodine atoms, we observed
a significant enhancement in the triplet quantum yields
(@1=0.78 and 0.86), with lifetimes of 1.5 and 1.6 ps for com-
pounds 6b and 6¢, respectively. Thus, through changing the
substitution pattern, we could tune the triplet excited quan-
tum yields of the aza-BODIPY derivatives from about 1%
to as high as 86 % for use in potential applications.

Quantification of singlet-oxygen generation: Enhanced trip-
let quantum yields are favorable for the efficient generation
of singlet oxygen and, hence, we examined the efficiency of
photosensitized singlet-oxygen generation by these systems.
The quantum yields of singlet-oxygen generation were de-
termined by monitoring the photooxidation of 1,3-diphenyli-
sobenzofuran (DPBF) through absorption spectroscopy.””!
For this purpose, a solution of the aza-BODIPY derivative
and DPBF was irradiated by using a 630 nm long pass over
a time period of 6-600s and a decrease in the absorption
band (about 10%) of DPBF at 418 nm was observed (Fig-
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Figure 3. A) Absorption spectra of diphenylisobenzofuran (DPBF) upon
irradiation in the presence of compound 6¢; (a) 0 and (b) 8's (recorded
at 2 s intervals). B) Plot of the change in absorbance of DPBF at 418 nm
versus irradiation time (4;,=630 nm) in the presence of compound 6¢
and methylene blue (MB) as a standard in DMSO.

ure 3A). The yields for the generation of singlet oxygen
were calculated by using a standard, methylene blue (MB),
by plotting the optical-density difference (AOD) value of
DPBF against the irradiation time (Figure 3B). The aza-di-
pyrromethene compounds (3a-3¢) showed negligible effi-
ciency for singlet-oxygen generation; in contrast, non-negli-
gible singlet-oxygen quantum yields of about 0.009 and
0.012 were observed for dyes 4a and 4b. The quantum yield
for singlet-oxygen generation increased to about 0.02 by the
replacement of bromine with iodine, as in the case of com-
pound 4c.

The aza-BODIPY derivatives 5a,c and 6b,c, which had
core-iodo substitution, showed expectedly good-to-quantita-
tive yields of singlet-oxygen-generation efficacy. For exam-
ple, derivative 5a, which has two iodine atoms at the core of
the pyrrole, exhibited a singlet-oxygen quantum yield of
about 0.65 (see the Supporting Information, Figure S8),
whereas compound Se, with two core iodine atoms and two
peripheral iodine atoms, showed a quantum yield of about
0.68. On the other hand, dye 6b, which contained four
iodine atoms and two bromine atoms, showed a quantum
yield for singlet-oxygen generation of about 0.70, whereas
derivative 6¢, which contained six iodine atoms, showed the

4a
(1% 0.9%)

Efficiency (%) of (¢; §p)

Se
(70% 68%)

highest quantum yield of about 0.80 when compared with
the standard MB (@, =0.52).”" The resistance of these dyes
to photobleaching was investigated by irradiating an
oxygen-saturated solution of the dyes for 2 h. We observed
negligible changes in their absorption spectra, thus confirm-
ing the stability of the aza-BODIPY derivatives under these
conditions.

Tuning the singlet-oxygen generation of the aza-BODIPY
derivatives: The efficiency of singlet-oxygen generation of
the aza-BODIPY derivatives could be tuned by suitably in-
corporating heavy atoms, such as bromine and iodine, at
their core, as well as on the peripheral phenyl rings. We ob-
served negligible singlet-oxygen generation for un-substitut-
ed aza-BODIPY 4a, which, upon bromination and iodina-
tion, showed improved yields of singlet-oxygen generation.
The enhancement of singlet-oxygen generation depended on
the halogenation of the parent dye and on the heaviness of
the substituent. A comparison between the peripheral
phenyl rings of bromo- and iodo-substituted dyes 4b and 4c,
and that of unsubstituted dye 4a, showed marginal improve-
ments of about 0.3% and 1.1 % in the efficiency of singlet-
oxygen generation, respectively (Scheme 2). In contrast, the
core-substitution of the aza-BODIPY dyes had a significant
influence on the efficiency of singlet-oxygen generation. For
example, core-iodinated dyes Sa and 5c¢ showed about 64 %
and 66 % enhancement in the yields of singlet oxygen com-
pared to parent dyes 4a and 4¢, respectively.

An interesting observation is the additive effect that was
observed for iodination at the core, as well as on the periph-
eral phenyl rings, of these compounds. For example, com-
pound 6b, which was substituted at its core and also on its
two peripheral phenyl rings, showed about 68 % enhance-
ment in singlet-oxygen generation compared to bromo-sub-
stituted dye 4b. Similar observations were made with com-
pound 6¢, which contained two iodine atoms in the core and
four iodine atoms on the peripheral phenyl rings. This com-
pound showed the highest additive effect and exhibited an

I Ny-9 Coreand ~9-
=~ peripheral |
A iodination

Core and

) ; P
 peripheral
iodination

—_—

(8%; 2%) (86%; 80%)

Scheme 2. Tuning the quantum yield of the triplet excited state (@) and singlet-oxygen generation (@,) of the aza-BODIPY derivatives.
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enhancement of about 78 % singlet-oxygen-generation effi-
ciency compared to compound 4¢. When we compared com-
pounds 6b and 6¢, which only differed in the nature of the
peripheral halogen atoms (bromine versus iodine), we ob-
served an approximate 10% enhancement in the singlet-
oxygen yield of compound 6¢ compared to compound 6b.
Similarly, a difference of about 10-12% was observed be-
tween compounds 5S¢ and 6¢ (Scheme 2). These results dem-
onstrate that the halogenation of the peripheral phenyl rings
of the aza-BODIPYs only afford a marginal improvement
(about 10-15%) in the quantum yields of singlet-oxygen
generation. In contrast, a significant enhancement of about
65-70% was observed in the efficiency of singlet-oxygen
generation of the aza-BODIPY systems when the core pyr-
role rings were substituted with halogen atoms.

Photooxygenation reactions with aza-BODIPY derivatives:
Because the aza-BODIPY derivatives showed high efficien-
cy for singlet-oxygen generation, it was of interest to explore
their use as photooxygenation catalysts. Thus, as a represen-
tative example, we carried out the photooxidation of a
common, well-known substrate, 1-naphthol, to afford 1,4-
naphthaquinone, with aza-BODIPY 6b (Table?2). The

Table 2. Photooxygenation of 1-naphthol into 14-naphthaquinone by
using various sensitizers and sources of light in MeCN.

Yield (%)

Sensitizer @,

200 W Hg Sunlight (di- Sunlight (focu-
lamp!®! rect)’ sed)

6b 0.70 100 100 100

TPP 0.74 40 40 60

MB 052 26 38 40

RB 0.79 20 24 20

[a] Average of more than three experiments. The yields of singlet-oxygen
generation with TPP, MB, and RB are taken from reference [7]; energy
of the output light was measured by an Oriel photodiode (Model 7072).
[b] 8 h, 6-8 mlJ. [c] 1 h, 20-25 mJ. [d] 0.5 h, 200-220 mlJ.

reason for choosing compound 6b was due to its high photo-
stability and good solubility in common organic solvents
among the aza-BODIPY derivatives, as well as owing to its
comparable singlet-oxygen-generation efficiency to that of
standard sensitizers, such as TPP, MB, and RB.” The photo-
oxygenation reaction was carried out with various sensitizers
and aza-BODIPY 6b under identical conditions with three
different irradiation light sources: 1)200 W Hg lamp
(energy of the output light: about 6-8 mJ); 2) direct sunlight
(Trivandrum, India, November-December 2011, 8.5°N
76.9°E, 5m above sea level, energy of output light: about
20-25mJ); and 3) focused sunlight by using a convex lens
(location as above and energy of output light: about 200-
220 mJ). The progress of the photooxygenation reaction was
analyzed by thin layer chromatography, NMR spectroscopy,
and GC.

The preparative photooxygenation reaction was carried
out by irradiating a solution of 1-naphthol (0.2 mmMm) in
MeCN (3 mL) in the presence of various sensitizers (2 um).
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The solution was continuously flushed with a stream of
oxygen throughout the irradiation. The progress of the reac-
tion was monitored at 15 min intervals by TLC and quanti-
fied by NMR spectroscopy and GC by using naphthalene as
an internal standard. After a fixed illumination time of 8 h
under a 200 W Hg lamp, analysis of the reaction mixture by
GC, TLC, and 'H NMR spectroscopy showed approximately
100% conversion into 1,4-naphthaquinone in the presence
of compound 6b as the sensitizer. In contrast, under similar
conditions, common sensitizers, such as TPP, MB, and RB,
showed very low conversion efficiencies of about 40%,
26 %, and 20 %, respectively (Table 2). When we carried out
the same reaction in direct sunlight, the reaction required
about 1 h for 100 % conversion of 1-naphthol into 1,4-naph-
thoquinone to occur in the presence of compound 6b,
whereas TPP, MB, and RB showed less than 50% conver-
sion efficiency under these conditions (Scheme 3). Further-

- ,WX (

l6b*
l > 630 nm
Scheme 3. Photooxygenation of 1-naphthol by using aza-BODIPY 6b.

more, to understand the effect of the intensity of light on
the efficiency of the reaction, we carried out the photooxy-
genation reaction under focused sunlight, as reported previ-
ously.” Interestingly, aza-BODIPY derivative 6b exhibited
much-improved efficiency and only required about 30 min
irradiation to achieve 100 % conversion into 1,4-napthoqui-
none.

Known sensitizers, such as TPP, MB, and RB, showed
lower conversion efficiencies than compound 6b (Table 2),
although they had comparable singlet-oxygen efficiencies.
One of the reasons for this observation could be due to
their poor photostability under the irradiation conditions.
As reported previously, TPP, MB, and RB showed a non-
negligible decrease in absorbance with irradiation time.*
On the other hand, aza-BODIPY derivative 6b showed high
efficiency and exceptionally high photostability for more
than 8 h (see the Supporting Information, Figure S10), thus
demonstrating its superiority over the currently used sensi-
tizers for photooxygenation reactions. Moreover, photooxi-
dation by aza-BODIPY 6b can be carried out effectively by
using direct sunlight as the light source. Hence, the energy
demand of the entire reaction is extremely low compared to
the standard laboratory oxidation reactions and the reac-
tions with photochemical reactors. Therefore, this reaction
exemplifies an “efficient, sustainable photochemical reac-
tion” and aza-BODIPY derivative 6b as an attractive “sus-
tainable catalyst” for photooxygenation reactions.
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Conclusion

In conclusion, we have developed a series of new aza-
BODIPY dyes by using a high-yielding synthetic route and
investigated their efficiencies as catalysts for photooxygena-
tion reactions. All of these derivatives showed strong ab-
sorption in the red region with high molar-extinction coeffi-
cients. The substitution of these derivatives with heavy
atoms at their core, as well as at their periphery, resulted in
a significant enhancement in their intersystem-crossing effi-
ciency. The triplet excited state and the efficiency of singlet-
oxygen generation of these systems could be tuned from
about 1% to as high as 86%. For the first time, we investi-
gated the potential use of these aza-BODIPY derivatives as
catalysts in photooxygenation reactions, in particular, in the
conversion of 1-naphthol into 1,4-naphthaquinone by using
artificial light, as well as natural sunlight. Our results dem-
onstrate that these new aza-BODIPY derivatives exhibit fa-
vorable photophysical properties, including strong NIR ab-
sorption and high singlet-oxygen-generation efficiency; thus,
these compounds have potential applications as sensitizers
in photodynamic therapy and as sustainable photooxygena-
tion catalysts.

Experimental Section

General techniques: Melting points were determined on a Mel-Temp IT
melting point apparatus.’® IR spectra were recorded on a Perkin-Elmer
Model 882 IR spectrometer. The electronic absorption spectra were re-
corded on Shimadzu UV-3101 or -2401 PC UV/Vis/NIR scanning spectro-
photometer. The fluorescence spectra were recorded on a SPEX-Fluoro-
log F112X spectrofluorimeter. 'H NMR and *C NMR spectroscopy were
performed on a 500 MHz Bruker advanced DPX spectrometer. All sol-
vents were purified and distilled before use. The fluorescence quantum
yields were measured according to relative methods by using optically
dilute solutions.

Quantification of the triplet-state properties: Nanosecond-laser flash
photolysis experiments were performed on an Applied Photophysics
model LKS-20 laser kinetic spectrometer by using an OCR-12 Series
Quanta Ray Nd:YAG laser. The analyzing- and laser beams were fixed
at right angles to one another. The laser energy was 64 mJ at 355 nm.
The triplet yields (@) of the aza-BODIPY derivatives were measured
according to a literature procedure of energy-transfer to f-carotene by
using [Ru(bpy);]** as a reference compound." For these experiments,
optically matched (355nm) solutions of [Ru(bpy);]** or the aza-
BODIPY derivatives were mixed with a known volume of f-carotene sol-
ution (end concentration of B-carotene: 2.0x 10 *m). The transient ab-
sorbance (AA) of the B-carotene triplet, which was formed by energy-
transfer from [Ru(bpy);]** or the aza-BODIPY triplet, was monitored at
510 nm. Comparison of the plateau absorbance, following the completion
of sensitized-triplet formation, properly corrected for the decay of the
donor triplets in competition with energy-transfer to -carotene, enabled
us to estimate the @y values of the BODIPY derivatives, according to
Equation (1), where superscripts “bod” and “ref” designate the different
aza-BODIPY derivatives and [Ru(bpy);]**, respectively, ko, is the
pseudo-first-order rate constant for the growth of the f-carotene triplet,
and k, is the rate constant for the decay of the donor triplets (in the ab-
sence of B-carotene) in solutions that contained [Ru(bpy),]** or the aza-
BODIPY dye at the same optical density (OD) as those used for sensiti-
zation.
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The direct excitation of f3-carotene did not result in any significant trip-
let-formation under these experimental conditions, because of negligible
yield of the triplet state. The @' value in MeOH for [Ru(bpy);]** was
taken to be unity. The @ data that were obtained in this manner are reli-
able to the extent to which the assumption regarding 100 % efficiency of
energy-transfer to f-carotene is valid.

Quantification of singlet-oxygen generation: Singlet-oxygen-generation
studies were performed with a 200 W mercury lamp (model 3767) light
source on an Oriel optical bench (model 11200) with a grating monochro-
mator (model 77250). The intensity of the light was kept constant
throughout the irradiations by measuring the output with an Oriel photo-
diode detection system (model 7072). Quantum yields for singlet-oxygen
generation (in DMSO) were determined by monitoring the photooxida-
tion of DPBF that was sensitized by the aza-BODIPY derivatives. DPBF
is a convenient acceptor because it absorbs in a region of dye-transparen-
cy and rapidly scavenges singlet oxygen to give colorless products. This
reaction occurs with little-or-no physical quenching. The quantum yields
of singlet-oxygen generation were measured at low dye concentrations
(optical density: 0.2-0.3 at irradiation wavelengths > 630 nm) to minimize
the possibility of singlet-oxygen quenching by the dyes. The photooxida-
tion of DPBF was monitored between 2 s and 2 min, depending on the
efficiency of the dye sensitizer. No thermal recovery of DPBF (from a
possible decomposition of the endoperoxide product) was observed
under these experimental conditions. The quantum yields of singlet-
oxygen generation (@['O,]) were calculated by a using relative method
with optically matched solutions and by comparing the quantum yield of
the photooxidation of DPBF that was sensitized by the dye of interest to
the quantum yield of MB (®['0,]=0.52) as a reference compound?!! ac-
cording to Equation (2), where superscripts “bod” and “MB” denote aza-
BODIPY derivatives and MB, respectively, @, is the quantum yield of
singlet oxygen, “m” is the slope of a plot with a difference in the change
in the absorbance of DPBF (at 418 nm) with the irradiation time, and
“F” is the absorption correction factor, which is given by F=1-10—OD
(OD at the irradiation wavelength).

mhodFMB

mMB Fbod

A _ s @)

Photooxygenation reactions: Photolysis was performed with a 200 W
Mercury lamp (model 3767) light source. The intensity of the output light
was kept constant (5-6 mJ) throughout the irradiations by measuring the
output with an Oriel photodiode detection system (model 7072). Appro-
priate filters were used to avoid the photobleaching of the dyes owing to
direct exposure to UV light. All of the experiments gave satisfactory re-
sults within reasonable periods of time without the formation of any no-
ticeable side-products. The Oriel photodiode detection system (model
7072) was also used to measure the output intensity of the sunlight. All
the sensitizers were kept in round-bottomed flasks made of glass, which
can absorb UV light and could therefore prevent the photobleaching of
the dyes.

Materials and methods: Starting materials 3,5-dimethoxybenzaldehyde,
4-bromoacetophenone, 4-iodoacetophenone, nitromethane, diethylamine,
ammonium acetate, boron trifluoride diethyl etherate, triethylamine, N-
iodosuccinimide (NIS), methylene blue (MB), rose bengal (RB), 1-naph-
thol, and B-carotene were purchased from Aldrich and S.D. Fine Chemi-
cals, India. 1,3-Diphenylisobenzofuran (DPBF) was recrystallized from a
mixture of EtOH/CHCI; (1:1). 3-(3,5-Dimehoxyphenyl)-1-phenylprop-2-
en-1-one (1a; m.p. 81-82°C, mixture m.p. 80-82°C),** 4-bromophenyl-3-
(3,5-dimethoxyphenyl)prop-2-n-1-one (1b; m.p. 86-87°C, mixture m.p.
86-88°C)," and 4-iodophenyl-3-(3,5-dimethoxyphenyl)prop-2-n-1-one
(1c; m.p. 86-87°C, mixture m.p. 86-88°C),** 3-(3,5-dimethoxyphenyl)-4-
nitro-1-phenylbutan-1-one (2a, viscous liquid),'*! and 1-(4-bromophen-
yl)-3-(3,5-dimethoxyphenyl)-4-nitrobutan-1-one (2b, viscous liquid)!'*!
were synthesized according to modified literature procedures.
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Synthesis of compound 2c¢: To a solution of compound 1¢ (5.76 mmol) in
MeOH (80 mL) was added diethyl amine (4mL) and nitromethane
(2mL) and the mixture was heated at reflux for 24 h. The mixture was
neutralized with 1 M HCI and extracted with CHCl;. Removal of the sol-
vent gave a residue that was purified by column chromatography on
silica gel (EtOH/n-hexane, 1:9) to afford compound 2¢.

2¢: 75% yield; '"H NMR (CDCl,, 500 MHz): 6=7.83 (2H, d, J=8.5 Hz),
7.62 (2H, d, J=8.5Hz), 6.40 (2H, d, J=2Hz), 6.39 (1H, t, J=2.5Hz),
4.79 (1H, q), 4.67 (1H, q), 4.15 (1H, m), 3.76 (6 H, s), 3.43 ppm (2H, m);
BCNMR (CDCl,, 125 MHz): 6=196.2, 161.2, 141.3, 138.1, 135.6, 129.4,
101.7, 99.3, 79.3, 534, 41.4, 393 ppm; IR (KBr): 7=1685, 1586,
1208 cm™'; MS (FAB): m/z caled for C;gHjINOs: 456.032; found:
456.513.

General procedure for the synthesis of compounds 3a-3c¢: Nitromethane
derivatives 2a-2¢ (2.45 mmol) and ammonium acetate (7.6 g, 95 mmol)
were dissolved in EtOH (20 mL) and heated at reflux for 48 h. The pre-
cipitated product was filtered, washed with cold EtOH, dried, and recrys-
tallized from CHCI; to give compounds 3a-3¢ as violet crystals with a
metallic luster.

3a: 40% yield; m.p. 220-221°C; 'H NMR (CDCl;, 500 MHz): 6=7.97
(4H, d, /=8 Hz), 7.62 (2H, d, J=8 Hz), 7.56 (6H, d, J=7 Hz),7.49 (2H,
d, J=7Hz), 7.11 (2H, s), 6.94 (2H, d, J=8.5 Hz), 3.95 (6 H, s), 3.76 ppm
(6H, s); "CNMR (CDCl,, 125 MHz): 6=154.8, 149.5, 149.3, 148.8, 142.7,
132.2,129.9, 129.1, 127.0, 126.5, 121.9, 114.0, 112.3, 111.0, 56.0, 55.8 ppm;
IR (KBr): #=3062, 1597, 1537, 1348 cm™'; MS (FAB): m/z calced for
C3H;,N;0, 570.231; found: 570.232.

3b: 50% yield; m.p. 245-246°C; '"HNMR (CDCl,;, 500 MHz): 6=17.77
(4H, d, J=8.5Hz), 7.67 (4H, d, J=8.5Hz), 7.10 (2H, s), 7.08 (4H, m),
6.48 (2H, t), 3.69 ppm (12H, s); *C NMR (CDCl,, 125 MHz): 6 =161.4,
160.6, 156.4, 154.0, 149.7, 143.3, 140.8, 138.1, 135.2, 132.4, 131.8, 130.9,
128.6, 127.8, 124.5, 123.6, 117.22, 1155, 106.9, 105.5, 100.9, 100.6,
55.5 ppm; IR (KBr): #=2999, 1589, 1456, 1338, 1278 cm™'; MS (FAB): m/
z caled for CiH,oBr,N;O,: 727.442; found: 727.453.

3c¢: 40% yield; m.p. 236-237°C; 'H NMR (CDCl;, 500 MHz): 6=7.87
(4H, d, J=85Hz), 7.63 (4H, d, J=8.5 Hz), 7.10 (2H, s), 7.08 (4H, d, J=
2.5), 6.48 (2H, s), 3.69 ppm (12H, s); "C NMR (CDCl,, 125 MHz): 6=
161.4, 156.6, 137.9, 128.8, 117.2, 105.5, 95.6, 55.6, 55.3 ppm; IR (KBr): =
2997, 1681, 1591, 1454 cm™'; MS (FAB): m/z caled for Ci;H,I,N;O,:
823.035; found: 823.141.

General procedure for the synthesis of compounds 4a—4c¢: A solution of
compounds 3a-3¢ (0.45 mmol) in dry toluene (80 mL) was treated with
triethylamine (0.8 mL, 4.6 mmol) and the mixture was stirred for 10 min
at 30°C. Next, boron trifluoride diethyl etherate (1 mL, 8.13 mmol) was
added and the reaction mixture was heated at 80°C for 4 h. The solvent
was evaporated, washed with water (2x50mL), and extracted with
CHCI;. Removal of the solvent gave a residue, which was purified by
column chromatography on silica gel (CH,Cl,/n-hexane, 1:1) to afford
the products (4a-4¢) as metallic brown solids.

4a: 75% yield; m.p. 239-240°C; '"H NMR (CDCl;, 500 MHz): 6=8.09
(4H, s), 7.85 (2H, q, J=8.5Hz), 7.67 (2H, s), 7.57 (6 H, s), 7.50 (2H, s),
714 (2H, d, J=85Hz), 3.87 (6H, s), 3.78ppm (6H, s); “CNMR
(CDCl;, 125MHz:) 6=158.1, 150.8, 148.9, 144.7, 143.5, 131.1, 130.9,
129.3, 128.5, 124.7, 122.9, 118.9, 112.5, 55.7, 55.6 ppm; IR (KBr): 7=1595,
1500, 1452, 1267, 1122 cm™'; MS (FAB): m/z caled for Ci;HsBF,N;0,:
617.458; found: 617.456.

4b: 80% yield; m.p. 284-285°C; 'HNMR (CDCl;, 500 MHz): 6=7.90
(4H, d, J=8.5Hz), 7.63 (4H, d, J=8.5Hz), 7.12 (4H, s), 6.96 (2H, s),
6.54 (2H, s), 3.76 ppm (12H, s); "CNMR (CDCl;, 125 MHz): § =160.8,
158.2, 145.7, 144.9, 133.8, 132.0, 131.0, 130.2, 126.0, 119.6, 107.3, 102.3,
99.9, 55.5 ppm; IR (KBr): #=1587, 1473, 1398, 1261 cm™'; MS (FAB): m/
z caled for C;HyBBr,FoN;Oy: 775.243; found: 775.244.

4c: 82% yield; m.p. 259-261°C; '"HNMR (CDCl;, 300 MHz): 6=7.85
(4H, d, J=8.7Hz), 7.76 (4H, d, J=8.7 Hz), 7.12 (4H, d, J=2.1 Hz), 6.96
(2H, s), 6.54 (2H, s), 3.75 ppm (12H, s); *CNMR (CDCl;, 125 MHz):
0=160.9, 158.4, 145.8, 144.9, 137.9, 133.9, 131.0, 130.9, 130.8, 119.6, 107.3,
1023, 98.5, 553 ppm; IR (KBr): #=1585, 1512, 1489, 1284 cm™'; MS
(FAB): m/z caled for C3sH,sBF,1,N;0,: 869.024; found: 869.364.
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General procedure for the synthesis of compounds Sa,c: N-Iodosuccini-
mide (146 mg, 0.65 mmol) was added to a solution of compounds 4a,c
(0.26 mmol) in a mixture of CHCl; and acetic acid (40 mL, 3:1) and the
mixture was stirred at 30°C for 4-5 h. The reaction mixture was washed
with sodium thiosulfate and sodium bicarbonate solution and extracted
with CHCl;. Removal of the solvent gave a residue that was purified by
column chromatography on silica gel (MeOH/CHCI;, 1:9) to give com-
pounds Sa,c.

5a: 60% yield; m.p. 236-237°C; 'H NMR (CDCl,, 500 MHz): 6=17.55
(4H, m), 7.44 (2H, dd, J=2Hz), 7.40 (6H, m), 7.29 (2H, d, /=2 Hz),
6.89 (2H, d, J=8.5Hz), 3.89 (6H, s), 3.64ppm (6H, s); “CNMR
(CDCl;, 125 MHz): 6=160.05, 149.6, 147.4, 146.5, 143.9, 130.2, 129.5,
129.2, 126.9, 123.8, 123.2, 113.1, 109.5, 55.0, 54.7 ppm; IR (KBr): #=1598,
1485, 1379, 1263 cm™'; MS (FAB): m/z caled for C3H,sBF,I,N;0,: 870.03
[M+H]*; found: 871.20.

5c: 65% yield; m.p. 263-264°C; '"HNMR (CDCl;, 500 MHz): 6=7.86
(4H, d, J=85Hz), 7.79 (4H, d, /=9 Hz), 7.13 (2H, s), 6.68 (2H, d, J=
2.5Hz), 644 (2H, d, J=25Hz), 3.88 (6H, s), 3.67ppm (6H, s);
BCNMR (CDCl,;, 125 MHz): 6=159.5, 158.1, 156.7, 146.3, 145.3, 137.4,
137.0, 137.1, 129.7, 123.1, 108.3, 98.9, 98.6, 97.7, 79.3, 55.6, 54.7 ppm; IR
(KBr): #=1579, 1508, 1423, 1321 cm™'; MS (FAB): m/z caled for
C3H,BF,I,N;0,: 1121.04; found: 1121.38.

General procedure for the synthesis of compounds 6b,c: N-iodosuccini-
mide (260 mg, 1.16 mmol) was added to a solution of compounds 4b,c
(0.26 mmol) in a mixture of CHCI; and acetic acid (40 mL, 3:1) and the
mixture was stirred at 30°C for 10 h. The reaction mixture was washed
with sodium thiosulfate and sodium bicarbonate solution and extracted
with CHCL;. Removal of the solvent gave a residue that was purified by
column chromatography on silica gel (MeOH/CHCL;, 1:9) to give com-
pounds 6b,c.

6b: 65%; m.p. 308-310°C; 'H NMR (CDCl,, 500 MHz): 6=7.93 (3H, d,
J=85Hz), 7.63 (5H, d, J=11.5 Hz), 6.64 (1H, s), 6.37 (2H, s), 5.30 (1H,
s), 3.89 ppm (12H, s); *CNMR (CDCl;, 125 MHz): 6=159.0, 157.9,
153.0, 144.3, 142.7, 132.0, 129.5, 125.6, 80.2, 56.9 ppm; IR (KBr): 7=1587,
1506, 1477, 1336, 1278cm™; MS (FAB): m/z caled for
C;H,,BBr,F2I,N;0,: 1279.642; found: 1279.628.

6¢: 68%; m.p. 305-307°C; 'HNMR ([D,]DMSO, 500 MHz): §=7.97
(4H,t),7.79 (2H, d, J=8.5Hz), 7.39 (2H, d, /=8 Hz), 7.27 (1H, s), 6.70
(2H, d, J=9.5Hz), 576 (1H, s), 3.89 ppm (12H, s); *CNMR (CDCl,,
125 MHz): 6=159.4, 159.3, 154.9, 153.7, 145.6, 143.8, 143.1, 137.6, 137.4,
136.5, 131.8, 130.9, 125.0, 101.5, 94.7, 78.9, 78.5, 55.6, 55.5 ppm; IR (KBr):
7=1556,1462,1409,1261 cm™"; MS (FAB): m/z calcd for C3H,,BF,IN;O,:
1373.61; found: 1373.92.

Acknowledgements

This work was supported by the Department of Science and Technology
(DST), the Government of India, and the National Institute for Interdis-
ciplinary Science and Technology (NIIST), CSIR, Trivandrum. This
report is contribution number PPG-323 from the CSIR-NIIST, Trivan-
drum.

[1] a) A. Greer, Acc. Chem. Res. 2006, 39, 797-804; b) M. C. DeRosa,
R.J. Crutchley, Coord. Chem. Rev. 2002, 233-234, 351-357 and ref-
erences therein.

[2] a) C. Schweitzer, R. Schmidt, Chem. Rev. 2003, 103, 1685-1757;
b) J. C. Koziar, D. O. Cowan, Acc. Chem. Res. 1978, 11, 334-341.

[3] a) X.J. Jiang, P. C. Lo, Y. M. Tsang, S. L. Yeung, W. P. Pong, D. K. P.
Ng, Chem. Eur. J. 2010, 16, 4777-4783; b) M. R. Detty, S. L. Gibson,
S.J. Wagner, J. Med. Chem. 2004, 47, 3897-3915; c) E. S. Nyman,
P. H. Hynninen, J. Photochem. Photobiol. B 2004, 73, 1-28.

[4] a) T. Matsubara, K. Kusuzaki, A. Matsumine, H. Satonaka, K. Shin-
tani, T. Nakamura, A. Uchida, In vivo 2008, 22, 297-304; b) C.-W.
Lin, J. R. Shulok, S.D. Kirley, C. M. Bachelder, T.J. Flotte, M. E.

www.chemeurj.org

These are not the final page numbers! 77


http://dx.doi.org/10.1021/ar050191g
http://dx.doi.org/10.1021/ar050191g
http://dx.doi.org/10.1021/ar050191g
http://dx.doi.org/10.1016/S0010-8545(02)00034-6
http://dx.doi.org/10.1016/S0010-8545(02)00034-6
http://dx.doi.org/10.1016/S0010-8545(02)00034-6
http://dx.doi.org/10.1016/S0010-8545(02)00034-6
http://dx.doi.org/10.1016/S0010-8545(02)00034-6
http://dx.doi.org/10.1021/cr010371d
http://dx.doi.org/10.1021/cr010371d
http://dx.doi.org/10.1021/cr010371d
http://dx.doi.org/10.1021/ar50129a003
http://dx.doi.org/10.1021/ar50129a003
http://dx.doi.org/10.1021/ar50129a003
http://dx.doi.org/10.1002/chem.200903580
http://dx.doi.org/10.1002/chem.200903580
http://dx.doi.org/10.1002/chem.200903580
http://dx.doi.org/10.1021/jm040074b
http://dx.doi.org/10.1021/jm040074b
http://dx.doi.org/10.1021/jm040074b
http://dx.doi.org/10.1016/j.jphotobiol.2003.10.002
http://dx.doi.org/10.1016/j.jphotobiol.2003.10.002
http://dx.doi.org/10.1016/j.jphotobiol.2003.10.002
www.chemeurj.org

CHEMISTRY

D. Ramaiah et al.

A EUROPEAN JOURNAL

[5]

(6]

(7]

(8]
]

[10]

(1]

(12]

(13]

(14]

Sherwood, L. Cincotta, J. W. Foley, Photochem. Photobiol. 1993, 58,
81-91; ¢) C. W. Lin, J.R. Shulok, S.D. Kirley, L. Cincotta, J. W.
Foley, Cancer Res. 1991, 51, 2710-2719.

a) D. Ramaiah, A. Joy, N. Chandrasekhar, N. V. Eldho, S. Das, M. V.
George, Photochem. Photobiol. 1997, 65, 783-790; b) K. Jyothish,
R. R. Avirah, D. Ramaiah, Org. Lett. 2006, 8, 111-114; c) K. Jyoth-
ish, K. T. Arun, D. Ramaiah, Org. Lett. 2004, 6, 3965-3968; d) V. S.
Jisha, K. T. Arun, M. Hariharan, D. Ramaiah, J. Am. Chem. Soc.
2006, 728, 6024-6025; e) P. Salice, J. Arnbjerg, B. W. Pedersen, R.
Toftegaard, L. Beverina, G. A. Pagani, P. R. Ogilby, J. Phys. Chem.
A 2010, 114, 2518-2525; f) D. Ramaiah, 1. Eckert, K. T. Arun, L.
Weidenfeller, B. Epe, Photochem. Photobiol. 2004, 79, 99-104;
¢) K. T. Arun, D. Ramaiah, J. Phys. Chem. A 2005, 109, 5571-5578;
h) R.R. Avirah, D.T. Jayaram, N. Adarsh, D. Ramaiah, Org.
Biomol. Chem. 2012, 10, 911-920; i) K. T. Arun, D.T. Jayaram,
R.R. Avirah, D. Ramaiah, J. Phys. Chem. B 2011, 115, 7122-7128;
j) D. Ramaiah, I. Eckert, K. T. Arun, L. Weidenfeller, B. Epe, Pho-
tochem. Photobiol. 2002, 76, 672-6717.

a) W. Fudickar, T. Linker, Chem. Eur. J. 2011, 17, 13661-13664;
b) A. G. Griesbeck, M. Schafer, J. Uhlig, Adv. Synth. Catal. 2008,
350, 2104-2108; c) A. G. Griesbeck, T. T. El-Idressy, A. Bartoschek,
Adv. Synth. Catal. 2004, 346, 245-251; d) A. G. Griesbeck, M. A.
Miranda, J. Uhlig, Photochem. Photobiol. Sci. 2011, 10, 1431-1435;
e) A. G. Griesbeck, M. Cho, Org. Lett. 2007, 9, 611-613; f) M.
Prein, M. Maurer, E. M. Peters, K. Peters, H. G. Schnering, W.
Adam, Chem. Eur. J. 1995, 1, 89-94; g) S. Takizawa, R. Aboshi, S.
Murata, Photochem. Photobiol. Sci. 2011, 10, 895; h) M. Prein, W.
Adam, Angew. Chem. Int. Ed. Engl. 1996, 35, 477-494; i) T. Kriiger,
K. Vorndran, T. Linker, Chem. Eur. J. 2009, 15, 12082-12091.

a) P. Esser, B. Pohlmann, H.-D. Scharf, Angew. Chem. 1994, 106,
2093-2108; Angew. Chem. Int. Ed. Engl. 1994, 33, 2009-2023; b) M.
Oelgemoller, C. Jung, J. Ortner, J. Mattay, E. Zimmermann, Green
Chem. 2005, 7, 35-38; ¢) M. Hajimohammadi, N. Safari, H. Mofak-
ham, F. Deyhimi, Green Chem. 2011, 13, 991-997; d) E. Haggiage,
E. E. Coyle, K. Joyce, M. Oelgemoller, Green Chem. 2009, 11, 318—
321.

Y. W. Wang, A. B. Descalzo, Z. Shen, X. Z. You, K. Rurack, Chem.
Eur. J. 2010, 16, 2887-2903.

V. S. Thoi, J. R. Stork, D. Magde, S. M. Cohen, Inorg. Chem. 2006,
45, 10688 —-10697.

a) T.S. Teets, D. V. Partyka, J. B. Updegraff I1I, T.S. Gray, Inorg.
Chem. 2008, 47, 2338-2346; b) D. V. Partyka, N. Deligonul, M. P.
Washington, T.G. Gray, Organometallics 2009, 28, 5837-5840;
¢) T.E. Wood, A. Thompson, Chem. Rev. 2007, 107, 1831-1861;
d) V. P. Yakubovskyi, M. P. Shandura, Y. P. Kovtun, Synth. Commun.
2010, 40, 944-950.

a) S. Ozlem, E.U. Akkaya, J. Am. Chem. Soc. 2009, 131, 48-49;
b) T. Yogo, Y. Urano, Y. Ishitsuka, F. Maniwa, T. Nagano, J. Am.
Chem. Soc. 2005, 127, 12162-12163; c¢) A. Gorman, J. Killoran, C.
O’Shea, T. Kenna, W. M. Gallagher, D. F. O’Shea, J. Am. Chem.
Soc. 2004, 126, 10619-10631.

a) A. Loudet, K. Burgess, Chem. Rev. 2007, 107, 4891-4932 and ref-
erences therein; b) R. Ziessel, B. D. Allen, D. B. Rewinska, A. Har-
riman, Chem. Eur. J. 2009, 15, 7382-7393.

a) P. Li, L. Fang, H. Zhou, W. Zhang, X. Wang, N. Li, H. Zhong, B.
Tang, Chem. Eur. J. 2011, 17, 10520-10523; b) J. H. Olivier, J. Wid-
maier, R. Ziessel, Chem. Eur. J. 2011, 17, 11709-11714; c) M.
Baruah, W. W. Qin, R. A. L. Vallee, D. Beljonne, T. Rohand, W.
Dehaen, N. Boens, Org. Lett. 2005, 7, 4377-4380; d) A. Haefele, C.
Zedde, P. Retailleau, G. Ulrich, R. Ziessel, Org. Lett. 2010, 12,
1672-1675; e) Y. Cakmak, E. U. Akkaya, Org. Lett. 2009, 11, 85—
88; f) O. A. Bozdemir, Y. Cakmak, F. Sozmen, T. Ozdemir, A. Sie-
miarczuk, E. U. Akkaya, Chem. Eur. J. 2010, 16, 6346-6351.

a) S. Diring, F. Puntoriero, F. Nastasi, S. Champagna, R. Ziessel, J.
Am. Chem. Soc. 2009, 131, 6108-6109; b) C. K. Kim, P. Ghosh, C.

(15]

[10]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

Pagliuca, Z.-J. Zhu, S. Menichetti, V. M. Rotello, J. Am. Chem. Soc.
2009, 7131, 1360-1361; c) F. Bergstrom, I. Mikhalyov, P. Hagglof, R.
Wortmann, T. Ny, L. B.-A. Johansson, J. Am. Chem. Soc. 2002, 124,
196-204.

a) S. Atilgan, T. Ozdemir, E. U. Akkaya, Org. Lett. 2008, 10, 4065—
4067; b) R. Guliyev, A. Coskun, E. U. Akkaya, J. Am. Chem. Soc.
2009, 731, 9007-9013; c) L. Bonardi, H. Kanaan, F. Camerel, P. Joli-
nat, P. Retailleau, R. Ziessel, Adv. Funct. Mater. 2008, 18, 401-413.
a) W. M. Gallagher, L. T. Allen, C. O’Shea, T. Kenna, M. J. Hall, J.
Killoran, D. F. O’Shea, Br. J. Cancer 2005, 92, 1702-1710; b) A. T.
Byrne, A.E. O’Connor, M. Hall, J. Murtagh, K. O’Neill, K. M.
Curran, K. Mongrain, J. A. Rousseau, R. Lecomte, S. McGee, J. J.
Callanan, D. F. O’Shea, W. M. Gallagher, Br. J. Cancer 2009, 101,
1565-1573; c) N. Adarsh, R.R. Avirah, D. Ramaiah, Org. Lett.
2010, 72, 5720-5723.

a) C. Valente, R. Moreira, R. C. Guedes, J. Iley, M. Jaffar, K. T.
Douglas, Bioorg. Med. Chem. 2007, 15, 5340-5350; b) H. Mohrle,
H. Folttmann, Arch. Pharm. 1988, 321, 167-170; c) G. Errante, G.
La Motta, C. Lagana, V. Wittebolle, M. E. Sarciron, R. Barret, Eur.
J. Med. Chem. 2006, 41, 773-778; d) S. Lang, U. Groth, Angew.
Chem. 2009, 121, 928-931; Angew. Chem. Int. Ed. 2009, 48, 911-
913; e) J. C. Lien, L.J. Huang, J. P. Wang, C. M. Teng, K. H. Lee,
S. C. Kuo, Bioorg. Med. Chem. 1997, 5, 2111-2120; f) J. Cossy, D.
Belotti, M. Brisson, J.J. Skoko, P. Widf, J.S. Lazo, Bioorg. Med.
Chem. 2006, 14, 6283-6287.

a) O. Suchard, R. Kane, B.J. Roe, E. Zimmermann, C. Jung, P. A.
Waske, J. Mattay, M. Oelgemoller, Tetrahedron 2006, 62, 1467-
1473; b) A. G. Griesbeck, T.T. El-Idreesy, A. Bartoschek, Pure
Appl. Chem. 2005, 77, 1059-1074; c) E. C. Blossey, D. C. Neckers,
A. L. Thayer, A. P. Schaap, J. Am. Chem. Soc. 1973, 95, 5820-5822.
a) J. Joseph, N. V. Eldho, D. Ramaiah, J. Phys. Chem. B 2003, 107,
4444-4450; b) V.S. Jisha, K. T. Arun, M. Hariharan, D. Ramaiah, J.
Phys. Chem. B 2010, 114, 5912-5919; c) C. V. Kumar, L. Qin, P. K.
Das, J. Chem. Soc. Faraday Trans. 2 1984, 80, 783—793; d) J. Joseph,
N. V. Eldho, D. Ramaiah, Chem. Eur. J. 2003, 9, 5926-5935; ¢) M.
Hariharan, J. Joseph, D. Ramaiah, J. Phys. Chem. B 2006, 110,
24678-24686; f) M. C. Sajimon, D. Ramaiah, C.H. Suresh, W.
Adam, F.D. Lewis, M. V. George, J. Am. Chem. Soc. 2007, 129,
9439-9445.

a) L. M. Rossi, P.R. Silva, L.L.R. Vono, A.U. Fernandes, D.B.
Tada, M.S. Baptista, Langmuir 2008, 24, 12534-12538; b) M.
Morone, L. Beverina, A. Abbotto, F. Silvestri, E. Collini, C. Fer-
rante, R. Bozio, G. A. Pagani, Org. Lett. 2006, 8, 2719-2722; c) M.
Mirenda, C. A. Strassert, L. E. Dicello, E.S. Roman, ACS Appl.
Mater. Interfaces 2010, 2, 1556-1560.

a) M. Nemoto, H. Kokubun, M. Koizumi, Bull. Chem. Soc. Jpn.
1969, 42, 1223-1228; b) P. R. Ogilby, C. S. Foote, J. Am. Chem. Soc.
1983, 105, 3423-3430.

a) G. Wurm, U. Geres, Arch. Pharm. 1985, 318, 931-937; b) H.-J.
Duchstein, G. Wurm, Arch. Pharm. 1984, 317, 809-812; c) J. Grif-
fiths, K.-Y. Chu, C. Hawkins, J. Chem. Soc. Chem. Commun. 1976,
676-677.

a) P. P. Neelakandan, M. Hariharan, D. Ramaiah, J. Am. Chem. Soc.
2006, 128, 11334—11335; b) P. P. Neelakandan, D. Ramaiah, Angew.
Chem. 2008, 120, 8535-8539; Angew. Chem. Int. Ed. 2008, 47, 8407 —
8411; c) P. P. Neelakandan, M. Hariharan, D. Ramaiah, Org. Lett.
2005, 7, 5765-5768; d) R. R. Avirah, K. Jyothish, C. H. Suresh, E.
Suresh, D. Ramaiah, Chem. Commun. 2011, 47, 12822-12824;
e) B. H. Shankar, D. Ramaiah, J. Phys. Chem. B 2011, 115, 13292—
13299.

P.C. Lv, J. Sun, Y. Luo, Y. Yang, H. L. Zhu, Bioorg. Med. Chem.
Lett. 2010, 20, 4657 -4660.

Received: July 9, 2012
Published online: [l 11, 0000

www.chemeurj.org

SR These are not the final page numbers!

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 0000, 00, 0-0


http://dx.doi.org/10.1111/j.1751-1097.1993.tb04907.x
http://dx.doi.org/10.1111/j.1751-1097.1993.tb04907.x
http://dx.doi.org/10.1111/j.1751-1097.1993.tb04907.x
http://dx.doi.org/10.1111/j.1751-1097.1993.tb04907.x
http://dx.doi.org/10.1111/j.1751-1097.1997.tb01925.x
http://dx.doi.org/10.1111/j.1751-1097.1997.tb01925.x
http://dx.doi.org/10.1111/j.1751-1097.1997.tb01925.x
http://dx.doi.org/10.1021/ol052639j
http://dx.doi.org/10.1021/ol052639j
http://dx.doi.org/10.1021/ol052639j
http://dx.doi.org/10.1021/ol048411y
http://dx.doi.org/10.1021/ol048411y
http://dx.doi.org/10.1021/ol048411y
http://dx.doi.org/10.1021/ja061301x
http://dx.doi.org/10.1021/ja061301x
http://dx.doi.org/10.1021/ja061301x
http://dx.doi.org/10.1021/ja061301x
http://dx.doi.org/10.1021/jp911180n
http://dx.doi.org/10.1021/jp911180n
http://dx.doi.org/10.1021/jp911180n
http://dx.doi.org/10.1021/jp911180n
http://dx.doi.org/10.1021/jp051338o
http://dx.doi.org/10.1021/jp051338o
http://dx.doi.org/10.1021/jp051338o
http://dx.doi.org/10.1039/c1ob06588b
http://dx.doi.org/10.1039/c1ob06588b
http://dx.doi.org/10.1039/c1ob06588b
http://dx.doi.org/10.1039/c1ob06588b
http://dx.doi.org/10.1562/0031-8655(2002)076%3C0672:SDFPTS%3E2.0.CO;2
http://dx.doi.org/10.1562/0031-8655(2002)076%3C0672:SDFPTS%3E2.0.CO;2
http://dx.doi.org/10.1562/0031-8655(2002)076%3C0672:SDFPTS%3E2.0.CO;2
http://dx.doi.org/10.1562/0031-8655(2002)076%3C0672:SDFPTS%3E2.0.CO;2
http://dx.doi.org/10.1002/chem.201102230
http://dx.doi.org/10.1002/chem.201102230
http://dx.doi.org/10.1002/chem.201102230
http://dx.doi.org/10.1002/adsc.200800282
http://dx.doi.org/10.1002/adsc.200800282
http://dx.doi.org/10.1002/adsc.200800282
http://dx.doi.org/10.1002/adsc.200800282
http://dx.doi.org/10.1002/adsc.200303181
http://dx.doi.org/10.1002/adsc.200303181
http://dx.doi.org/10.1002/adsc.200303181
http://dx.doi.org/10.1039/c1pp05052d
http://dx.doi.org/10.1039/c1pp05052d
http://dx.doi.org/10.1039/c1pp05052d
http://dx.doi.org/10.1021/ol0628661
http://dx.doi.org/10.1021/ol0628661
http://dx.doi.org/10.1021/ol0628661
http://dx.doi.org/10.1002/chem.19950010113
http://dx.doi.org/10.1002/chem.19950010113
http://dx.doi.org/10.1002/chem.19950010113
http://dx.doi.org/10.1039/c0pp00265h
http://dx.doi.org/10.1002/anie.199604771
http://dx.doi.org/10.1002/anie.199604771
http://dx.doi.org/10.1002/anie.199604771
http://dx.doi.org/10.1002/chem.200901774
http://dx.doi.org/10.1002/chem.200901774
http://dx.doi.org/10.1002/chem.200901774
http://dx.doi.org/10.1002/ange.19941062005
http://dx.doi.org/10.1002/ange.19941062005
http://dx.doi.org/10.1002/ange.19941062005
http://dx.doi.org/10.1002/ange.19941062005
http://dx.doi.org/10.1002/anie.199420091
http://dx.doi.org/10.1002/anie.199420091
http://dx.doi.org/10.1002/anie.199420091
http://dx.doi.org/10.1039/c0gc00910e
http://dx.doi.org/10.1039/c0gc00910e
http://dx.doi.org/10.1039/c0gc00910e
http://dx.doi.org/10.1039/b816676e
http://dx.doi.org/10.1039/b816676e
http://dx.doi.org/10.1039/b816676e
http://dx.doi.org/10.1002/chem.200902527
http://dx.doi.org/10.1002/chem.200902527
http://dx.doi.org/10.1002/chem.200902527
http://dx.doi.org/10.1002/chem.200902527
http://dx.doi.org/10.1021/ic061581h
http://dx.doi.org/10.1021/ic061581h
http://dx.doi.org/10.1021/ic061581h
http://dx.doi.org/10.1021/ic061581h
http://dx.doi.org/10.1021/ic701190g
http://dx.doi.org/10.1021/ic701190g
http://dx.doi.org/10.1021/ic701190g
http://dx.doi.org/10.1021/ic701190g
http://dx.doi.org/10.1021/om900552e
http://dx.doi.org/10.1021/om900552e
http://dx.doi.org/10.1021/om900552e
http://dx.doi.org/10.1021/cr050052c
http://dx.doi.org/10.1021/cr050052c
http://dx.doi.org/10.1021/cr050052c
http://dx.doi.org/10.1080/00397910903219542
http://dx.doi.org/10.1080/00397910903219542
http://dx.doi.org/10.1080/00397910903219542
http://dx.doi.org/10.1080/00397910903219542
http://dx.doi.org/10.1021/ja808389t
http://dx.doi.org/10.1021/ja808389t
http://dx.doi.org/10.1021/ja808389t
http://dx.doi.org/10.1021/ja0528533
http://dx.doi.org/10.1021/ja0528533
http://dx.doi.org/10.1021/ja0528533
http://dx.doi.org/10.1021/ja0528533
http://dx.doi.org/10.1021/ja047649e
http://dx.doi.org/10.1021/ja047649e
http://dx.doi.org/10.1021/ja047649e
http://dx.doi.org/10.1021/ja047649e
http://dx.doi.org/10.1021/cr078381n
http://dx.doi.org/10.1021/cr078381n
http://dx.doi.org/10.1021/cr078381n
http://dx.doi.org/10.1002/chem.200900440
http://dx.doi.org/10.1002/chem.200900440
http://dx.doi.org/10.1002/chem.200900440
http://dx.doi.org/10.1002/chem.201101327
http://dx.doi.org/10.1002/chem.201101327
http://dx.doi.org/10.1002/chem.201101327
http://dx.doi.org/10.1002/chem.201101407
http://dx.doi.org/10.1002/chem.201101407
http://dx.doi.org/10.1002/chem.201101407
http://dx.doi.org/10.1021/ol051603o
http://dx.doi.org/10.1021/ol051603o
http://dx.doi.org/10.1021/ol051603o
http://dx.doi.org/10.1021/ol100109j
http://dx.doi.org/10.1021/ol100109j
http://dx.doi.org/10.1021/ol100109j
http://dx.doi.org/10.1021/ol100109j
http://dx.doi.org/10.1021/ol802446e
http://dx.doi.org/10.1021/ol802446e
http://dx.doi.org/10.1021/ol802446e
http://dx.doi.org/10.1002/chem.200903449
http://dx.doi.org/10.1002/chem.200903449
http://dx.doi.org/10.1002/chem.200903449
http://dx.doi.org/10.1021/ja9015364
http://dx.doi.org/10.1021/ja9015364
http://dx.doi.org/10.1021/ja9015364
http://dx.doi.org/10.1021/ja9015364
http://dx.doi.org/10.1021/ja808137c
http://dx.doi.org/10.1021/ja808137c
http://dx.doi.org/10.1021/ja808137c
http://dx.doi.org/10.1021/ja808137c
http://dx.doi.org/10.1021/ja010983f
http://dx.doi.org/10.1021/ja010983f
http://dx.doi.org/10.1021/ja010983f
http://dx.doi.org/10.1021/ja010983f
http://dx.doi.org/10.1021/ol801554t
http://dx.doi.org/10.1021/ol801554t
http://dx.doi.org/10.1021/ol801554t
http://dx.doi.org/10.1021/ja902584a
http://dx.doi.org/10.1021/ja902584a
http://dx.doi.org/10.1021/ja902584a
http://dx.doi.org/10.1021/ja902584a
http://dx.doi.org/10.1002/adfm.200700697
http://dx.doi.org/10.1002/adfm.200700697
http://dx.doi.org/10.1002/adfm.200700697
http://dx.doi.org/10.1038/sj.bjc.6602527
http://dx.doi.org/10.1038/sj.bjc.6602527
http://dx.doi.org/10.1038/sj.bjc.6602527
http://dx.doi.org/10.1038/sj.bjc.6605247
http://dx.doi.org/10.1038/sj.bjc.6605247
http://dx.doi.org/10.1038/sj.bjc.6605247
http://dx.doi.org/10.1038/sj.bjc.6605247
http://dx.doi.org/10.1021/ol102562k
http://dx.doi.org/10.1021/ol102562k
http://dx.doi.org/10.1021/ol102562k
http://dx.doi.org/10.1021/ol102562k
http://dx.doi.org/10.1016/j.bmc.2007.04.068
http://dx.doi.org/10.1016/j.bmc.2007.04.068
http://dx.doi.org/10.1016/j.bmc.2007.04.068
http://dx.doi.org/10.1002/ardp.19883210312
http://dx.doi.org/10.1002/ardp.19883210312
http://dx.doi.org/10.1002/ardp.19883210312
http://dx.doi.org/10.1016/j.ejmech.2006.02.003
http://dx.doi.org/10.1016/j.ejmech.2006.02.003
http://dx.doi.org/10.1016/j.ejmech.2006.02.003
http://dx.doi.org/10.1016/j.ejmech.2006.02.003
http://dx.doi.org/10.1002/ange.200804388
http://dx.doi.org/10.1002/ange.200804388
http://dx.doi.org/10.1002/ange.200804388
http://dx.doi.org/10.1002/ange.200804388
http://dx.doi.org/10.1002/anie.200804388
http://dx.doi.org/10.1002/anie.200804388
http://dx.doi.org/10.1002/anie.200804388
http://dx.doi.org/10.1016/S0968-0896(97)00133-8
http://dx.doi.org/10.1016/S0968-0896(97)00133-8
http://dx.doi.org/10.1016/S0968-0896(97)00133-8
http://dx.doi.org/10.1016/j.bmc.2006.05.053
http://dx.doi.org/10.1016/j.bmc.2006.05.053
http://dx.doi.org/10.1016/j.bmc.2006.05.053
http://dx.doi.org/10.1016/j.bmc.2006.05.053
http://dx.doi.org/10.1016/j.tet.2005.11.021
http://dx.doi.org/10.1016/j.tet.2005.11.021
http://dx.doi.org/10.1016/j.tet.2005.11.021
http://dx.doi.org/10.1351/pac200577061059
http://dx.doi.org/10.1351/pac200577061059
http://dx.doi.org/10.1351/pac200577061059
http://dx.doi.org/10.1351/pac200577061059
http://dx.doi.org/10.1021/ja00798a094
http://dx.doi.org/10.1021/ja00798a094
http://dx.doi.org/10.1021/ja00798a094
http://dx.doi.org/10.1021/jp027248q
http://dx.doi.org/10.1021/jp027248q
http://dx.doi.org/10.1021/jp027248q
http://dx.doi.org/10.1021/jp027248q
http://dx.doi.org/10.1021/jp100369x
http://dx.doi.org/10.1021/jp100369x
http://dx.doi.org/10.1021/jp100369x
http://dx.doi.org/10.1021/jp100369x
http://dx.doi.org/10.1039/f29848000783
http://dx.doi.org/10.1039/f29848000783
http://dx.doi.org/10.1039/f29848000783
http://dx.doi.org/10.1002/chem.200304936
http://dx.doi.org/10.1002/chem.200304936
http://dx.doi.org/10.1002/chem.200304936
http://dx.doi.org/10.1021/jp063079o
http://dx.doi.org/10.1021/jp063079o
http://dx.doi.org/10.1021/jp063079o
http://dx.doi.org/10.1021/jp063079o
http://dx.doi.org/10.1021/ja0719125
http://dx.doi.org/10.1021/ja0719125
http://dx.doi.org/10.1021/ja0719125
http://dx.doi.org/10.1021/ja0719125
http://dx.doi.org/10.1021/la800840k
http://dx.doi.org/10.1021/la800840k
http://dx.doi.org/10.1021/la800840k
http://dx.doi.org/10.1021/ol060742i
http://dx.doi.org/10.1021/ol060742i
http://dx.doi.org/10.1021/ol060742i
http://dx.doi.org/10.1021/am100195v
http://dx.doi.org/10.1021/am100195v
http://dx.doi.org/10.1021/am100195v
http://dx.doi.org/10.1021/am100195v
http://dx.doi.org/10.1021/ja00349a007
http://dx.doi.org/10.1021/ja00349a007
http://dx.doi.org/10.1021/ja00349a007
http://dx.doi.org/10.1021/ja00349a007
http://dx.doi.org/10.1002/ardp.19853181014
http://dx.doi.org/10.1002/ardp.19853181014
http://dx.doi.org/10.1002/ardp.19853181014
http://dx.doi.org/10.1002/ardp.19843170915
http://dx.doi.org/10.1002/ardp.19843170915
http://dx.doi.org/10.1002/ardp.19843170915
http://dx.doi.org/10.1039/c39760000676
http://dx.doi.org/10.1039/c39760000676
http://dx.doi.org/10.1039/c39760000676
http://dx.doi.org/10.1039/c39760000676
http://dx.doi.org/10.1021/ja062651m
http://dx.doi.org/10.1021/ja062651m
http://dx.doi.org/10.1021/ja062651m
http://dx.doi.org/10.1021/ja062651m
http://dx.doi.org/10.1002/ange.200803162
http://dx.doi.org/10.1002/ange.200803162
http://dx.doi.org/10.1002/ange.200803162
http://dx.doi.org/10.1002/ange.200803162
http://dx.doi.org/10.1002/anie.200803162
http://dx.doi.org/10.1002/anie.200803162
http://dx.doi.org/10.1002/anie.200803162
http://dx.doi.org/10.1021/ol052246k
http://dx.doi.org/10.1021/ol052246k
http://dx.doi.org/10.1021/ol052246k
http://dx.doi.org/10.1021/ol052246k
http://dx.doi.org/10.1039/c1cc15261k
http://dx.doi.org/10.1039/c1cc15261k
http://dx.doi.org/10.1039/c1cc15261k
http://dx.doi.org/10.1021/jp207895y
http://dx.doi.org/10.1021/jp207895y
http://dx.doi.org/10.1021/jp207895y
http://dx.doi.org/10.1016/j.bmcl.2010.05.105
http://dx.doi.org/10.1016/j.bmcl.2010.05.105
http://dx.doi.org/10.1016/j.bmcl.2010.05.105
http://dx.doi.org/10.1016/j.bmcl.2010.05.105
www.chemeurj.org

Aza-BODIPY Dyes as Sustainable Photooxygenation Catalysts FU LL P APER

Aza-BODIPY derivatives were synthe- Photooxidation
sized and their triplet excited states
and yields of singlet-oxygen generation
were tuned by halogenation. The dye

that was substituted with six iodine 102
atoms showed the highest quantum (80%) Aza-BODIPY Derivatives: Enhanced
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yields of the triplet excited state
(91=0.86) and singlet oxygen
(®,=0.80). These systems were stable
to irradiation, had strong NIR absorp-

tion, exhibited high yields of singlet Catalysts
oxygen, and acted as catalysts for pho-
tooxygenation reactions (see figure).
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Aza-BODIPY systems...... possess strong red

absorption, exhibit high triplet excited states, and
singlet-oxygen generation yields. The aza-BODIPY
systems synthesized by D. Ramaiah et al. in their
Full Paper on page l M ff., are stable under irradia-
tion conditions, act as green catalysts for photooxy-
genation reactions, and are efficient sensitizers for
photodynamic therapy.
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