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The synthesis, photophysical, and photochemical properties of a series of stable bacteriochlorins containing
a fused six-member anhydride or an imide ring are discussed. The Qy band (a1u f egx transition) in the
near-infrared region (NIR) lies between 788 and 831 nm depending upon the macrocycle substituents.
Compounds with such a long-wavelength absorption are highly promising for their potential use in
photodynamic therapy. Fluorescence maxima are also observed in the long-wavelength region of the spectrum,
between 804 and 842 nm, and have lifetimes between 1.1 and 1.4 ns. The phosphorescence maxima are
red-shifted to 840-870 nm. The triplet-triplet transient absorption spectra are observed to have maxima
between 570 and 640 nm with lifetimes between 72 and 150µs. The triplet excited states are efficiently
quenched by oxygen to produce singlet oxygen. The quantum yields of the generated singlet oxygen were
determined to be in the range of 0.33-0.55. The bacteriochlorin derivatives are easy to oxidize by one electron,
and reversible half-wave potentials range between 0.65 and 0.82 V vs SCE in benzonitrile containing 0.1 M
tetra-n-butylammonium perchlorate (TBAP). The second oxidation is irreversible and occurs at a rather constant
potential of 1.17-1.22 V independent of the macrocycle substituents. The bacteriochlorin derivatives are
also easy to reduce, and the reversible first and second one-electron reduction potentials range between-0.53
and-0.80 V and between-0.95 and-1.28 V vs SCE, respectively. Spectroelectrochemical measurements
reveal the expectedπ radical cation andπ radical anion marker bands of the bacteriochlorin derivatives. The
electron spin resonance (ESR) spectra of the radical cations and radical anions produced by the chemical
oxidation and reduction are reported, and the experimental and calculated spin densities are compared to
each other.

Introduction

Porphyrin-based photosensitizers have been the subject of
enormous interest because of their potential use in photodynamic
therapy (PDT).1 The major drawback associated with porphyrin-
based photosensitizers is related to their weak absorption in the
long-wavelength region of the spectrum. It has been well-
established that both absorption and scattering of light by tissue
increases as the wavelength decreases.1 Heme proteins in tissue
account for most of the tissue-related absorption of light in the
visible region. Light penetration drops off rapidly below 550
nm, but it doubles from 550 to 630 nm and doubles again upon
going to 700 nm.1 The light penetration in tissue is further
increased as the wavelength moves toward 800 nm. Thus, the
most efficient sensitizers are those that have strong absorption
bands above 800 nm.2

Porphyrins, chlorins, and bacteriochlorins have a differentπ
electron conjugation. The number of reduced double bonds in

the pyrrole rings is zero in the case of porphyrins, one in the
case of chlorins and two in the case of bacteriochlorins. This
difference in the degree of macrocycle conjugation causes a
considerable change in the excited states, absorption spectra,
and redox properties.3,4 The ionization potentials of the tetra-
pyrroles decrease with increasing peripheral saturation,5 con-
sistent with the electrochemical data.6 Such a decrease in the
HOMO energy results in a red shift of the absorption band of
the first excited state (Qx) and an increase in its intensity.3,7

This is the reason one emphasis on the development of new
antitumor drugs has focused on chlorin- and bacteriochlorin-
related compounds.8,9 Such reduced macrocycles are also central
to many processes of biological significance such as in
photosynthesis.10,11

To investigate the effect of overall lipophilicity in photosen-
sitizing efficacy, starting from chlorophyll, a number of new
photosensitizers have been synthesized in recent years by
introducing various type of substituents at the peripheral position
of the molecule.1,12-14 Interestingly, it has also been shown that
the five-member isocyclic ring present in chlorophylla can be
converted into a fused six-member anhydride, an isoimide, or
an imide ring.1 The position of such fused ring systems extends
their long-wavelength absorptions from 660 to 700 nm.1 Among
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these porphyrin-based analogues, compounds containing the six-
member imide ring were found to be more stable in vivo that
those bearing a fused anhydride or isoimide ring system.1

For developing photosensitizers with long-wavelength ab-
sorption near 800 nm, several naturally occurring bacteriochlo-
rins have been evaluated for their use in PDT.15 Unfortunately,
these compounds were found to be extremely sensitive to
oxidation, which results in a rapid transformation into a mixture
of chlorins. These metabolite(s) generally have an absorption
maxima at or below 660 nm. Furthermore, if a laser is used to
excite the bacteriochlorin in vivo, oxidation may result in the
formation of new chromophores outside the laser window, thus
reducing the photosensitizing efficacy. Therefore, there has been
an increasing interest in the synthesis of stable bacteriochlorins,
either from bacteriochlorophylla or by modifying the form of
the porphyrin/chlorin system.1

The photophysical and electrochemical properties, which are
given important consideration in designing improved photo-
sensitizers, may also be altered by modifying the chlorin or
bacteriochlorin with specific substituents.16 Although the visible
absorption spectra of porphyrins, chlorins, and bacteriochlorins
are well-known,17 limited information is available about the
absorption and electron spin resonance (ESR) spectra of the
one-electron oxidized or one-electron reduced chlorin- or
bacteriochlorin compounds.18-22 In addition, the effect of
substituents on the photophysical or electrochemical properties
of chlorins or bacteriochlorins has yet to be examined.

We report herein the synthesis of a series of stable bacterio-
chlorins containing a fused anhydride or imide ring and examine
the effects of these modifications on their photophysical and
electrochemical properties. The newly synthesized compounds
exhibit long-wavelength absorptions in the near-infrared (NIR)
region of the spectrum with the value being between 788 and
831 nm depending on the macrocyclic substituents and are thus
promising candidates for use in photodynamic therapy. Photo-
excitation of the NIR bands of these compounds in the presence
of oxygen results in the efficient formation of singlet oxygen.
UV-visible and ESR spectra of the one-electron oxidized and
one-electron reduced bacteriochlorin derivatives are of signifi-
cant interest as intermediates in photosynthesis23 and are also
characterized in this study.

Experimental Section

Materials. Naphthalene radical anion was prepared by
reduction of naphthalene by sodium in THF. Tris(2,2′-bipyridyl)-
ruthenium dichloride hexahydrate, [Ru(bpy)3]Cl2‚6H2O was
obtained commercially from Aldrich. The oxidation of [Ru-
(bpy)3]Cl2 with lead dioxide in aqueous H2SO4 gives [Ru-
(bpy)3]3+, which is isolated as the PF6

- salt, [Ru(bpy)3](PF6)3.24

Tetra-n-butylammonium perchlorate (TBAP), used as a sup-
porting electrolyte for the electrochemical measurements, was
obtained from Fluka Fine Chemical, recrystallized from ethanol,
and dried in vacuo prior to use. Benzonitrile was purchased
from Wako Pure Chemical Ind., Ltd. and purified by successive
distillation over P2O5.25 Benzene-d6 (C6D6), used as solvent,
was obtained from EURI SO-TOP, France, and used without
further purification.

Instrumentation. Melting points were determined in a hot-
plate melting-point apparatus and are uncorrected.1H NMR
spectra were recorded in CDCl3 at 400 MHz with TMS as an
internal standard. E. Merck silica gel for column chromatog-
raphy and E. Merck precoated TLC plates, silica gel F254, for
preparative thin-layer chromatography were used. The electronic
absorption spectra were taken with a Varian Gary 50 Bio UV-
visible spectrophotometer using dichloromethane as a solvent.

Synthesis of Bacteriochlorins.3-Acetyl-bacteriopurpurin-
18-methyl Ester (1). Rhodobacter spheroidsin La Salle growth
medium (350 mL, about 440 g) was dissolved in 800 mL of
1-propanol. It was filtered, and 20 g of KOH was added to the
filtrate. The reaction mixture was stirred at room temperature
for 1 h under a stream of air bubbled through the solution. It
was then extracted with CH2Cl2/THF after adjusting the pH
between 2.5 and 3. The organic layer was dried over sodium
sulfate. Evaporation of the solvent gave a purple residue, which
was dissolved in THF (150 mL) after which the solvent was
evaporated. This process was repeated several times until there
was no absorption at 756 nm and the appearance of a strong
peak at 813 nm was evident. After evaporating the solvent, the
crude 3-acetyl-purpurin-18 carboxylic acid thus obtained was
converted into the corresponding methyl ester by treating with
diazomethane. The residue was chromatographed on a silica
column, eluting with acetone/CH2Cl2 (2% v/v), and the title
compound was obtained as purple-red crystals after crystallizing
from CH2Cl2/n-hexane. Yield: 650 mg. Mp: 272°C. UV-vis
in CH2Cl2 (λmax, nm; εmax, M-1 cm-1): 364 (8.9× 104), 412
(5.4× 104), 545 (3.4× 104), 777 (1.1× 104), 815 (5.5× 104).
1H NMR (400 MHz, CDCl3) δ (ppm): 9.21(s, 1H, 5-H), 8.78
(s, 1H, 10-H), 8.62 (s, 1H, 20-H), 5.13 (m, 1H, 17-H), 4.30 (m,
2H, 1H for 7-H, 1H for 18-H), 4.08 (m, 1H, 8-H), 3.63 (s, 3H,
12-CH3), 3.57 (s, 3H,-CO2CH3), 3.52 (s, 3H, 2-CH3), 3.15 (s,
3H, CH3CO), 2.70 (m, 1H,-CHHCH2CO2CH3), 2.42 (m, 2H,
8-CH2CH3), 2.35 (m, 1H,-CHHCH2CO2CH3), 2.00 (m, 2H,
-CH2CH2CO2CH3), 1.80 (d,J ) 7.2 Hz, 3H, 7-CH3), 1.70 (d,
J ) 6.8 Hz, 3H, 18-CH3), 1.1 (t,J ) 6.5 Hz, 3H, 8-CH2CH3),
-0.30 (s, 1H, NH),-0.65 (s, 1H, NH). Anal. Calcd for
C34H36N4O5‚H2O: C, 66.42; H, 6.24; N, 9.12. Found: C, 66.30;
H, 5.90; N, 8.99. Mass Calcd for C34H36N4O6: 596.3. Found:
m/e 596.8 (M + 1).

3-Acetyl-bacteriopurpurin-18-N-hexylimide Methyl Ester (3).
3-Acetyl-bacteriopurpurin-18 methyl ester1 (180 mg) dissolved
in CH2Cl2 (20 mL) was treated with a large excess of
hexylamine (0.5 mL) at room temperature for 24 h. The
disappearance of the 813 nm band and the appearance of a new
753 nm band indicated formation of the intermediate amide
analogue. The solvent and the excess of amine were then
evaporated under high vacuum (<30 °C) to give a residue,
which was redissolved in CH2Cl2 and treated with diazomethane
and to which a catalytic amount of methanolic KOH (3 to 4
drops) was added. The reaction mixture was stirred at room
temperature for 1-2 min. The disappearance of the absorption
band at 753 nm and the appearance of a new peak at 822 nm
indicated completion of the reaction. After standard workup,
the residue was chromatographed over a silica column, eluting
with acetone/CH2Cl2 (2% v/v). The appropriate fractions were
combined. The major band was collected, and the residue
obtained after removing the solvent was crystallized from CH2-
Cl2/n-hexane as purple-red crystals. Yield: 120 mg (58%).
Mp: 260 °C. UV-vis in CH2Cl2 (λmax, nm; εmax, M-1 cm-1):
364 (6.1× 104), 413 (3.6× 104), 545 (2.6× 104), 753 (5.7×
103), 822 (4.9× 104). 1H NMR (400 MHz, CDCl3) δ (ppm):
9.24 (s, 1H, 5-H), 8.80 (s, 1H, 10-H), 8.64 (s, 1H, 20-H), 5.33
(m, 1H, 17-H), 4.43 (t,J ) 6.03 Hz, 2H,-NCH2(CH2)4CH3),
4.3 (m, 2H, 1H for 7-H, 1H for 18-H), 4.10 (m, 1H, 8-H), 3.71
(s, 3H, 12-CH3), 3.58 (s, 3H,-CO2CH3), 3.54 (s, 3H, 2-CH3),
3.16 (s, 3H, CH3CO-), 2.68 (m, 1H,-CHHCH2CO2CH3), 2.38
(m, 3H, 1H for-CHHCH2CO2H3, 2H for 8-CH2CH3), 1.97 (m,
2H, -NCH2CH2(CH2)3CH3), 1.82 (d,J ) 6.90 Hz, 3H, 7-CH3),
1.74 (d,J ) 6.9 Hz, 3H, 18-CH3), 1.60 (m, 2H,-CH2CH2-
CO2CH3), 1.42 (m, 4H,-NCH2CH2CH2CH2 CH2CH3), 1.28
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(m, 2H,-(CH2)4CH2CH3), 1.10 (t,J ) 6.9 Hz, 3H, 8-CH2CH3),
0.95 (t,J ) 7.6 Hz, 3H, N(CH2)5CH3), -0.5 (s, 1H, NH),-0.72
(s, 1H, NH). MS Calcd for C40H49N5O5: 679.3. Found:m/e
680.5 (M + 1).

3-Vinyl-bacteriopurpurin-18-N-hexylimide Methyl Ester (2).
Bacteriochlorin3 (40 mg) was dissolved in dichloromethane
(15 mL) and reacted with sodium borohydride (100 mg) at room
temperature. The reaction was monitored by TLC. After
completion of the reaction, it was diluted with dichloromethane
(100 mL). The organic layer was washed with water (2× 200
mL) and dried over sodium sulfate. Evaporation of the solvent
afforded the corresponding 3-(1′-hydroxy)ethyl bacteriochlorin,
which was isolated in quantitative yield (40 mg). It was
redissolved ino-dichlorobenzene (5 mL), and the solution was
maintained at 140-145°C for 2 min. The reaction mixture was
cooled to room temperature and chromatographed over a silica
column, eluting first with hexane to remove theo-dichloroben-
zene; further elution with acetone/CH2Cl2 (2% v/v) gave the
title compound. Yield: 27 mg (70%). Mp: 245°C. UV-vis in
CH2Cl2 (λmax, nm;εmax, M-1 cm-1): 366 (1.0× 105), 417 (4.5
× 104), 538 (3.9× 104), 740 (1.3× 104), 796 (5.6× 104). 1H
NMR (400 MHz, CDCl3) δ (ppm): 8.58 (s, 1H, 5-H), 8.46 (s,
1H, 10-H), 8.35 (s, 1H, 20-H), 7.75 (dd,J1) 11.9 Hz,J2 )
18.3 Hz, 1H, 3-CHdCH2), 6.16 (d,J ) 18.3 Hz, 1H, 3-CHd
CHH), 6.05 (d,J ) 11.9 Hz, 1H, 3-CHdCHH), 5.25 (m, 1H,
17-H), 4.41 (m, 2H,-NCH2(CH2)4CH3), 4.19 (m, 2H, 1H for
7-H, 1H for 18-H), 4.00 (m, 1H, 8-H), 3.62 (s, 3H, 12-CH3),
3.55 (s, 3H,-CO2CH3), 3.26 (s, 3H, 2-CH3), 2.63 (m, 1H,
-CHHCH2CO2CH3), 2.33 (m, 3H, 1H for-CHHCH2CO2CH3,
2H for 8-CH2CH3), 1.95 (m, 2H,-NCH2CH2(CH2)3CH3), 1.77
(d, J ) 7.1 Hz, 3H, 7-CH3), 1.69 (d,J ) 7.7 Hz, 3H, 18-CH3),
1.58 (m, 4H, 2H for-N(CH2)2CH2 (CH2)2CH3, 2H for CH2CH2-
CO2CH3), 1.42 (m, 4H,-N(CH2)3CH2CH2CH3), 1.09 (t,J )
7.2 Hz, 3H, 8-CH2CH3), 0.92 (t,J ) 6.9 Hz, 3H,-N(CH2)5CH3),
-0.01 (s, 1H, NH), -0.354 (s, 1H, NH). MS Calcd for
C40H49N5O4: 663.4. Found:m/e 663.5.

3-Formyl-bacteriopurpurin-18-N-hexylimide Methyl Ester (4).
The vinyl derivative2 (100 mg) was dissolved in THF (30 mL)
after which osmium tetroxide (30 mg) in ether (3 mL) and
sodium periodate (200 mg) in water (10 mL) were added. The
reaction mixture was then left stirring at room temperature for
20 h under a nitrogen atmosphere. The completion of the
reaction was monitored by UV-vis spectrophotometry. The
disappearance of the long-wavelength absorption band at 796
nm and the appearance of a new band at 830 nm indicated
completion of the reaction. The reaction mixture was then
extracted with dichloromethane, washed with 2% acetic acid/
water solution, and washed again with water (3× 200 mL).
After standard workup, the residue was purified by preparative
chromatography, and the title compound was obtained. Yield
50 mg (50%). Mp: 265°C. UV-vis in CH2Cl2 (λmax, nm;εmax,
M-1 cm-1): 364 (8.0× 104), 412 (4.3× 104), 548 (3.6× 104),
795 (1.5× 104), 829 (8.2× 104). 1H NMR (400 MHz, CDCl3)
δ (ppm): 11.28 (s, 1H,-CHO), 9.38 (s, 1H, 5-H), 8.80 (s, 1H,
10-H), 8.63 (s, 1H, 20-H), 5.30 (m, 1H, 17-H), 5.00 (m, 2H,
-NCH2(CH2)4CH3), 4.42 (m, 2H, 1H for 7-H, 1H for 18-H),
4.12 (m, 1H, 8-H), 3.71 (s, 3H, 12-CH3), 3.62 (s, 3H, CO2-
CH3), 3.57 (s, 3H, 2-CH3), 2.67 (m, 1H, CHHCH2CO2CH3),
2.36 (m, 3H, 1H for CHHCH2CO2CH3, 2H for 8-CH2CH3), 1.96
(m, 2H, NCH2CH2(CH2)3CH3), 1.84 (d,J ) 7.1 Hz, 3H, 7-CH3),
1.73 (d,J ) 7.6 Hz, 3H, 18-CH3), 1.57 (m, 2H, CH2CH2CO2-
CH3), 1.43 (m, 4H, N(CH2)2CH2CH2CH2CH3), 1.26 (m, 2H,
N(CH2)4CH2CH3), 1.11 (t,J ) 7.2 Hz, 3H, 8-CH2CH3), 0.94
(t, J ) 7.0 Hz, 3H, N(CH2)5CH3), -0.51 (s, 1H, NH),-0.65

(s, 1H, NH). MS Calcd for C39H47N5O5: 665.4. Found:m/e
666.3 (M + 1).

3-(1-Nonyloxy) Ethyl-purpurin-18-N-hexylimide Methyl Ester
(5). The 3-(1-hydroxy) ethyl bacteriochlorin (40 mg) was
dissolved in dry dichloromethane (5.0 mL), after which HBr
gas was bubbled through the solution for 2 min and the solution
was stirred at room temperature under an argon atmosphere for
5 min. The solvent and excess of hydrogen bromide were then
evaporated under high vacuum (<30 °C) to give a residue,
which was not characterized but immediately redissolved in dry
dichloromethane (5.0 mL) and reacted with 1-nonanol (1.0 mL)
in the presence of anhydrous potassium carbonate (200 mg).
The reaction mixture was stirred for 30 min. After standard
workup, the residual 1-nonanol was removed under high
vacuum. The crude product was chromatographed on a silica
column, eluting with acetone/CH2Cl2 (2% v/v), and the title
compound was obtained. Yield: 41 mg (86.5%). UV-vis in
CH2Cl2 (λmax, nm;εmax, M-1 cm-1): 367 (1.1× 105), 417 (5.8
× 104), 536 (4.0× 104), 750 (1.4× 104), 787 (4.8× 104). 1H
NMR (400 MHz, CDCl3) δ (ppm): 8.86 (s, 0.5H,1/2 × 5-H),
8.82 (s, 0.5H,1/2 × 5-H), 8.62 (s, 1H, 10-H), 8.33 (s, 1H, 20-
H), 5.66 (m, 1H, 3-CH3CH(O(CH2)8CH3)-), 5.28 (m, 1H, 17-
H), 4.43 (m, 2H,-NCH2(CH2)4CH3), 4.20 (m, 2H, 1H for 4-H,
1H for 18-H), 4.03 (m, 1H, 8-H), 3.62 (s, 3H, 12-CH3), 3.59
(m, 2H, -CH2(CH2)7CH3), 3.56 (s, 3H,-CO2CH3), 3.22 (s,
1.5H, 1/2 × 2-CH3), 3.21 (s, 1.5H,1/2 × 2-CH3), 2.63 (m, 1H,
-CHHCH2CO2CH3), 2.32 (m, 3H, 1H for-CH2CHHCO2CH3,
2H for 8-CH2CH3), 1.99 (d,J ) 6.6 Hz, 3H, 3-CH3CH(OC9H19),
1.98 (m, 2H,-NCH2CH2(CH2)3CH3), 1.79 (2d,J ) 7.2 Hz,
overlapped, 3H, 7-CH3), 1.69 (d, J ) 7.0 Hz, 4H, 1H for
-CH2CHHCO2CH3, 3H for 18-CH3), 1.60 (m, 3H, 1H for
-CH2CHHCO2CH3, 2H for -CH2CH2(CH2)6CH3), 1.44 (m,
4H, NCH2CH2CH2CH2CH2CH3), 1.36-1.08 (m, 17H, 2H for
-N(CH2)4CH2CH3, 3H for 8-CH2CH3, 12H for -OCH2CH2-
(CH2)6CH3), 0.93 (t, 3H,J ) 6.8 Hz,-N(CH2)5CH3), 0.78 (m,
3H, -O(CH2)8 CH3), 0.10 (s, 1H, NH),-0.30 (s, 1H, NH).
MS Calcd for C49H69N5O5: 807.5. Found:m/e 808.9 (M+ 1).

Photophysical Measurements.Absorption spectra were
recorded on a Hewlett-Packard 8453A diode array spectropho-
tometer. Time-resolved fluorescence and phosphorescence
spectra were measured by a Photon Technology International
GL-3300 with a Photon Technology International GL-302
nitrogen laser/pumped dye laser system equipped with a four-
channel digital delay/pulse generator (Stanford Research System
Inc. DG535) and a motor driver (Photon Technology Interna-
tional MD-5020). Excitation wavelengths were from 538 to 551
nm using coumarin 540A (Photon Technology International,
Canada) as a dye. Fluorescence lifetimes were determined by a
single exponential curve fit using a microcomputer. Nanosecond
transient absorption measurements were carried out using a Nd:
YAG laser (Continuum, SLII-10, 4-6 ns fwhm) at 355 nm with
the power of 10 mJ as an excitation source. Photoinduced events
were estimated by using a continuous Xe lamp (150 W) and an
InGaAs-PIN photodiode (Hamamatsu 2949) as a probe light
and a detector, respectively. The output from the photodiodes
and a photomultiplier tube was recorded with a digitizing
oscilloscope (Tektronix, TDS3032, 300 MHz). The transient
spectra were recorded using fresh solutions in each laser
excitation. All experiments were performed at 298 K.

For the1O2 phosphorescence measurements, an O2-saturated
C6D6 solution containing the sample in a quartz cell (optical
path length 10 mm) was excited atλ ) 532 nm using a Cosmo
System LVU-200S spectrometer. A photomultiplier (Hamamatsu

Properties of New Bacteriochlorins J. Phys. Chem. A, Vol. 106, No. 20, 20025107



Photonics, R5509-72) was used to detect emission in the near-
infrared region (band path 1 mm).

Electrochemical and Spectroelectrochemical Measure-
ments.Cyclic voltammetry (CV) measurements were performed
at 298 K on an EG&G model 173 potentiostat coupled with an
EG&G model 175 universal programmer in deaerated benzo-
nitrile solution containing 0.10 M TBAP as a supporting
electrolyte. A three-electrode system was utilized and consisted
of a glassy carbon working electrode, a platinum wire counter
electrode, and a saturated calomel reference electrode (SCE).
The reference electrode was separated from the bulk of the
solution by a fritted-glass bridge filled with the solvent/
supporting electrolyte mixture. Thin-layer spectroelectrochemi-
cal measurements of the one-electron oxidized and one-electron
reduced bacteriochlorin derivatives were carried out using an
optically transparent platinum thin-layer working electrode and
a Hewlett-Packard model 8453 diode array spectrophotometer
coupled with an EG&G model 173 universal programmer.

ESR Measurements.ESR measurements were performed in
benzonitrile (PhCN) with a JEOL X-band spectrometer (JES-
RE1XE). The ESR spectra were recorded under nonsaturating
microwave power conditions. The magnitude of modulation was
chosen to optimize the resolution and the signal-to-noise (S/N)
ratio of the observed spectra. Theg values were calibrated with
a Mn2+ marker. Computer simulation of the ESR spectra was
carried out by using Calleo ESR version 1.2 (Calleo Scientific
Publisher) on a Macintosh personal computer.

Theoretical Calculations.Density functional theory (DFT)
calculations were performed on a COMPAQ DS20E computer.
Geometry optimizations were carried out using the B3LYP
functional and 6-31G basis set26,27with the unrestricted Hartree-
Fock (UHF) formalism and the BLYP functional and 3-21G
basis set26,27with the restricted Hartree-Fock (RHF) formalism
as implemented in the Gaussian 98 program.28

Results and Discussion

Photophysical Properties.The investigated compounds are
shown in Chart 1. Compounds1-5 exhibit long-wavelength
absorption (788-831 nm) as compared to the corresponding

chlorin derivatives, which have absorptions at shorter than 700
nm. A typical absorption spectrum is shown in Figure 1 for
bacteriochlorin4, which has the Qy band (a1u f egx transition)
at 831 nm, the Qx band (a2u f egy transition) at 551 nm, and
the split Soret band at 367 and 416 nm in PhCN. Such a long-
wavelength Qy band is highly promising for the compound’s
potential use in photodynamic therapy. The absorption maxima
of 1-5 are listed in Table 1. The Qy bands of the compounds
are located between 788 and 831 nm and are significantly red-
shifted as compared to the Qy band of bacteriochlorophylla
(BChla) (771 nm), whereas the Qx bands of1-5 (538-551 nm)
are blue-shifted compared to the Qx band of BChla which is
located at 594 nm.18 The imide ring system (3) exhibits a longer-
wavelength absorption (824 nm) as compared to the corre-
sponding anhydride system (1) (815 nm). The difference
between3 and 4 is the substituent at position-3 (acetyl vs
formyl), and the formyl compound4 has the longest-wavelength
absorption (831 nm) among the investigated compounds.
When the vinyl group in2 at position 3 is replaced by an alkyl
ether side chain in5, the Qy band is blue-shifted from 799 to
788 nm.

CHART 1

Figure 1. UV-vis absorption spectrum of4 (1.3× 10-5 M) in PhCN
at 298 K.
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A typical fluorescence spectrum of the compounds is shown
in Figure 2 for the case of1. The Stokes shift is rather small
because the fluorescence maximum at 828 nm is only slightly
red-sifted as compared to the absorption maximum at 815 nm.

The fluorescence decay of1 is fitted well by a single-
exponential line with lifetimes of 1.3 ns as shown in Figure
3.29 The data for this compound and the other bacteriochlorin
derivatives are summarized in Table 1. The singlet-excited-state
energies [E(S)] determined from the absorption and fluorescence
maxima are also listed in Table 1. TheE(S) energies lie between
1.48 and 1.56 eV (Table 1) and are the lowest ever reported
among this class of compounds.1-4

The short fluorescence lifetimes of1-5 may be ascribed to
the fast intersystem crossing to generate a triplet excited state.

In fact, phosphorescence spectra are observed in deaerated
frozen 2-MeTHF at 77 K. The phosphorescence maxima and
the triplet excited-state energies are summarized in Table 1.

The triplet excited states of1-5 are also detected from the
transient absorption spectra measured 2.0µs after laser excitation
at 355 nm. A typical example is shown in Figure 4 for the case
of 1. The negative absorptions at 370, 420, 550, and 800 nm in
Figure 4 are due to bleaching of the ground-state absorption
bands seen in Figure 1. The positive absorptions at 400, 460,
and 600 nm in Figure 4 are due to the triplet-triplet (T-T)
transition. The T-T absorption decay obeys first-order kinetics
as shown in Figure 5. This indicates that there is no contribution

TABLE 1: Photophysical Data of Bacteriochlorins in PhCN

singlet excited state phosphorescence triplet excited state

compd
abs,λmax, nm

(10-4 εmax, M-1 cm-1)
fluorescence,

λmax, nm τ, ns E(S), eV λmax, nm E(T), eV λmax(T-T), nm τ(T-T), s

1 366 (4.10), 415 (2.63),
548 (1.68), 815 (2.63)

734, 828 1.3 1.51 854 1.45 400, 460, 600 1.1× 10-4

2 370 (8.15), 421 (3.90),
543 (3.28), 799 (4.31)

714, 817 1.4 1.53 845 1.47 400, 450, 580 1.1× 10-4

3 367 (5.97), 417 (3.17),
548 (2.47), 824 (5.16)

740, 835 1.2 1.50 870 1.42 400, 440, 600 8.6× 10-5

4 367 (5.95), 416 (3.47),
551 (2.87), 831 (6.38)

742, 842 1.1 1.48 860 1.44 400, 440, 640 7.2× 10-5

5 369 (11.83), 419 (6.23),
538 (4.71), 788 (5.69)

706, 804 1.4 1.56 840 1.48 400, 460, 570 1.5× 10-4

Figure 2. Fluorescence spectrum of1 (8.0 × 10-6 M) in deaerated
PhCN at 3 ns after laser excitation (548 nm) at 298 K.

Figure 3. Fluorescence decay of1 (4.0× 10-6 M) in deaerated PhCN
at 298 K by excitation (548 nm) atλem ) 828 nm.

Figure 4. T-T absorption spectrum of1 (8.0× 10-6 M) obtained by
the laser flash photolysis in deaerated PhCN at 2.0µs after laser
excitation (355 nm) at 298 K.

Figure 5. Kinetic trace (a) and first-order plot (b) for the T-T
absorption of1 (8.0 × 10-6 M) at 400 nm in deaerated PhCN.
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of the triplet-triplet annihilation under the present experimental
conditions. The T-T absorption maxima and the triplet lifetimes
are summarized in Table 1. The triplet lifetimes are in the range
of 72-150 µs.

The decay of the T-T absorption in oxygen-saturated PhCN
is enhanced significantly over what is observed in deaerated
PhCN. This is shown in Figure 6 for compound1. The decay
kinetics obey first-order kinetics, and the decay rate constant
increases with increasing oxygen concentration. Thus, an
efficient energy transfer from the triplet excited state of1 to
oxygen occurs to produce singlet oxygen. The rate constant of
the energy transfer was determined as 2× 109 M-1 s-1 from
the dependence of the decay rate constant on oxygen concentra-
tion. This value is close to the diffusion-limited value in PhCN
(3.4 × 109 M-1 s-1).12,30

Irradiation of an oxygen-saturated benzene solution of1
results in formation of singlet oxygen, which was detected by
the1O2 phosphorescence at 1270 nm (see Experimental Section).
Quantum yields (Φ) of 1O2 generation were determined from
the phosphorescence intensity, which was compared to the
intensity obtained using a C60 reference compound.31 Relatively
high Φ values are obtained and are summarized in Table 2 in
which the highestΦ value is 0.55 for2.

Redox Processes.Figure 7 shows cyclic voltammograms of
1-5, arranged according to the ease of oxidation. Compound5

is the easiest to oxidize and the hardest to reduce among the
investigated compounds. The first and second ring oxidations
of 5 occur atE1/2 ) 0.65 V andEp ) 1.17 V, whereas the first
and second reversible ring reductions occur atE1/2 ) -0.80 V
and -1.28 V. The difference between redox potentials for
formation of the monocation and the dication (Eox2 - Eox1

0 )
0.52 V) and the difference between those for formation of the
monoanion and the dianion (Ered1

0 - Ered2
0 ) 0.48 V) are in the

same range as those reported for related porphyrins.32,33 In
contrast, the difference between the reversible half-wave
potentials for formation of the monocation and monoanion
(|Eox1

0 - Ered1
0 | ) 1.45 V), which corresponds to the HOMO

(highest occupied molecular orbital)-LUMO (lowest unoc-
cupied molecular orbital) gap, is significantly smaller than the
difference generally observed for porphyrins (2.1-2.4 V) having
planar macrocycles such as TPP (TPP2- ) the dianion of
tetraphenylporphyrin) or OEP (OEP2- ) the dianion of octa-
ethylporphyrin). The experimentally observed HOMO-LUMO
gap of 1-5 is also smaller than the gap of 1.9-2.1 V often
seen for a number of nonplanar porphyrins.33 Similar redox
processes are observed for all five bacteriochlorin derivatives
(Figure 7), and the redox potentials for these compounds are
listed in Table 3.

The much smaller values of|Eox1
0 - Ered1

0 | in Table 3 as
compared to those of nonplanar porphyrins is ascribed to a
decrease in the HOMO level of compounds1-5 with increasing
peripheral saturation.5 The |Eox1

0 - Ered1
0 | values (1.35-1.45 V)

for 1-5 are even smaller than the experimental value reported
for BChla (1.59 V),18 which agrees with the calculated value
of the HOMO-LUMO gap of BChla (1.54 eV).34 The |Eox1

0 -
Ered1

0 | values of1, 3, and4 (1.35-1.36 eV), which have long-
wavelength Qy bands at 815, 824, and 831 nm, are smaller than
the |Eox1

0 - Ered1
0 | of 2 and5, which have Qy bands at 799 and

788 nm, respectively. Because theEox1
0 values in Table 3

Figure 6. Kinetic trace (a) for the T-T absorption of1 (8.0 × 10-6

M) at 400 nm in air- and O2-saturated PhCN at 298 K and (b) plot of
decay rate constant (k) vs [O2].

TABLE 2: Quenching Rate Constants (kq(O2)) of Triplet
Excited States of Bacteriochlorins by O2 in PhCN and
Relative Quantum Yields (Φ(1O2)) of Singlet Oxygen
Generated by Irradiation of Bacteriochlorins in
Oxygen-Saturated C6D6 at 298 K

compound kq(O2), M-1 s-1 Φ(1O2)a

1 1.2× 109 0.48
2 1.7× 109 0.55
3 1.1× 109 0.33
4 1.5× 109 0.41
5 1.5× 109 0.45
C60

b 2.0× 109 c 0.96

a Excitation atλ ) 532 nm, using C60 (Φ(1O2) ) 0.96 in C6D6) as
standard.b Taken from ref 31.c In C6H6.

Figure 7. Cyclic voltammograms of1-5 in PhCN containing 0.1 M
TBAP.
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(0.65-0.82 V) are more positive than theEox1
0 value of BChla

(0.35 V),18 the decrease in|Eox1
0 - Ered1

0 | as compared to that of
BChla results from less negative values ofEred1

0 . This means
that the bacteriochlorin derivatives examined in this study have
higher HOMO levels but much lower LUMO levels than in the
case of BChla.

The HOMO-LUMO gap of 1 was calculated using the
density functional theory (DFT) with the BLYP functional and
3-21G basis set (see Experimental Section).26,27The calculated
value (1.25 eV) agrees with the|Eox1

0 - Ered1
0 | value (1.35 V).

The calculated HOMO-LUMO gap becomes larger with
increasing degree of macrocycle conjugation, that is, 1.25 eV
for the bacteriochlorin1, 1.41 eV for the corresponding chlorin
and 1.45 V for the corresponding porphyrin.5,35

Radical Anions and Cations. The UV-visible spectra
obtained during the first reduction step of2 shows clear
isosbestic points as seen in Figure 8. The formation of aπ
radical anion of2 results in a disappearance of the Qy band at
799 nm and the appearance of new absorption bands at longer
wavelengths (877 and 970 nm) as has also been reported upon
oxidation of BChla.17,18 Reoxidation of the monoanion of2 to
the neutral species is reversible, and the spectrum is regenerated
without loss of spectral intensity. The NIR band at 970 nm in
the case of2•- and 948-990 nm for the other electrogenerated
monoanions can be designated as a marker band of theπ radical
anions of bacteriochlorins.21

The UV-visible absorption spectra obtained during the first
one-electron oxidation of2 show five clear isosbestic points as
shown in Figure 9. This indicates that the electrogenerated
radical cation is stable on the time scale of the measurement
and does not undergo a chemical reaction on the time scale of
the measurement.36 The rereduction of theπ radical cation to
the neutral species is also reversible on the spectroelectrochemi-

cal time scale, and this result contrasts with the case of BChla
in which a dehydrogenation product of BChla is clearly seen
during the oxidation.18 The disappearance of the Qy band at 799
nm in the case of2 is accompanied by the appearance of a new
absorption band at 873 nm. The latter band is well-defined and
can be used as a marker band of the bacteriochlorin radical
cation. Marker bands are seen for the radical cations and radical
anions of other investigated bacteriochlorins, and these values
are listed in Table 4 with the other spectral data.

The one-electron oxidized product,3•+, and one-electron
reduced product,3•-, were also characterized by ESR spectros-
copy. Singly oxidized3 was generated by chemical oxidation
of the neutral compound with 1 equiv of Ru(bpy)3(PF6)3 (Ered

0

) 1.24 V vs SCE)37 in PhCN at 298 K. The ESR spectrum of
3•+ thus obtained is shown in Figure 10a. Theg value is
determined asg ) 2.0037 and is slightly larger than the reported
g value of the radical cation of [(TPC)Zn]•+ (TPC2- ) the
dianion of tetraphenylchlorin),g ) 2.0030.38 ESR signals were
also obtained for the radical cations of other investigated
bacteriochlorins withg values of 2.0038 (1•+), 2.0034 (2•+),
2.0030 (4•+), and 2.0035 (5•+). However, the hyperfine struc-
tures were not sufficiently resolved to determine the hyperfine
coupling constants except for3•+. The hyperfine splitting due
to nitrogens and protons of3•+ is well-resolved, and the

TABLE 3: Half-wave Potentials (V vs SCE) of
Bacteriochlorins in PhCN Containing 0.1 M TBAP

oxidation reduction

compd second first
Eox2 -
Eox1

0 first second
Ered1

0 -
Ered2

0
Eox1

0 -
Ered1

0

1 1.20a 0.82 0.38 -0.53 -0.95 0.42 1.35
2 1.20a 0.68 0.52 -0.75 -1.19 0.44 1.43
3 1.22a 0.73 0.49 -0.63 -1.04 0.41 1.36
4 1.22a 0.76 0.46 -0.59 -0.99 0.40 1.35
5 1.17a 0.65 0.52 -0.80 -1.28 0.48 1.45

a The peak potentialEp is taken asEox2, scan rate at 100 mV/s.

Figure 8. The UV-visible spectral changes of2 upon the first
reduction at-0.90 V in PhCN contanining 0.2 M TBAP.

Figure 9. The UV-visible spectral changes of2 upon the first
oxidation at+1.00 V in PhCN containing 0.2 M TBAP.

TABLE 4: Spectroscopic Data of Radical Anions and
Cations of Bacteriochlorins in PhCN Contaniing 0.2 M
TBAP

compound

radical anion
λmax, nm

(10-4 εmax, M-1 cm-1)

radical cation
λmax, nm

(10-4 εmax, M-1 cm-1)

1 338 (1.49), 367 (2.08),
592 (1.16), 725 (0.57),
892 (0.22) 982 (0.90)

355 (2.49), 409 (3.28),
891 (0.51)

2 336 (3.45), 389 (3.98),
570 (2.49), 706 (1.10),
877 (0.60), 970 (2.02)

353 (5.20), 411 (5.83),
873 (1.45)

3 339 (2.25), 400 (2.79),
608 (1.60), 737 (0.64),
980 (0.16)

356 (3.82), 412 (4.17),
885 (0.30)

4 338 (2.37), 399 (3.06),
628 (1.60), 739 (0.78),
912 (0.36), 990 (0.79)

364 (3.37), 414 (3.82),
896 (0.25)

5 327 (4.68), 372 (6.83),
547 (2.87), 690 (1.58),
865 (0.65), 948 (2.24)

352 (6.24), 419 (10.11),
866 (1.11)
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hyperfine coupling constants (hfc) are listed in Figure 10a where
the computer simulation spectrum is shown for comparison.
Assignment of the hfc values was made by comparison of the
experimental data with the hfc values predicted by the DFT
calculation (see Experimental Section). The calculated hfc values
largely agree with the experimental values, demonstrating
unsymmetric spin distribution due to the substituents on the
macrocyclic ring. The hfc values of two nitrogens [2.6 G for
N(22,24)] are significantly larger than the values of the other
two nitrogens [1.3 G for N(21,23)]. The hfc values of nitrogens
in 3•+ (2.6 and 1.3 G) are larger than the reported values of
tetraphenylbacteriochlorin radical cation (1.20 and 1.19 G),21b

in which the four nitrogens are nearly equivalent. On the other
hand, there is no hyperfine splitting due to the protons at
positions 18 and 19, and the hfc values of the protons at
positions 8 and 9 (3.6 G) are much smaller than the reported
value (8.0 G) of the eight equivalent protons at positions 8, 9,
18, and 19 of [(TPB)Zn]•+ (TPB2- ) the dianion of tetraphenyl-
bacteriochlorin).21b Thus, the spin distribution in the radical
cation of substituted bacteriochlorin, which has no symmetry
(C1), is altered significantly as compared to tetraphenylbacte-
riochlorin radical cation, which hasD2h symmetry.

The one-electron reduced product3•- was generated by
chemical reduction of the neutral compound with 1 equiv of
naphthalene radical anion (Eox

0 ) -2.29 V vs SCE).39 The
resulting ESR spectrum of3•- is shown in Figure 10b. Theg
value of 3•- (2.0036) (Figure 10b) is nearly the same as the
value of3•+ (2.0037) (Figure 10a). Unfortunately, the hyperfine
splitting is not resolved in the case of3•- (Figure 10b),
precluding determination of the hfc values.

Conclusions

In this paper, the first detailed photophysical and electro-
chemical investigation of substituted bacteriochlorin (1-5) is
described. The Qy bands of the compounds are significantly red-
shifted as compared to the Qy band of BChla;4 has a Qy band
in the NIR region (831 nm), which is the longest ever reported
among this class of compounds. Such a large red shift in the
Qy band is reflected in the one-electron redox potentials of the
substituted bacteriochlorins;4 has the smallest HOMO-LUMO
gap as indicated by the smallest difference between the half-
wave potentials,|Eox1

0 - Ered1
0 | ) 1.35 V. The marker bands of

both the radical anion and radical cation are determined from
the spectroelectrochemical data. The unsymmetrical spin dis-
tribution of the radical cation of bacteriochlorins was also
determined for the first time by the ESR spectrum.
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