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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. TH®a@ (a, — ey 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 846870 nm. The triplettriplet transient absorption spectra are observed to have maxima
between 570 and 640 nm with lifetimes between 72 and /[%0The 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 0-338.55. 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
tetran-butylammonium perchlorate (TBAP). The second oxidation is irreversible and occurs at a rather constant
potential of 1.171.22 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-i:88een
and—0.80 V and between-0.95 and—1.28 V vs SCE, respectively. Spectroelectrochemical measurements
reveal the expected radical cation ancr 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 the pyrrole rings is zero in the case of porphyrins, one in the

Porphyrin-based photosensitizers have been the subject ofcase of chlorins and two in the case of bacteriochlorins. This
difference in the degree of macrocycle conjugation causes a

enormous interest because of their potential use in photodynamic , , . k
therapy (PDT}. The major drawback associated with porphyrin- considerable chan_ge in thg e>_<C|t_ed states, _absorptlon spectra,
based photosensitizers is related to their weak absorption in thend redox properties! The ionization potentials of the tetra-
long-wavelength region of the spectrum. It has been well- PYrToles decrease with increasing peripheral saturétmn-
established that both absorption and scattering of light by tissuesistent with the electrochemical d&t&uch a decrease in the
increases as the wavelength decredsésme proteins in tissue  HOMO energy results in a red shift of the absorption band of
account for most of the tissue-related absorption of light in the the first excited state ( and an increase in its intensty.
visible region. Light penetration drops off rapidly below 550 This is the reason one emphasis on the development of new
nm, but it doubles from 550 to 630 nm and doubles again upon antitumor drugs has focused on chlorin- and bacteriochlorin-
going to 700 nni The light penetration in tissue is further related compound®® Such reduced macrocycles are also central
increased as the wavelength moves toward 800 nm. Thus, theto many processes of biological significance such as in
most efficient sensitizers are those that have strong absorptionphotosynthesi&?1*
bands above 800 nfh. To investigate the effect of overall lipophilicity in photosen-
Porphyrins_, chlprins, and bacteriochlorins have a different _ sitizing efficacy, starting from chlorophyll, a number of new
electron conjugation. The number of reduced double bonds in photosensitizers have been synthesized in recent years by
introducing various type of substituents at the peripheral position
@»f the moleculé:*2"14 Interestingly, it has also been shown that
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these porphyrin-based analogues, compounds containing the six- Synthesis of Bacteriochlorins.3-Acetyl-bacteriopurpurin-
member imide ring were found to be more stable in vivo that 18-methyl EsterX). Rhodobacter spheroida La Salle growth
those bearing a fused anhydride or isoimide ring system. medium (350 mL, about 440 g) was dissolved in 800 mL of
For developing photosensitizers with long-wavelength ab- 1-propanol. It was filtered, and 20 g of KOH was added to the
sorption near 800 nm, several naturally occurring bacteriochlo- filtrate. The reaction mixture was stirred at room temperature
rins have been evaluated for their use in PBUnfortunately, for 1 h under a stream of air bubbled through the solution. It
these compounds were found to be extremely sensitive towas then extracted with GiEl,/THF after adjusting the pH
oxidation, which results in a rapid transformation into a mixture between 2.5 and 3. The organic layer was dried over sodium
of chlorins. These metabolite(s) generally have an absorption sulfate. Evaporation of the solvent gave a purple residue, which
maxima at or below 660 nm. Furthermore, if a laser is used to was dissolved in THF (150 mL) after which the solvent was
excite the bacteriochlorin in vivo, oxidation may result in the evaporated. This process was repeated several times until there
formation of new chromophores outside the laser window, thus was no absorption at 756 nm and the appearance of a strong
reducing the photosensitizing efficacy. Therefore, there has beenpeak at 813 nm was evident. After evaporating the solvent, the
an increasing interest in the synthesis of stable bacteriochlorins,crude 3-acetyl-purpurin-18 carboxylic acid thus obtained was
either from bacteriochlorophy# or by modifying the form of  converted into the corresponding methyl ester by treating with
the porphyrin/chlorin systerh. diazomethane. The residue was chromatographed on a silica
The photophysical and electrochemical properties, which are column, eluting with acetone/Gi8l, (2% v/v), and the title
given important consideration in designing improved photo- compound was obtained as purple-red crystals after crystallizing
sensitizers, may also be altered by modifying the chlorin or from CH,Cl,/n-hexane. Yield: 650 mg. Mp: 27Z. UV—vis
bacteriochlorin with specific substituerifsAlthough the visible in CHoCly (Amax NM; €maxy ML cm): 364 (8.9x 10%), 412
absorption spectra of porphyrins, chlorins, and bacteriochlorins (5.4 x 10%, 545 (3.4x 10%, 777 (1.1x 10%), 815 (5.5x 10%).
are well-knownt” limited information is available about the 14 NMR (400 MHz, CDC}) 6 (ppm): 9.21(s, 1H, 5-H), 8.78
absorption and electron spin resonance (ESR) spectra of the(S, 1H, 10-H), 8.62 (s, 1H, 20-H), 5.13 (m, 1H, 17-H), 4.30 (m,
one-electron oxidized or one-electron reduced chlorin- or 2y 1H for 7-H, 1H for 18-H), 4.08 (m, 1H, 8-H), 3.63 (s, 3H,
bacteriochlorin compound$-2* In addition, the effect of  15.cH,) 3.57 (s, 3H~CO,CHy), 3.52 (s, 3H, 2-Ch), 3.15 (s,
substituents on the photophysical or electrochemical propertiesgy cH,c0), 2.70 (m, 1H—CHHCH,CO,CHs), 2.42 (m, 2H,
of chlorins or bacteriochlorins has yet to be examined. 8-CH,CHs), 2.35 (m, 1H,—CHHCH,CO,CHs), 2.00 (m, 2H,

We report herein the synthesis of a series of stable baCteriO'—CHZCHZCOZCHg) 1.80 (d,J = 7.2 Hz, 3H, 7-CH), 1.70 (d
chlorins containing a fused anhydride or imide ring and examine j— g g Hz. 3H 18-CH), 1.1 (t,J = 6.5 Hz, 3H, 8-CHCHy)

the effects of these modifications on their photophysical and _ 3q (s, 1H, NH),—0.65 (s, 1H, NH). Anal. Calcd for
electrochemical properties. The newly synthesized compoundsC34H36N405,H20: C, 66.42: H, 6.24: N, 9.12. Found: C, 66.30:
exhibit long-wavelength absorptions in the near-infrared (NIR) "5 90: N 8.99. Mass Calcd fors@HseN4Os: 596.3. Found:
region of the spectrum with the value being between 788 and /o 596 8 (M+ 1).

831 nm depending on the macrocyclic substituents and are thus 3-Acetyl-bacteriopurpurin-18-N-hexylimide Methyl Esta).

promising candidates for use in photodynamic therapy. Photo- - . .
excitation of the NIR bands of these compounds in the preSenceS-AcetyI-bactenopurpurln-18 methyl e§tb(180 mg) dissolved
n CH)Cl, (20 mL) was treated with a large excess of

f oxygen results in the efficient formation of singlet oxygen. .
O OXygen resu’s © efncient formation o single: 0xyge hexylamine (0.5 mL) at room temperature for 24 h. The

UV —visible and ESR spectra of the one-electron oxidized and di f the 813 band and th ‘
one-electron reduced bacteriochlorin derivatives are of signifi- Isappearance of the hm band and the appearance of a new
753 nm band indicated formation of the intermediate amide

cant interest as intermediates in photosyntiésiad are also .
analogue. The solvent and the excess of amine were then

characterized in this study.
y evaporated under high vacuum:30 °C) to give a residue,

Experimental Section which was redissolved in Gi€l, and treated with diazomethane
Materials. Naphthalene radical anion was prepared by and to which a catalytic amount of methanolic KOH (3 to 4
reduction of naphthalene by sodium in THF. Tris(yridyl)- drops) was added. The reaction mixture was stirred at room

ruthenium dichloride hexahydrate, [Ru(bgil.-6H,0 was temperature for £2 min. The disappearance of the absorption
obtained commercially from Aldrich. The oxidation of [Ru- band at 753 nm and the appearance of a new peak at 822 nm
(bpy)]Cl2 with lead dioxide in aqueous 430, gives [Ru- indicated completion of the reaction. After standard workup,
(bpy)]3*, which is isolated as the RFsalt, [Ru(bpy}](PFs)s.24 the residue was chromatographed over a silica column, eluting
Tetran-butylammonium perchlorate (TBAP), used as a sup- With acetone/CkCl, (2% v/v). The appropriate fractions were
porting electrolyte for the electrochemical measurements, wascombined. The major band was collected, and the residue
obtained from Fluka Fine Chemical, recrystallized from ethanol, obtained after removing the solvent was crystallized from-CH
and dried in vacuo prior to use. Benzonitrile was purchased Cl/n-hexane as purple-red crystals. Yield: 120 mg (58%).
from Wako Pure Chemical Ind., Ltd. and purified by successive Mp: 260°C. UV—vis in CHClz (Amax NM; €max M~ cm™2):
distillation over BOs.25 Benzeneds (CsDg), used as solvent, 364 (6.1x 107, 413 (3.6x 10%), 545 (2.6x 10%), 753 (5.7x
was obtained from EURI SO-TOP, France, and used without 10°), 822 (4.9x 10%). H NMR (400 MHz, CDC}) 6 (ppm):
further purification. 9.24 (s, 1H, 5-H), 8.80 (s, 1H, 10-H), 8.64 (s, 1H, 20-H), 5.33
Instrumentation. Melting points were determined in a hot- (m, 1H, 17-H), 4.43 (tJ = 6.03 Hz, 2H,—NCH(CH>)4sCHa),
plate melting-point apparatus and are uncorrectedNMR 4.3 (m, 2H, 1H for 7-H, 1H for 18-H), 4.10 (m, 1H, 8-H), 3.71
spectra were recorded in CDCit 400 MHz with TMS as an (s, 3H, 12-CH), 3.58 (s, 3H,—CO,CHj), 3.54 (s, 3H, 2-Ch),
internal standard. E. Merck silica gel for column chromatog- 3.16 (s, 3H, CHCO-), 2.68 (m, 1H,—CHHCH,CO,CHj), 2.38
raphy and E. Merck precoated TLC plates, silica ggh,For (m, 3H, 1H for—CHHCH,CO,H3, 2H for 8-CH,CHg), 1.97 (m,
preparative thin-layer chromatography were used. The electronic2H, —NCH;CH2(CHy)sCHs), 1.82 (d,J = 6.90 Hz, 3H, 7-CH),
absorption spectra were taken with a Varian Gary 50 BioUV ~ 1.74 (d,J = 6.9 Hz, 3H, 18-CH), 1.60 (m, 2H,—CH,CH>-
visible spectrophotometer using dichloromethane as a solvent.CO,CHjg), 1.42 (m, 4H,—NCH,CH,CH,CH, CH,CHs), 1.28
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(m, 2H,—(CH2)4CH2CH3), 1.10 (t,J =6.9Hz, 3H, 8-C|’L|CH3),
0.95 (t,J = 7.6 Hz, 3H, N(CH)sCH3), —0.5 (s, 1H, NH),—0.72
(s, 1H, NH). MS Calcd for GoH49NsOs: 679.3. Found:m/e
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(s, 1H, NH). MS Calcd for gH47NsOs: 665.4. Found:m/e
666.3 (M+ 1).

3-(1-Nonyloxy) Ethyl-purpurin-18-N-hexylimide Methyl Ester

680.5 (M+ 1). (5). The 3-(1-hydroxy) ethyl bacteriochlorin (40 mg) was

3-Vinyl-bacteriopurpurin-18-N-hexylimide Methyl Est@).( dissolved in dry dichloromethane (5.0 mL), after which HBr

Bacteriochlorin3 (40 mg) was dissolved in dichloromethane gas was bubbled through the solution for 2 min and the solution
(15 mL) and reacted with sodium borohydride (100 mg) at room was stirred at room temperature under an argon atmosphere for
temperature. The reaction was monitored by TLC. After 5 min. The solvent and excess of hydrogen bromide were then
completion of the reaction, it was diluted with dichloromethane evaporated under high vacuuns30 °C) to give a residue,
(100 mL). The organic layer was washed with waterx(200 which was not characterized but immediately redissolved in dry
mL) and dried over sodium sulfate. Evaporation of the solvent dichloromethane (5.0 mL) and reacted with 1-nonanol (1.0 mL)
afforded the corresponding 3+fiydroxy)ethyl bacteriochlorin,  in the presence of anhydrous potassium carbonate (200 mg).

which was isolated in quantitative yield (40 mg). It was The reaction mixture was stirred for 30 min. After standard
redissolved ir-dichlorobenzene (5 mL), and the solution was

maintained at 146145°C for 2 min. The reaction mixture was

workup, the residual 1-nonanol was removed under high
vacuum. The crude product was chromatographed on a silica

cooled to room temperature and chromatographed over a silicacolumn, eluting with acetone/GBl, (2% viv), and the title

column, eluting first with hexane to remove tbelichloroben-
zene; further elution with acetone/@El, (2% v/v) gave the
titte compound. Yield: 27 mg (70%). Mp: 24%. UV—vis in
CH,Cly (Amax NM; €max, M~ cm™1): 366 (1.0x 10P), 417 (4.5
x 10%, 538 (3.9x 10%, 740 (1.3x 10%, 796 (5.6x 10%. H
NMR (400 MHz, CDC}) 6 (ppm): 8.58 (s, 1H, 5-H), 8.46 (s,
1H, 10-H), 8.35 (s, 1H, 20-H), 7.75 (dd;= 11.9 Hz,J, =
18.3 Hz, 1H, 3-G1=CH,), 6.16 (d,J = 18.3 Hz, 1H, 3-CH=
CHH), 6.05 (d,J = 11.9 Hz, 1H, 3-CHH=CHH), 5.25 (m, 1H,
17-H), 4.41 (m, 2H~NCH3(CH,)4CH3), 4.19 (m, 2H, 1H for
7-H, 1H for 18-H), 4.00 (m, 1H, 8-H), 3.62 (s, 3H, 12-g)H
3.55 (s, 3H,—CO,CHg), 3.26 (s, 3H, 2-Ch), 2.63 (m, 1H,
—CHHCH,CO,CHj), 2.33 (m, 3H, 1H for-CHICH,CO,CHj,
2H for 8-CH,CHj3), 1.95 (m, 2H,—NCH,CH,(CH,)3sCHs), 1.77
(d,J=7.1Hz, 3H, 7-CH), 1.69 (d,J = 7.7 Hz, 3H, 18-CHj),
1.58 (m, 4H, 2H for—N(CH,)2CH; (CH,)>CHs, 2H for CH,CH,-
CO,CHg), 1.42 (m, 4H,—N(CH,)3CH2CH,CHs), 1.09 (t,J =
7.2 Hz, 3H, 8-CHCH3), 0.92 (t,J = 6.9 Hz, 3H,—N(CH,)sCHj),
—0.01 (s, 1H, NH),—0.354 (s, 1H, NH). MS Calcd for
C40H49N504Z 663.4. Found:m/e 663.5.
3-Formyl-bacteriopurpurin-18-N-hexylimide Methyl Estéy. (
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 UWis spectrophotometry. The

disappearance of the long-wavelength absorption band at 79
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 waterx3200 mL).

After standard workup, the residue was purified by preparative
chromatography, and the title compound was obtained. Yiel

50 mg (50%). Mp: 265C. UV—vis in CHxCl3 (Amax NM; €max
M~1cm1): 364 (8.0x 10%, 412 (4.3x 10%, 548 (3.6x 109,
795 (1.5x 10%, 829 (8.2x 10%. IH NMR (400 MHz, CDC})
o (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,

—NCH(CH,)4CHs), 4.42 (m, 2H, 1H for 7-H, 1H for 18-H),
4.12 (m, 1H, 8-H), 3.71 (s, 3H, 12-GH 3.62 (s, 3H, C@
CHa), 3.57 (s, 3H, 2-Ch), 2.67 (m, 1H, GIHCH,CO,CHy),
2.36 (m, 3H, 1H for CHHCH,CO,CHjs, 2H for 8-CH,CHj3), 1.96
(M, 2H, NCHCH(CH,)sCHs), 1.84 (d,J = 7.1 Hz, 3H, 7-CH),
1.73 (d,J = 7.6 Hz, 3H, 18-CH)), 1.57 (m, 2H, CHCH,CO,-
CH3), 1.43 (m, 4H, N(CH)2CH2CH2CH2CH3), 1.26 (m, 2H,
N(CH,)sCH,CHa), 1.11 (t,J = 7.2 Hz, 3H, 8-CHCHs3), 0.94
(t, J = 7.0 Hz, 3H, N(CH)sCHs), —0.51 (s, 1H, NH),—0.65

compound was obtained. Yield: 41 mg (86.5%). YV¥s in
CH,Cly (Amax NM; €max M~Tem™1): 367 (1.1x 10°), 417 (5.8
x 109, 536 (4.0x 10%), 750 (1.4x 10%), 787 (4.8x 10%. IH
NMR (400 MHz, CDC}) 6 (ppm): 8.86 (s, 0.5HY, x 5-H),
8.82 (s, 0.5HY, x 5-H), 8.62 (s, 1H, 10-H), 8.33 (s, 1H, 20-
H), 5.66 (M, 1H, 3-CHCH(O(CH,)sCHs)—), 5.28 (m, 1H, 17-
H), 4.43 (m, 2H,—~NCHy(CH,)4CHs), 4.20 (m, 2H, 1H for 4-H,
1H for 18-H), 4.03 (m, 1H, 8-H), 3.62 (s, 3H, 12-GK13.59
(m, 2H, —CH2(CHy);CHj3), 3.56 (s, 3H,—CO,CHg), 3.22 (s,
1.5H, Y, x 2-CHg), 3.21 (s, 1.5HY/, x 2-CHa), 2.63 (m, 1H,
—CHHCH,CO,CHj3), 2.32 (m, 3H, 1H for—CH,CHHCO,CHyg,
2H for 8-CH,CHj), 1.99 (d,J = 6.6 Hz, 3H, 3-G3;CH(OGHy),
1.98 (m, 2H,—NCH,CH,(CH,)3CHs), 1.79 (2d,J = 7.2 Hz,
overlapped, 3H, 7-C§J, 1.69 (d,J = 7.0 Hz, 4H, 1H for
—CH,CHHCO,CHj3, 3H for 18-CH), 1.60 (m, 3H, 1H for
—CH,CHHCO,CHjz, 2H for —CH,CH2(CH,)6CHg), 1.44 (m,
4H, NCH,CH,CH,CH,CH,CHg), 1.36-1.08 (m, 17H, 2H for
—N(CH2)4CH2CH3, 3H for 8-CH2CH3, 12H for —OCH2CH2-
(CH2)6CHs), 0.93 (t, 3H,J = 6.8 Hz,—N(CH,)sCH3), 0.78 (m,
3H, —O(CHy)s CH3), 0.10 (s, 1H, NH),—0.30 (s, 1H, NH).

MS Calcd for GgHgoNsOs: 807.5. Found:n/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

6nitrogen 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

d single exponential curve fit using a microcomputer. Nanosecond

transient absorption measurements were carried out using a Nd:
YAG laser (Continuum, SLII-10,46 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 thelO, phosphorescence measurements, asd@urated
CsDs solution containing the sample in a quartz cell (optical
path length 10 mm) was excited/at= 532 nm using a Cosmo
System LVU-200S spectrometer. A photomultiplier (Hamamatsu
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CHART 1

Photonics, R5509-72) was used to detect emission in the near-chlorin derivatives, which have absorptions at shorter than 700
infrared region (band path 1 mm). nm. A typical absorption spectrum is shown in Figure 1 for

Electrochemical and Spectroelectrochemical Measure- bacteriochlorird, which has the @band (a, — ey transition)
ments. Cyclic voltammetry (CV) measurements were performed at 831 nm, the Qband (a, — &y transition) at 551 nm, and
at 298 K on an EG&G model 173 potentiostat coupled with an the split Soret band at 367 and 416 nm in PhCN. Such a long-
EG&G model 175 universal programmer in deaerated benzo- wavelength @ band is highly promising for the compound’s
nitrile solution containing 0.10 M TBAP as a supporting potential use in photodynamic therapy. The absorption maxima
electrolyte. A three-electrode system was utilized and consistedof 1—-5 are listed in Table 1. The (bands of the compounds
of a glassy carbon working electrode, a platinum wire counter are located between 788 and 831 nm and are significantly red-
electrode, and a saturated calomel reference electrode (SCE)shifted as compared to the,®and of bacteriochlorophyk
The reference electrode was separated from the bulk of the(BChla) (771 nm), whereas thg,@ands ofLl—5 (538—-551 nm)
solution by a fritted-glass bridge filled with the solvent/ are blue-shifted compared to thg @and of BChla which is
supporting electrolyte mixture. Thin-layer spectroelectrochemi- located at 594 nri€ The imide ring systenj exhibits a longer-
cal measurements of the one-electron oxidized and one-electrorwavelength absorption (824 nm) as compared to the corre-
reduced bacteriochlorin derivatives were carried out using an sponding anhydride systerml)( (815 nm). The difference
optically transparent platinum thin-layer working electrode and between3 and 4 is the substituent at position-3 (acetyl vs
a Hewlett-Packard model 8453 diode array spectrophotometerformyl), and the formyl compound has the longest-wavelength
coupled with an EG&G model 173 universal programmer. absorption (831 nm) among the investigated compounds.

ESR MeasurementsESR measurements were performed in  When the vinyl group ir2 at position 3 is replaced by an alkyl
benzonitrile (PhCN) with a JEOL X-band spectrometer (JES- ether side chain ib, the Q band is blue-shifted from 799 to
RE1XE). The ESR spectra were recorded under nonsaturating788 nm.
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. T@&alues were calibrated with
a Mr?™ marker. Computer simulation of the ESR spectra was 08 | o 831
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 3et’with the unrestricted Hartree
Fock (UHF) formalism and the BLYP functional and 3-21G
basis seéf27with the restricted HartreeFock (RHF) formalism 0.2
as implemented in the Gaussian 98 progfam.
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Results and Discussion 400 600 800 1000

Photophysical Properties.The investigated compounds are Wavelength, nm
shown in Chart 1. Compounds-5 exhibit long-wavelength  Figure 1. UV —vis absorption spectrum @f(1.3 x 105 M) in PhCN
absorption (788831 nm) as compared to the corresponding at 298 K.
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Figure 2. Fluorescence spectrum &f(8.0 x 10°¢ M) in deaerated Figure 4. T—T absorption spectrum df (8.0 x 10°6 M) obtained by
PhCN at 3 ns after laser excitation (548 nm) at 298 K. the laser flash photolysis in deaerated PhCN at /s0after laser
excitation (355 nm) at 298 K.
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Figure 3. Fluorescence decay &f(4.0 x 10-¢ M) in deaerated PhCN 8 0 0I.1 0_I2 0.3 0.4
at 298 K by excitation (548 nm) &t.n, = 828 nm. Time, ms

Figure 5. Kinetic trace (a) and first-order plot (b) for the—Tr

A typical fluorescence spectrum of the compounds is shown @0sorption ofL (8.0 x 107° M) at 400 nm in deaerated PhCN.
in Figure 2 for the case df. The Stokes shift is rather small
because the fluorescence maximum at 828 nm is only slightly In fact, phosphorescence spectra are observed in deaerated
red-sifted as compared to the absorption maximum at 815 nm.frozen 2-MeTHF at 77 K. The phosphorescence maxima and

The fluorescence decay df is fitted well by a single- the triplet excited-state energies are summarized in Table 1.
exponential line with lifetimes of 1.3 ns as shown in Figure  The triplet excited states df—5 are also detected from the
3.2° The data for this compound and the other bacteriochlorin transient absorption spectra measured:.8fter laser excitation
derivatives are summarized in Table 1. The singlet-excited-stateat 355 nm. A typical example is shown in Figure 4 for the case
energieslE(S)] determined from the absorption and fluorescence of 1. The negative absorptions at 370, 420, 550, and 800 nm in
maxima are also listed in Table 1. TEES) energies lie between  Figure 4 are due to bleaching of the ground-state absorption
1.48 and 1.56 eV (Table 1) and are the lowest ever reportedbands seen in Figure 1. The positive absorptions at 400, 460,
among this class of compounds and 600 nm in Figure 4 are due to the triptétiplet (T—T)

The short fluorescence lifetimes df-5 may be ascribed to  transition. The 7T absorption decay obeys first-order kinetics
the fast intersystem crossing to generate a triplet excited state.as shown in Figure 5. This indicates that there is no contribution

TABLE 1: Photophysical Data of Bacteriochlorins in PhCN

abs Amax NM fluorescence, singlet excited state phosphorescence triplet excited state

compd (107 €max, M~ cm™) Amax NM 7, Nns E(S), eV Amax NM E(T),eV  Ana{T—T), nm o(T-T),s

1 366 (4.10), 415 (2.63), 734,828 1.3 1.51 854 1.45 400, 460, 600 %104
548 (1.68), 815 (2.63)

2 370 (8.15), 421 (3.90), 714, 817 1.4 1.53 845 1.47 400, 450,580  %.10°*
543 (3.28), 799 (4.31)

3 367 (5.97), 417 (3.17), 740, 835 1.2 1.50 870 1.42 400, 440, 600 8.60°°
548 (2.47), 824 (5.16)

4 367 (5.95), 416 (3.47), 742,842 1.1 1.48 860 1.44 400, 440, 640 %.20°°
551 (2.87), 831 (6.38)

5 369 (11.83), 419 (6.23), 706, 804 1.4 1.56 840 1.48 400, 460, 570 £.50*

538 (4.71), 788 (5.69)
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Figure 6. Kinetic trace (a) for the T absorption ofl (8.0 x 1076 'v',\_‘/
M) at 400 nm in air- and @saturated PhCN at 298 K and (b) plot of 1.20
decay rate constank)(vs [O;]. T T T T T T T T |
16 12 0.8 04 0.0 0.4 -0.8 -12 -1.6
TABLE 2: Quenching Rate Constants kq(O5)) of Triplet Potential ( V vs SCE)

Excited States of Bacteriochlorins by Q in PhCN and

Relative Quantum Yields @(10,)) of Singlet Oxygen Figure 7. Cyclic voltammograms o1—5 in PhCN containing 0.1 M

Generated by Irradiation of Bacteriochlorins in TBAP.
Oxygen-Saturated GDg at 298 K
compound ky(Oz), M~ts7t D(20,)?2 is the easiest to oxidize and the hardest to reduce among the

1 12x% 10° 0.48 investigated compounds. The first and second ring oxidations
2 1.7 x 10° 0.55 of 5 occur atEy, = 0.65 V andE, = 1.17 V, whereas the first
3 1.1x 10° 0.33 and second reversible ring reductions occutgt= —0.80 V
‘5‘ igx ﬁ 8-3% and —1.28 V. The difference between redox potentials for
Cos? 2:0§ 108 ¢ 0:96 formation of the monocation and the dicatidg,{» — ngl =

2 Excitation atl, = 532 nm, using G (©(105) = 0.9 in GDY) as 0.52 V) and the difference biatweenO those for formation of the
" " == 6 monoanion and the dianiofEfy; — Eq, = 0.48 V) are in the

standard? Taken from ref 31°In CeHe. same range as those reportdeld forredrzelated porph§#itsin
contrast, the difference between the reversible half-wave
potentials for formation of the monocation and monoanion
(E, — E%4 = 1.45 V), which corresponds to the HOMO
(highest occupied molecular orbital) UMO (lowest unoc-
cupied molecular orbital) gap, is significantly smaller than the
difference generally observed for porphyrins (2214 V) having
planar macrocycles such as TPP (¥PPR= the dianion of
tetraphenylporphyrin) or OEP (OBP= the dianion of octa-
ethylporphyrin). The experimentally observed HOMOUMO
gap of 1-5 is also smaller than the gap of £9.1 V often
seen for a number of nonplanar porphyrfasSimilar redox
processes are observed for all five bacteriochlorin derivatives
(Figure 7), and the redox potentials for these compounds are
disted in Table 3.

The much smaller values dE2,, — E, in Table 3 as
compared to those of nonplanar porphyrins is ascribed to a
results in formation of singlet oxygen, which was detected by decrease in the HOMO level of compourids5 with increasing

. . 0 0

the 0, phosphorescence at 1270 nm (see Experimental Section) Peripheral saturationThe |, — Eq values (1.351.45 V)
Quantum yields @) of 10, generation were determined from for 1-5 are even sirslalle_r than the experimental value reported
the phosphorescence intensity, which was compared to thefor BChla (1.59 V);® which agrees with the Cf|CU|at%d value
intensity obtained using aggreference compound.Relatively ogthe HOMO-LUMO gap of BChla (1.54 eV} The E,,, —
high ® values are obtained and are summarized in Table 2 in Eqi Values ofl, 3, and4 (1.35-1.36 eV), which have long-
which the highestb value is 0.55 for2. wavelength @bands at 815, 824, and 831 nm, are smaller than

Redox Processessigure 7 shows cyclic voltammograms of — the |Eg,; — Evqy of 2 and5, which have @bands at 799 and
1-5, arranged according to the ease of oxidation. Comp&und 788 nm, respectively. Because tlﬂXl values in Table 3

of the triplet-triplet annihilation under the present experimental
conditions. The FT absorption maxima and the triplet lifetimes
are summarized in Table 1. The triplet lifetimes are in the range
of 72—150 us.

The decay of the FT absorption in oxygen-saturated PhCN
is enhanced significantly over what is observed in deaerated
PhCN. This is shown in Figure 6 for compoudThe 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 statelato
oxygen occurs to produce singlet oxygen. The rate constant of
the energy transfer was determined ag 20° M~ s™1 from
the dependence of the decay rate constant on oxygen concentr
tion. This value is close to the diffusion-limited value in PhCN
(3.4 x 1® M1 5711230

Irradiation of an oxygen-saturated benzene solutionl of
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TABLE 3: Half-wave Potentials (V vs SCE) of
Bacteriochlorins in PhCN Containing 0.1 M TBAP 08l
oxidation reduction 470
Eoxz — E?edl - ngl - ¢
compd second first EO,  first second Eg,  Emgp 05k
1 1.2¢ 0.82 038 —-0.53 —-095 042 1.35 '
2 1.2¢ 0.68 052 -0.75 —-1.19 044 1.43
3 1.22 0.73 049 -0.63 —-1.04 0.41 1.36 b
4 122 0.76 046 —-059 —-0.99 0.40 1.35 §
5 11” 065 052 —0.80 —128 048 145 £ 04r
@
aThe peak potentidk, is taken asE,, scan rate at 100 mV/s. g
0.8 02k
0.6
0.0l

8 Wavelength, nm
=
§ 0.4 Figure 9. The UV-uvisible spectral changes d upon the first
2 oxidation at+1.00 V in PhCN containing 0.2 M TBAP.
o
3
TABLE 4: Spectroscopic Data of Radical Anions and
0.2 1) Cations of Bacteriochlorins in PhCN Contaniing 0.2 M
TBAP
radical anion radical cation
Amax NM Amax, NM
0.0 compound  (107% €ma ML cmY) (107% €max ML cm?)
Wavelength, nm 1 338(1.49), 367 (2.08), 355 (2.49), 409 (3.28),
Figure 8. The UV-visible spectral changes df upon the first gg% %5231978225(%09507)), 891 (0.51)
reduction at—0.90 V in PhCN contanining 0.2 M TBAP. 5 336 (3.45), 389 (3.98), 353 (5.20), 411 (5.83),
. 570 (2.49), 706 (1.10), 873 (1.45)
(0.65-0.82 V) are more positive than tHg,, value of BChla 877 (0.60), 970 (2.02)
(0.35 V) 18the decrease ifE>,, — E-,| as compared to that of 3 339 (2.25), 400 (2.79), 356 (3.82), 412 (4.17),
BChla results from less negative valuesEf,,. This means ggg Eé-?g;' 737(0.64),  885(0.30)
Lhaththengilt:/ltgrllochllorlbn derlvahu\l/es exliaLrR\l/lngoll in t|h|shstud.y hﬁve 4 338 (2_37')' 399 (3.06), 364 (3.37), 414 (3.82),
igher evels but much lower evels than in the 628 (1.60), 739 (0.78), 896 (0.25)
case of BChla. . 912 (0.36), 990 (0.79)
The HOMO-LUMO gap of 1 was calculated using the 5 327 (4.68), 372 (6.83), 352 (6.24), 419 (10.11),
density functional theory (DFT) with the BLYP functional and 547 (2.87),690 (1.58), 866 (1.11)
3-21G basis set (see Experimental Sect#iy.The calculated 865 (0.65), 948 (2.24)
value (1.25 eV) agrees with tHES,, — Enyy| value (1.35 V). cal time scale, and this result contrasts with the case of BChla

The calculated HOMGLUMO gap becomes larger with  in which a dehydrogenation product of BChla is clearly seen
increasing degree of macrocycle conjugation, that is, 1.25 eV during the oxidatiort® The disappearance of thg Qand at 799
for the bacteriochlorir, 1.41 eV for the corresponding chlorin  nm in the case o2 is accompanied by the appearance of a new
and 1.45 V for the corresponding porphy?i#? absorption band at 873 nm. The latter band is well-defined and
Radical Anions and Cations. The UV-visible spectra can be used as a marker band of the bacteriochlorin radical
obtained during the first reduction step @f shows clear cation. Marker bands are seen for the radical cations and radical
isosbestic points as seen in Figure 8. The formation of a  anions of other investigated bacteriochlorins, and these values
radical anion of2 results in a disappearance of the l6and at are listed in Table 4 with the other spectral data.
799 nm and the appearance of new absorption bands at longer The one-electron oxidized producdd;*, and one-electron
wavelengths (877 and 970 nm) as has also been reported upotieduced produc8'~, were also characterized by ESR spectros-
oxidation of BChlal’-18 Reoxidation of the monoanion @fto copy. Singly oxidized3 was generated by chemical oxidation
the neutral species is reversible, and the spectrum is regeneratedf the neutral compound with 1 equiv of Ru(bpipFs)s (E?ed
without loss of spectral intensity. The NIR band at 970 nm in = 1.24 V vs SCEY in PhCN at 298 K. The ESR spectrum of
the case o2~ and 948-990 nm for the other electrogenerated 3 thus obtained is shown in Figure 10a. Thevalue is
monoanions can be designated as a marker band aof thdical determined ag = 2.0037 and is slightly larger than the reported
anions of bacteriochlorir&. g value of the radical cation of [(TPC)Zr] (TPC~ = the
The UV—visible absorption spectra obtained during the first dianion of tetraphenylchlorin = 2.003038 ESR signals were
one-electron oxidation & show five clear isosbestic points as also obtained for the radical cations of other investigated
shown in Figure 9. This indicates that the electrogenerated bacteriochlorins withg values of 2.0038 1), 2.0034 '),
radical cation is stable on the time scale of the measurement2.0030 @'*), and 2.0035% ™). However, the hyperfine struc-
and does not undergo a chemical reaction on the time scale oftures were not sufficiently resolved to determine the hyperfine
the measuremen€. The rereduction of ther radical cation to coupling constants except f8t*. The hyperfine splitting due
the neutral species is also reversible on the spectroelectrochemito nitrogens and protons ot is well-resolved, and the
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(a) Radical Cation Conclusions

In this paper, the first detailed photophysical and electro-
chemical investigation of substituted bacteriochlodn-§) is
described. The {bands of the compounds are significantly red-
shifted as compared to thg,Qand of BChlaA has a Q 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 bacteriochloring:has the smallest HOMGLUMO
gap as indicated by the smallest difference between the half-

INE224) 26G(22.17G) wave potentialsjES,; — E%ql = 1.35 V. The marker bands of
N 10607 060 both the radical anion and radical cation are determined from
IH(16) 486G (*1G) the spectroelectrochemical data. The unsymmetrical spin dis-
1H(1) 24G(19G)
3H@)  36G(2106) tribution of the radical cation of bacteriochlorins was also
36G(2.7G)
e 36G(29G) determined for the first time by the ESR spectrum.
3H(14) 24G(1.8G)
AHpg=07G
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Figure 10. ESR spectrum of radical cation 8f(a) generated in the
reaction of3 (1.0 x 1072 M) with Ru(bpyk(PFs)s (1.0 x 1073 M) and
hyperfine coupling contants with maximum slope line width$if). (1) (a) Pandey, R. K.; Zheng, Qophyrins as Photosensitizers in
The values in parentheses are those determined by DFT calculation.Photodynamic Therapyn The Porphyrin Handbogkadish, K. M., Smith,
Panel b shows the ESR spectrum of radical anioB @énarated in the K. M., Guilard, R., Eds.; Academic Press: San Diego, 2000; Vol. 6, Chapter
reaction of3 (1.0 x 10~3 M) with naphthalene radical anion (1.0 43. (b) Bonnett, RChem. Soc. Re1995 24, 19. (c) Pandey R. K.; Herman,

1073 M). Asterisk denotes Mt marker. C. Chem. Ind. (London)99§ 739. _
(2) (a) Davis, S.; Weiss, M.; Wong, J. R.; Lampids, T. J.; Chen, L. B.
. . . - J. Biol. Chem1985 260, 13844. (b) Dolphin, DCan. J. Chem1994 72,
hyperfine coupling constants (hfc) are listed in Figure 10a where 100s. (c) Li, G.; Chen, Y.; Missert, J. R.; Rungra, A.; Dougherty, T. J.;

the computer simulation spectrum is shown for comparison. Grossman, Z. D.; Pandey, P. K.Chem. Soc., Perkin Trans1999 1785.
i i (3) Scheer, H.; Inhoffen, H. H. IiThe Porphyrins Dolphin, D., Ed.;
Assignment of the hfc values was made by comparison of the , &, (e ™ 8 %onc o7 Vo, pp 460,
expe _e al data . € hic ‘_"lues predicte y the (4) Hanson, L. S. IrChlorophylls Scheer, H., Ed.; CRC Press: Boca
calculation (see Experimental Section). The calculated hfc valuesraton, FL, 1991; pp 9931014. (b) Plato, M.; Mbius, K.; Lubitz, W. In
largely agree with the experimental values, demonstrating fgjl%rOPhylls Scheer, H., Ed.; CRC Press: Boca Raton, FL, 1991; pp-£015
unsymmelt_nc 'Sme%IStrr:?u“O? duefto the _substltuegtfss oGﬂfthe (5') Ghosh, AJ. Phys. Chem. B997 101, 3290.
macrocyclic ””9- . _e ¢ values of two nitrogens [2. or (6) (a) Stolzenberg, A. M.; Strauss, S. H.; Holm, R.JAm. Chem.
N(22,24)] are significantly larger than the values of the other soc.1981 103 4763. (b) Stolzenberg, A. M.; Schussel, Liorg. Chem.
two nitrogens [1.3 G for N(21,23)]. The hfc values of nitrogens 1991 30, 3205. ‘ )
in 3* (2.6 and 1.3 G) are larger than the reported values of Phyg)cﬂgsmeggg’géJl-?ogzl%kz'by-? Ohkawa, K.; Hada, M.; NakatsujiJ H.
_tetraphenylbacterlc_)chIorln radical cation (_1.20 and 1.19%), (8) Kessel, D.; Smith, K. M.; Pandey, R. K.: Shiau, F.-Y.; Henderson,
in which the four nitrogens are nearly equivalent. On the other B. Photochem. Photobioll993 58, 200.
hand, there is no hyperfine splitting due to the protons at . J(9|)3 (aszhegg,KC]-i-;oAldegﬁr,J.llaég%ggghl\ét&g)sjhibata,I(\j/l.;JDOSugherty,
i .J.; Pandey, R. KJ. Org. Chem , . aquinod, J.; Senge,
positions 18 and 19, and the hfc values of the protons at \,*5 "o "R Y “Forsyth. T. P.- Smith, K. Mngew. Chem.. Int. Ed.
positions 8 and 9 (3.6 G) are much smaller than the reported gng|. 1996 35, 1840. (c) Zheng, G.; Pandey, R. K.; Forsyth, T. P.; Kozyrev,
value (8.0 G) of the eight equivalent protons at positions 8, 9, A. N.; Dougherty, T. J.; Smith, K. MTetrahedron Lett1997 38, 2409.
18, and 19 of [(TPB)Zn} (TPB?~ = the dianion of tetraphenyl- (10) (a) Mathis, P.; Rutherford, A. W. IRhotosynthesesAmesz, J.,

. . . o . ; Ed.; Elsevier: Amsterdam, 1987; p 63. (Bnoxygenic Photosynthetic
1b
bacteriochlorinf® Thus, the spin distribution in the radical Bacterig Blankenship, R. E., Madigan, M. T., Bauer, C. E., Eds.; Kluwer

cation of substituted bacteriochlorin, which has no symmetry Academic Publishers: Dordrecht, The Netherlands, 1995; pp-139.
(Cy), is altered significantly as compared to tetraphenylbacte-  (11) Michel-Beyerle, M. E.; Plato, M.; Deisenhoer, J.; Michel, H.; Bixon,

riochlorin radical cation, which ha®,, symmetry. M.; Jortner, JBiochim. Biophys. Acta988 932 52. _
(12) (a) Pandey, R. K.; Sumlin, A. B.; Potter, W. R.; Bellnier, B. W.;

The one-electron reduced produ8t was generated by  Henderson, S.; Constantine, S.; Aoudia, M.; Rodgers, M. R.; Smith, K.
chemical reduction of the neutral compound with 1 equiv of M.; Dougherty, T. JPhotochem. Photobioll996 63, 194. (b) Pandey, R.
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