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ABSTRACT: Bacteriochlorins have wide potential in photochemistry because of R2 R 0
their strong absorption of near-infrared light, yet metallobacteriochlorins tradi-
tionally have been accessed with difficulty. Established acid-catalysis conditions \_NH
[BF; - OEt, in CH3CN or TMSOT{/2,6-di-tert-butylpyridine in CH,Cl,] for the
self-condensation of dihydrodipyrrin-acetals (bearing a geminal dimethyl group
in the pyrroline ring) afford stable free base bacteriochlorins. Here, InBr; in
CH;CN at room temperature was found to give directly the corresponding
indium bacteriochlorin. Application of the new acid catalysis conditions has
afforded four indium bacteriochlorins bearing aryl, alkyl/ester, or no substituents at the [-pyrrolic positions. The indium
bacteriochlorins exhibit (i) a long-wavelength absorption band in the 741—782 nm range, which is shifted bathochromically by
22—32 nm versus the analogous free base species, (ii) fluorescence quantum yields (0.011—0.026) and average singlet lifetime (270
ps) diminished by an order of magnitude versus that (0.13—0.25; 4.0 ns) for the free base analogues, and (iii) higher average yield
(0.9 versus 0.5) yet shorter average lifetime (30 vs 105 us) of the lowest triplet excited state compared to the free base compounds.
The differences in the excited-state properties of the indium chelates versus free base bacteriochlorins derive primarily from a 30-fold
greater rate constant for S; — T intersystem crossing, which stems from the heavy-atom effect on spin—orbit coupling. The trends
in optical properties of the indium bacteriochlorins versus free base analogues, and the effects of 5-OMe versus 5-H substituents,
correlate well with frontier molecular-orbital energies and energy gaps derived from density functional theory calculations.
Collectively the synthesis, photophysical properties, and electronic characteristics of the indium bacteriochlorins and free base
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analogues reported herein should aid in the further design of such chromophores for diverse applications.

B INTRODUCTION

Bacteriochlorins are an important class of tetrapyrrolic macro-
cycles owing to their strong near-infrared absorption band.">
This feature makes these pigments attractive candidates for a
wide varietZ of applications, including photodynamic therapy
(PDT),>** optical ima in§,3‘13719 flow cytometry,'”*® and
artificial photosynthesis.”' > Naturally occurring bacteriochlor-
ins such as bacteriochlorophylls (Chart 1) provide the basis for
bacterial photosynthesis." Palladium-containing bacteriochlorins
such as WST-9**° and WST-11,%° which are derived from
bacteriochlorophyll a (Chart 1), are particularly interesting for
anumber of reasons when compared to their free base analogues.
First, palladium bacteriochlorins readily undergo intersystem
crossing to give higher yields of the triplet excited state. Second,
metallobacteriochlorins in general have a bathochromically
shifted long-wavelength absorption band.* Near-infrared light
absorption and high triplet excited-state yields are valuable for
effective photosensitization in PDT. However, the repertoire of
metallobacteriochlorins prepared to date is quite limited relative
to that of metalloporphyrins and metallochlorins. The dearth
stems from limitations in access to and stability of the
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bacteriochlorin macrocycles, which serve as tetradendate ligands
to the metal, as well as limitations in approaches for metalation.

The primary source of bacteriochlorins has stemmed from
semisynthesis beginning with the bacterial photosynthetic pig-
ment bacteriochlorophyll a.*'" Two significant problems with
derivatives of the bacteriochlorophylls include limited stability™>*”
and poor synthetic malleability owing to the presence of a nearly
full complement of substituents about the perimeter of the
macrocycle.”'! Nonetheless, macrocycles derived from bacterio-
chlorophylls have been metalated with a number of divalent
metals (Mn>", Co®", Ni*", Cu®**, zn**, Pd*", and Cd*").?
The methods for preparing such metallobacteriochlorins include
conversion of the free base macrocycle to a Cd*" chelate
followed by transmetalation,”® magnesiation of the free base
macrocycle with a hindered Grignard reagent,29 or, for selected
derivatives, direct treatment with a metal salt.** The photody-
namics of such divalent metallobacteriochlorins have been
examined.®’ On the other hand, fewer metals (NiH, Cu*", ZnH)
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Chart 1

Bacteriochlorophyll a
R = phytyl

Bacteriochlorophyll b

R = phytyl, R® = acetyl
Bacteriochlorophyll g

R = phytyl analogue, R® = vinyl

O

Tookad (WST-9)

have been inserted into wholly synthetic bacteriochlorins. The set
of these ligands is also very limited and includes meso-
tetraarylbacteriochlorins,>***  1,5-dihydroxy-1,5-dimethyloctae-
thylbacteriochlorin,36 and  3,13-dicyano-8,8,18,18-tetramethyl-
bacteriochlorin.”” The scarcity of synthetic metallobacteriochlorins
reflects the dual problems of preparing and metalating the bacter-
iochlorin ligand.

Recently, we developed a concise route to stable bacterio-
chlorins that entails self-condensation of a dihydrodipyrrin-acetal
(Scheme 1).*® Investigation of a wide variety of Lewis acids for
the self-condensation revealed two acid conditions that give free
base bacteriochlorin formation: BF;-OEt, in CH;CN and
TMSOT{/2,6-di-tert-butylpyridine (2,6-DTBP) in CH,CL,.3%*°
Use of BF3-OEt, in CH;3CN for the p-tolyl-substituted dihy-
drodipyrrin-acetal (DHDPA-T) results in a mixture of a free base
S-unsubstituted bacteriochlorin (Fb-HBC-T), a free base
S-methoxybacteriochlorin (Fb-MeOBC-T), and a free base B,
D-tetradehydrocorrin (TDC-T), with Fb-HBC-T being the
predominant macrocycle at the optimized conditions.”® Use of
TMSOTY/2,6-DTBP in CH,Cl, exclusively gives Fb-MeOBC-
T.** Other acids investigated resulted either in lower yields of
free base bacteriochlorins, preferential formation of TDC-T, or
gave no macrocycle. One exception was InCl; in CH3CN, which
resulted in an indium bacteriochlorin (In-MeOBC-T) along
with free base Fb-MeOBC-T and TDC-T.

To our knowledge, no other indium bacteriochlorins have
been described. An indium isobacteriochlorin has been reported
by Buchler et al.*' Indium chlorins derived from natural chlor-
ophylls have been extensively used in photodynamic therapy
studies because of their high yield of the excited triplet state.*
The reported indium chlorins result from metalation of the
corresponding free base chlorin. Indium porphyrins have also
been used for PDT as well as photophysical applications,*~**

Scheme 1
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»
£

T

tetradehydrocorrin (TDC-T)

yet also are derived from the free base analogues (except an
indium ABCD-porphyrin, which was synthesized via a bilane*®).
In addition to the expected bathochromic shift of the long-
wavelength absorption band and the high yield of triplet state, the
presence of a tricationic metal chelate introduces a polar site at
the core of the macrocycle, providing a more hydrophilic
bacteriochlorin, which may be attractive for a number of photo-
biological studies.

Herein, we report the results of an investigation of InX;-
mediated catalysis of the conversion of dihydrodipyrrin-acetals to
the corresponding metallobacteriochlorins. The paper is divided
into three parts. Part 1 concerns the identification, optimization,
and scope of application of the reaction conditions for the in situ
formation of indium bacteriochlorins. Part 2 provides a compre-
hensive study of the spectral (absorption, fluorescence) and
photophysical properties of the indium bacteriochlorins. Finally,
part 3 correlates the molecular orbital characteristics (energies
and electron density distributions) and the photophysical prop-
erties of the bacteriochlorins owing to the metalation state
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Table 1. Self-Condensation of DHDPA-T Using InX;"

o}
Ar S N Ar
NH InXg
\ —_— + Fb-MeOBC-T + TDC-T
solvent
YW oo Ar
oL In-MeOBC-T Ar = p-tolyl
entry InX;/solvent In-MeOBC-T % yield Fb-MeOBC-T % yield Fb-HBC-T % yield TDC-T % yield

1 In(OTf);/CH,Cl, b 11.1 9.4 observed
2 In(OTf);/CH;CN b 14.3 trace observed"
3 InCl;/CH,Cl, b b 0.64 observed®
4 InCly/CH,CN 45 b b b
S InBr;/CH,Cl, b b b b
6 InBr;/CH,CN 9.5 b b b

? All reactions were carried out (4-mL scale) with S mM DHDPA-T and an amount of InXj; corresponding to S0 mM (regardless of solubility) at room
temperature. Each reaction was carried out for 16 h. ¥ Not detected. * Observed by TLC but not isolated.

(indium versus free base) and substituents at the perimeter of the
macrocycle.

B RESULTS AND DISCUSSION

1. In situ Synthesis of Indium Bacteriochlorins. A. Exam-
ination of Conditions. The self-condensation of DHDPA-T was
examined at room temperature using an indium catalyst [InCl;,
InBr;, or In(OTf);] in CH3;CN or CH,Cl,. The reactions were
conducted with S mM DHDPA-T (0.02 mmol scale) and S0 mM
InX;. Each reaction mixture was stirred for 16 h at room
temperature, at which point those reactions that showed traces
of bacteriochlorin in the crude reaction mixture by UV—vis
spectroscopy [Q,(0,0) absorption band >700 nm] were quen-
ched by the addition of triethylamine. Bacteriochlorins were
isolated by chromatography, whereupon yields were determined
spectroscopically. The results are summarized in Table 1. In-
(OTf); gave only the free base bacteriochlorins (entries 1 and 2).
Use of InCl; or InBr; in CH,Cl, gave no indium bacteriochlorin
(entries 3 and S); however, InCl; or InBr; in CH3CN gave In-
MeOBC-T in 4.5% or 9.5% yield, respectively (entries 4 and 6).
The self-condensation of DHDPA-T upon treatment with InCl;
in CHCl;, 1,2-dichloroethane, tetrahydrofuran (THF), methanol,
ethanol, pyridine, dimethylformamide (DMF), or dimethyl
sulfoxide (DMSO) resulted in substantially lower yield or no
bacteriochlorin (see Supporting Information, Table S1).

As part of a study of the condensation conditions, the
following observations were made:

(i) A 4 X 4 factorial design spanning concentrations of
DHDPA-T (5—20 mM) and InBr; (25—100 mM) in
CH;CN was conducted on a small scale (see Supporting
Information, Table S2). The best conditions (13 mM
DHDPA-T and 40 mM InBr;) thereby identified were
applied at larger scale (1.48 mmol of DHDPA-T), which
afforded Fb-MeOBC-T, TDC-T, and In-MeOBC-T in
yield of 1.8%, 3.7%, and 14.6%, respectively.

The reaction with InBr; in CH3CN was homogeneous
whereas that with InCl; was heterogeneous given the

(i)

4609

respective solubility limits of the two acids (>650 mM
versus S—10 mM). Treatment of DHDPA-T with a
homogeneous saturated solution of InCl; in CH;CN gave
In-MeOBC-T in 4% yield versus 8% upon reaction in a
suspension of InCl; (see Supporting Information).

(iii) Inclusion of an InXj species with the known acid-
catalysis conditions for conversion of DHDPA-T to
the corresponding bacteriochlorins did not afford any
synergy in yield. The optimized conditions include S mM
DHDPA-T and 50 mM BF;-OEt, in CH;CN for for-
mation of Fb-HBC-T; and 18 mM DHDPA-T, 72 mM
TMSOTf, and 144 mM 2,6-DTBP in CH,Cl,
for formation of Fb-MeOBC-T (see Supporting
Information).

(iv) Treatment of a S mM solution of Fb-MeOBC-T in CH;CN

with 5 equiv (25 mM) of InCl; or InBr; did not result in any

indium bacteriochlorin. However, treatment of a S mM

solution of Fb-MeOBC-T in CH;CN with 50 equiv of InBrs

(250 mM) gave In-MeOBC-T in 14% yield, with recovery of

a significant amount (57% yield) of unreacted free base

bacteriochlorin (Fb-MeOBC-T). The absence of direct

insertion of indium into the free base bacteriochlorin under
conditions closely mimicking those of the dihydrodipyrrin-
acetal self-condensation argues against metalation after
macrocycle formation, and thus is consistent with a mechan-

ism wherein metalation occurs during the course of a

templating process.

Other group III metals were investigated. Examination of

GaCl; or GaBry in CH;CN for the self-condensation of

DHDPA-T gave no metallobacteriochlorin and only trace

amounts (<1%) of free base bacteriochlorin, respectively.

Aluminum-based Lewis acids such as AlMe;, AICl; or

Al(acac); examined previously gave low or no yields of free

base bacteriochlorin.* Thallium reagents were not inves-

tigated owing to toxicity concerns. In summary, the self-
condensation of DHDPA-T with BF; -OEt, gives free base
bacteriochlorins Fb-MeOBC-T and Fb-HBC-T, whereas

InCl; and InBr; give indium bacteriochlorin In-MeOBC-T.

(v)
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Scheme 2
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R = OMe, Fb-MeOBC-MeEs
CO,Et
.
EtO,C
TDC-MeEs
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B. Scope of Reaction. Extension of the best conditions (InBr/
CH;CN) to the unsubstituted dihydrodipyrrin-acetal DHDPA-
H resulted in indium S-methoxybacteriochlorin In-MeOBC-H
in 8.6% yield after column chromatography (Scheme 2). Neither
free base bacteriochlorin nor TDC-type macrocycles were ob-
served. In-MeOBC-H showed absorption at 740 nm (compared
to 709 nm of the free base analogue) and a molecular ion peak at
m/z = 513. However, a "H NMR spectrum of satisfactory quality
could not be obtained for In-MeOBC-H.

Treatment of the methyl/ester-substituted dihydrodipyrrin-
acetal DHDPA-MeEs with InBr; in CH3;CN resulted in a

Chart 2

Qnn

R =H, HBC-type
R = MeO, MeOBC-type

mixture of free base and indium bacteriochlorins (both S-meth-
oxy and S-unsubstituted), along with the tetradehydrocorrin
TDC-MeEs (Scheme 3). The yields of Fb-HBC-MeEs (2.4%,
11 mg), Fb-MeOBC-MeEs (1.6%, 7.7 mg), TDC-MeEs (11.1%,
55 mg), In-HBC-MeEs (1.0%, 5.5 mg), and In-MeOBC-MeEs
(1.7%, 10.9 mg) were quite low. Optimization of the condensa-
tion conditions for DHDPA-MeEs lies beyond the scope of the
present study. Nevertheless, the macrocycles obtained were
readily isolated in sufficient quantities for spectroscopic char-
acterization. Fb-MeOBC-MeEs has been previously reported®’
whereas Fb-HBC-MeEs, In-HBC-MeEs, In-MeOBC-MeEs,
and TDC-MeEs are new compounds and were fully character-
ized herein.

C. Molecular Characterization. The LD-MS spectrum of In-
MeOBC-T gave the molecular ion peak (m/z = 727.9), which is
consistent with the molecular formula C35H;5CIInN,O (calcd
728.1773), and a peak attributed to the indium bacteriochlorin
with loss of chloride (m/z = 692.8). For all other indium
bacteriochlorins described herein the mass spectrometry data
(ESI-MS or LD-MS) only gave peaks consistent with loss of the
counterion. Although the use of InBr; is expected to initially
afford the bromide counterion, in each case the reaction mixture
was worked up by washing with saturated aqueous NaCl with the
aim of exchanging the apical ligand with chloride. In this regard,
indium porphyrins readily undergo ligand exchange.*”*® Each
indium bacteriochlorin was purified by silica gel column chro-
matography. The indium bacteriochlorins were more polar and
eluted more slowly than the free base analogues. The slow
chromatographic elution may stem from an equilibrium between
associated and dissociated forms of the complex (consisting of
the indium bacteriochlorin and the apical counterion). None-
theless, elemental analysis of In-MeOBC-T revealed the pre-
sence of chloride with no detectable bromide, whereas elemental
analysis of In-MeOBC-T revealed the presence of chloride with a
trace (<2.5%) of bromide. Consequently, the apical ligand is
assumed to be chloride for all yield calculations.

Indium porphyrins (e.g., In(TPP)(OAc)) are square-pyrami-
dal with the indium displaced ~0.7 A from the plane of the
macrocycle.” For the indium bacteriochlorins (In-MeOBC-H,
In-MeOBC-T, In-MeOBC-MeEs, and In-HBC-MeEs), the
presence of the In-X group on one face or the other of the
macrocycle results in a mixture of enantiomers as illustrated in
Chart 2, and a different magnetic environment for those protons
that project out of the plane on one side or the other of the
macrocycle. The presence of the S-methoxy group further
reduces the symmetry from C, (e.g, In-HBC-MeEs) to C; (e.g,
In-MeOBC-MeEs), causing the two pyrrolic (or pyrrolinyl)
rings to be in different magnetic environments.

The NMR data are consistent with an out-of-plane geometry,
which causes the two faces of the macrocycle to be diastereotopic.

4610 dx.doi.org/10.1021/ic200325d |Inorg. Chem. 2011, 50, 4607-4618
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Figure 1. Spectra in toluene at room temperature of indium bacterio-
chlorins (normalized at the Q, bands). (A) Absorption spectra. (B)
Magnification of Q, region showing absorption (solid lines) and
emission (dashed lines) spectra. The labels and the colors are as follows:
In-MeOBC-H (a, blue), In-MeOBC-T (b, black), In-MeOBC-MeEs
(¢, orange), In-HBC-MeEs (d, magenta).

Chart 3

O
()

In-HBC-T

Thus, in bacteriochlorin In-MeOBC-T, with C; symmetry, the two
geminal dimethyl groups give rise to four singlets (0 1.80, 1.81,2.05,
and 2.08 ppm), and the CH, group in each of the reduced pyrrole
rings gives rise to a pair of doublets (J = 17.2 or 17.8 Hz) in the
region of 0 436—4.61 ppm. The methoxy group resonates as a
singlet downfield (0 4.52), the aryl protons of each p-tolyl group
give a pair of doublets (0 7.56—7.58 ppm and 8.01—8.06 ppm), and
each of the five peripheral protons (3, 10, 13, 15, and 20 positions)
gives rise to an apparent singlet (0 8.66, 8.71, 8.75, 8.78, and 8.99
ppm). The indium bacteriochlorins failed to give good quality *C
NMR spectra. Furthermore, In-MeOBC-H did not give a quality
"H NMR spectrum (vide supra).

Chart 4

M =Zn, ZnBChl a
M=H, H, BPh a

ZnTPBC

Fb-MeOBC-H

2. Spectral and Photophysical Properties. A. Absorption
Spectra. The ground state electronic absorption spectra of the four
indium bacteriochlorins In-MeOBC-H, In-MeOBC-T, In-MeOBC-
MeEs, and In-HBC-MeEs in toluene are shown in Figure 1 (solid
lines). The spectral data for these four indium bacteriochlorins, and
for In-HBC-T (Chart 3; Fan, D.; Lindsey, J. S. unpublished data),
are listed in Table 2. For comparison, Table 2 also lists spectral data
for the base analogues Fb-MeOBC-H (Chart 4); Fb-MeOBC-T
(Scheme 1); Fb-MeOBC-MeEs and Fb-HBC-MeEs (Scheme 3);
and Fb-HBC-T (Scheme 1).*** The table also includes spectral
data for two literature reference compounds, zinc meso-tetraphenyl-
bacteriochlorin (ZnTPBC)**** and zinc bacteriochlorophyll a
(ZnBChl a),”® as well as the two naturally occurring pigments,
bacteriochlorophyll @ (BChl a)" and bacteriopheophytin @ (BPh a)'
(Charts 1 and 4).

The absorption spectrum of each bacteriochlorin contains four
main features with maxima generally in the following spectral
ranges: By(0,0) (350—360 nm), B,(0,0) (365—395 nm),
Q.(0,0) (495—570 nm), and Q,(0,0) (700—800 nm). Each of
these four origin transitions has a weaker (1,0) vibronic satellite
feature roughly 1250 cm ™ 'to higher energy. [ Note that the B, and B,
transitions may have mixed x and y polarization and for some
compounds are spectrally overlapped.] The absorption spectrum of
In-MeOBC-T (355, 388, 553, 760 nm) in toluene is quite similar to
that of ZnTPBC (350, 385, 540, and 760 nm)** in CH,Cl,, and of
ZnBChl a (353,389, 558, and 762 nm)** in diethyl ether (Table 2).

The Q,(0,0) transition is of particular interest because it
corresponds to absorption of light to produce the lowest singlet

4611 dx.doi.org/10.1021/ic200325d |Inorg. Chem. 2011, 50, 4607-4618
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Table 2. Spectral Characteristics of Indium, Free Base, and Reference Bacteriochlorins”

B,(00)"  B.00)"  Q.00) Q,(0,0)° Q" abs Q,(0,0)° Q/em AQ,f Io / Zo,/
compound abs (nm)  abs (nm)  abs (nm) abs (nm) fwhm (nm)  em (nm)  fwhm (nm)  abs-em (cm ') I 2
Indium Bacteriochlorins
In-MeOBC-H 352 384 552 741 [+32] 19 747 24 108 11 013
In-MeOBC-T 355 388 583 760 [+29] 23 767 30 120 091 0.14
In-HBC-T 350 388 539 763 [+27] 23 769 31 102 1.1 0.15
In-MeOBC-MeEs 358 393 563 762 [+24] 20 768 27 103 1.6 0.23
In-HBC-MeEs 354 395 559 782 [+22] 21 785 23 49 1.3 0.17
Free Base Bacteriochlorins
Fb-MeOBC-H 354 367 501 709 11 711 18 40 0.87 0.11
Fb-MeOBC-T 356 380 S11 731 20 736 23 93 0.89 0.14
Fb-HBC-T 351 374 499 736 20 742 23 110 1.0 0.14
Fb-MeOBC-MeEs 357 398 520 738 18 741 21 217 0.96 0.13
Fb-HBC-MeEs 354 384 520 760 18 764 20 69 0.98 0.19
Reference Bacteriochlorins
ZnTPBC’ 350 385 540 760
ZnBChl * 353 389 558 762
BChl o' 363 396 581 781 32 789 29 130 1.39 0.23
BPha 362 389 532 758 31 768 27 172 0.69 0.15

? Obtained in toluene at room temperature. ¥ The two Soret features are labeled B.(0,0) and By(0,0) but the bands may be of mixed parentage. “ Position
(nm) of the Qy(O,(p absorption band. The value in brackets is the difference in wavelength of the Q,(0,0) band of the indium bacteriochlorin versus the
free base analogue. Full-width-at-half-maxium (fwhm in nm) of the Q,(0,0) absorption band. * Position (nm) of the Q,(0,0) fluorescence emission band.
ffwhm of the Q,(0,0) fluorescence band. ¢ Difference in energy (cm™") between the peak positions of the Q,(0,0) absorption and fluorescence bands.
" Ratio of the peak intensities of the Q,(0,0) band to the Soret (B) maximum, which could be either B,(0,0) or B,(0,0). ' Ratio of the integrated intensities of
the Q, manifold [Q,(0,0), Q,(1,0)] to the Soret manifold [B,(0,0), B,(1,0), B,(0,0), B,(1,0)], for spectra plotted in cm™ '/ Reference 35 in CH,Cl,.

¥ Reference 28 in diethyl ether. 'In benzene.

excited state, which dominates much of the photophysical
behavior. The Q,(0,0) band for the five indium bacteriochlorins
is positioned on the average 27 nm (22—32 nm) to longer
wavelength than those for the free base analogues. Similarly, the
Q.(0,0) band for the indium chelates lies on the average 43 nm
(39—51 nm) to longer wavelength than those for the free base
compounds (Table 2). The average value of the full-width-at-
half-maximum (fwhm) of the Q,(0,0) absorption band of the
indium bacteriochlorins is 21 nm, which is only slightly greater
than the value of 17 nm for the free base analogues.

B. Fluorescence Spectra. The fluorescence emission spectra of
the four indium bacteriochlorins In-MeOBC-H, In-MeOBC-T,
In-MeOBC-MeEs, and In-HBC-MeEs in toluene are shown in
Figure 1 (dashed lines). The emission spectral characteristics for
these four compounds, In-HBC-T, the free base analogues, and
several synthetic reference and naturally occurring bacteriochlor-
ins are listed in Table 2. The fluorescence spectrum of each
bacteriochlorin is dominated by the Q,(0,0) band. The spectra
shown in Figure 1 reveal very weak features ~25 nm to shorter
wavelength than the Q,(0,0) fluorescence band of the indium
bacteriochlorins. These weak, higher-energy features are at the
positions expected for the free base analogues. Weak emission
from the free base is visible even when present in trace amounts
because the free base bacteriochlorin has a fluorescence quantum
yield roughly an order of magnitude greater than that for the
indium chelate (see below).

The Qy(0,0) fluorescence maximum of the indium bacterio-
chlorins lies on the average 6 nm to longer wavelength (96 cm !
to lower energy) than the Q,(0,0) absorption maximum (Table 2).
A similar small “Stokes” shift is generally observed for the free

base bacteriochlorins. The average bandwidth (fwhm) of the
Qy(0,0) fluorescence feature of the indium bacteriochlorins is
27 nm, which is about 25% larger than the value of 21 nm observed
for the Q,(0,0) absorption band. The Q,(0,0) emission feature of
the free base analogues is similarly larger than that of the absorption
band (21 versus 17 nm).

C. Fluorescence Quantum Yields. The fluorescence quantum
yields (D) of the five indium bacteriochlorins are in the range
0.011—0.026 with an average value of 0.018. The ®; values for
the free base species are in the range 0.13—0.25 with an average
of 0.19. Thus, the fluorescence yields for the indium bacterio-
chlorins are on the average 10-fold lower than those for the free
base analogues (Table 3). The data can be compared with those
of Behl a and Bph a.%%°!

D. Singlet Excited-State Lifetimes. The lifetime of the lowest
singlet excited state (7s) of each indium bacteriochlorin was
determined using ultrafast transient absorption spectroscopy and
found to be in the range 210—330 ps with an average value of
270 ps (Table 3). The 75 values for the free base bacteriochlorins
were measured using time-resolved fluorescence spectroscopy
and found to be in the range 3.0—5.0 ns with an average value of
4.0 ns (Table 3). Thus, the singlet excited-state lifetimes of the
indium bacteriochlorins are about 20-fold shorter than those for
the free base analogues.

E. Triplet Excited-State Lifetimes. The lifetime of the lowest
triplet excited state () of each indium and free base bacterio-
chlorin was measured at room temperature using transient
absorption spectroscopy. The Tt values for the indium bacterio-
chlorins were found to be in the range 25—44 us with an average
value of 30 us. The triplet excited-state lifetime for each indium
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Table 3. Photophysical and Molecular Orbital Properties of Indium, Free Base, and Reference Bacteriochlorins®

compound Q,(0,0) * energy (eV) 75 (ns) lo¥ D T (us) HOMO (eV)  LUMO (eV)  LUMO — HOMO (eV)
Indium Bacteriochlorins
In-MeOBC-H 1.67 0.33 0.011 0.9 40 —4.62 —2.56 2.06
In-MeOBC-T 1.63 0.26 0.020 0.9 32 —4.54 —2.53 2.01
In-HBC-T 1.62 0.21 0.016 0.9 44 —4.52 —2.52 2.00
In-MeOBC-MeEs 1.63 0.32 0.026 0.9 25 —4.84 —2.85 1.99
In-HBC-MeEs 1.59 0.25 0.015 0.9 30 —4.74 —2.82 1.92
In-BC average 1.63 0.27 0.018 0.9 30 —4.65 —2.66 2.00
Free Base Bacteriochlorins
Fb-MeOBC-H 1.75 5.0 0.28 0.55 107 —4.48 —2.20 2.28
Fb-MeOBC-T 1.70 4.5 0.20 0.42 107 —4.42 —2.23 2.19
Fb-HBC-T 1.68 33 0.18 0.55 163 —4.40 —2.22 2.18
Fb-MeOBC-MeEs 1.68 44 0.17 0.53 85 —4.61 —2.45 2.16
Fb-HBC-MeEs 1.63 3.0 0.13 0.52 64 —4.67 —2.57 2.10
Fb-BC average 1.69 4.0 0.19 0.51 105 —4.52 —2.34 2.18
Reference Bacteriochlorins
BChl a® 1.59 3.1 0.12 0.33 52 —4.75 —2.86 1.89
BPh 4" 1.64 2.7 0.10 0.54 25 —4.87 —2.84 2.03

“ Obtained in toluene at room temperature unless noted otherwise. The molecular orbital energies were obtained from DFT calculations.

b Energy of the

Q,(0,0) absorption band (see Table 2). “Lifetime of the lowest singlet excited state measured v1a transient absorption spectroscopy for indium
bacteriochlorins (420 ps) and by fluorescence techniques for the free base bacteriochorins (£5%). ¢ Fluorescence quantum yield 415% for the indium
bacteriochlorins and £5% for the free base bacteriochorins. “Yield of the lowest trlplet excited state measured via transient absorption spectroscopy
(0.1 for indium bacteriochlorins and =0.08 for the free base bacteriochlorins). / Lifetime of the lowest triplet excited state measured via transient
absorption spectroscopy for compounds in Ar-purged 2-methyltetrahydrofuran (+10%). ¢ The absorption and emission spectral properties, @, and 75
were acquired here in benzene and 7 in pyridine. The value of @ = 0.32 was measured in toluene. Values of 0.44 and 0.41 were measured in acetonitrile
and pyridine, respectively. Values of @1 = 0.32 and 71 ~ 60 us (mixed first and second order decay) have been reported and are the average of values

measured in acetonitrile, dimethylsulfoxide and pyridine.*®

" The values found here in ethanol are ®;=0.081, 7, = 2. 3 s, and 7 = 30 us. The values in

acetone/methanol (7:3) are 7, = 2.0 ns, Tg = 16 us, and @, = 0.57 (average of 0.54 and 0.60 from two methods).”’

chelate is shorter than that for the free base bacteriochlorin,
which were found to be in the range 64—163 us with an average
value of 105 us (Table 3).

F. Triplet Excited-State Quantum Yields. The quantum yield
of intersystem crossing from the lowest singlet excited state to
the lowest triplet excited state (®j,.), also known as the triplet
yield, was determined using transient absorption spectroscopy.**
The @, values for the indium chelates were found to be 0.9 +
0.1. These values are considerably greater than those for the free
base analogues, which were found to lie in the range 0.42—0.55
(4:0.08) with an average value of 0.51.

G. Excited-State Decay Pathways and Rate Constants. The
observables 75, @5 and @ (Table 3) for decay of the lowest-energy
singlet excited state (S;) are connected to the rate constants for
S;—S, spontaneous fluorescence (k¢), S;—S, internal conversion
(ki.), and S;—T) intersystem crossing (ki) via eqs 1 to 3.

Ts = (kf+kic+kisc)7l (1)
cI)f = kf/(kf + kic + kisc) (2‘)
cI)isc = kisc/(kf + kic + k]sc) (3>
The internal conversion yield can be calculated from eq 4.
D = 1 — D — Dy (4)

The radiative, intersystem-crossing, and internal-conversion rate
constants can be calculated from the above quantities via eq 5, where

i=f, isc, or ic.
ki = (I)i/TS (5)

The average radiative rate constant of k¢ = (17 ns) ! for the
indium bacteriochlorins is slightly greater than that of (22 ns) !
for the free base analogue, indicating a comparable or slightly
higher fluorescence probability. Nevertheless, the average fluor-
escence yield is about 10-fold smaller for indium versus free base
bacteriochlorins (0.018 versus 0.19) because of enhanced rate
constants for the two nonradiative processes (internal conver-
sion and intersystem crossing) in the indium chelates, as
described below.

The average yields of S; — T intersystem crossing of 0.9 for
indium bacteriochlorins and 0.51 ns for the free base analogues,
together with the average S, lifetimes of 0.27 and 4.0 ns,
respectively, translate via eq 5 1nto average intersystem-crossing
rate constant of ki;c = (0.3 ns) " for the indium bacterlochlorlns
being roughly 25-fold greater than that of (8 ns) ' for the free
base analogues. This substantial difference in rates lie well outside
the error limits largely associated with the determination of the
individual intersystem-crossing yields. The enhancement in ki
for indium versus free base bacteriochlorins almost certainly
derives from the effect of the heavy indium ion on spin—orbit
coupling, which drives the spin flips underlying the intersystem-
crossing process.

The yields of S; — Sy internal conversion calculated via eq 4
for the five indium bacteriochlorins (0.09, 0.08, 0.08, 0.07, 0.09)
have an average value of ®;. = 0.08 that is about 25% of that of
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Table 4. Molecular-Orbital Characteristics of Indium and Free Base Bacteriochlorins”

Molecule In-HBC-T In-MeOBC-T Fb-HBC-T Fb-MeOBC-T
- 6"‘. - - ." :“.. Y :‘.‘..‘
. o° '®
LUMO+1 .‘:“g % 49 ‘.’,' ...:. ..&' )
-1.07 -1.07 -0.96 —G 96
"'.i\\‘ T3NS i N® IR LY
N > oy S o
LUMO ‘%@, 5 %@f 5. \‘ B \‘fl )
-2.52 -2.53 -2.22 -"."3
. i@v ‘e j‘\. e | p.\.
iovo | SySgy. S | N ’“\, -
—152 454 —4.40 —4.42
O el |0y | ried .
‘2% @, % . ()
oMo .';'0. v .:;:c. 5 . :.':.‘-‘ ¢ . o
-5.26 -5.18 -4.95 -4.88

? Obtained from DFT calculations.

@, = 0.3 derived from the individual values for the five free base
bacteriochlorins (0.2, 0.4, 0.3, 0.3, 0.4). These average yields give
rise to a typical rate constant of ki = (3 ns)~" for the indium
bacteriochlorins and (14 ns) ™" for the free base analogues. A
somewhat greater ki, for indium versus free base bacteriochlorins
can be rationalized for two reasons. First, on the basis of the energy-
law for nonradiative decay, ki is expected to be somewhat greater
for the indium versus free base bacteriochlorins because the average
energy of the S; excited state of the indium bacteriochlorins
(13086 cm ™!, 1.62 eV) is lower than that for the free base analogues
(13543 cm™ ', 1.68 €V) (Table 3). Second, greater k; values for indium
versus free base bacteriochlorins also may result from an improved
Franck—Condon factor derived from nuclear-coordinate displace-
ments involving the central In*" ion, the apical counterion, and solvent
interactions in the S; versus Sy states. Such coordinate displacements
should be enhanced because the In>* ion and the apical counterion are
displaced toward one side of the bacteriochlorin framework, which itself
should be distorted from planarity. Nonplanar macrocycle distortions
in tetrapyrrole complexes are thought to open up additional
channels for conformational excursions (particularly in the
excited state), which enhance internal conversion.>®

3. Correlation of Photophysical and Molecular Orbital
Characteristics. A. Molecular Orbitals. To gain insights into
the trends in the photophysical properties of the bacteriochlorins
as a function of molecular characteristics, density functional
theory (DFT) calculations were performed. These calculations
provide the energies and electron-density distributions of the
frontier molecular orbitals. The principal orbitals of interest are
the highest occupied molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO), and the HOMO-1 and
LUMO+1. Table 4 gives electron density plots (and energies)
for these four orbitals for two representative indium bacterio-
chlorins (In-HBC-T and In-MeOBC-T) and the free base
analogues (Fb-HBC-T and Fb-MeOBC-T).

Attention is focused on the HOMO and LUMO, for which the
individual energies and energy gap are listed in Table 3. In the
following subsections, these orbital characteristics are correlated

with the wavelength (energy) of the Q,(0,0) absorption band of
the indium and free base bacteriochlorins, the wavelength
(energy) of the Qy(0,0) absorption band of bacteriochlorins
containing a 5-OMe versus 5-H substituent, and the anticipated
redox properties of the molecules.

B. Absorption Spectra of Indium versus Free Base Bacterio-
chlorins. The one-electron configuration resulting from light-
induced promotion of an electron from the HOMO to the
LUMO normally makes a significant contribution to the electro-
nic characteristics of the lowest singlet excited state of most
molecules. Thus, for a series of related tetrapyrroles, the LUMO —
HOMO energy gap may be expected to reasonably track the
energy of the Sy — S; electronic transition, namely, the Q,(0,0)
band. This behavior is expected for bacteriochlorins because the
wave function of the S; excited state is expected to be comprised
of roughly 70—75% of the HOMO — LUMO one-electron
configuration, with the remainder due to the HOMO-1 —
LUMO+1 configuration.>*~ ¢ For example, time-dependent
DFT calculations on Fb-MeOBC-H give percentages of 71%
and 28%, respectively.

Figure 2 plots the LUMO — HOMO energy versus the energy
(and wavelength) of the Q,(0,0) band for the indium bacterio-
chlorins and free base analogues. Both sets of molecules show
good correlations, with similar slopes of the trend lines. It is
expected that the trend lines for the indium and free base
bacteriochlorins would be displaced along the transition-energy
(horizontal) axis because the Q,(0,0) band for each indium
bacteriochlorin is bathochromically shifted from the position for
the free base species (Table 2). The displacement between the
two sets of data and trend lines along the LUMO — LUMO
(vertical) axis can be related to the formation of the indium (I1I)
chelate from the free base analogue. These differential effects
include (1) the positions of greater electron density from the
metal ion (Table 3) and (2) structural changes in the macrocycle,
including a distortion from planarity.

As noted above, the Q,(0,0) bands of the indium bacterio-
chlorins are positioned on the average 27 nm (0.06 eV) to

4614 dx.doi.org/10.1021/ic200325d |Inorg. Chem. 2011, 50, 4607-4618



Inorganic Chemistry

Qy Wavelength (nm)

780 760 740 720
23 T T T T T T T T
@ - Free base bacteriochlorins ,x.
u Indium bacteriochlorins .
7 m=1.51
22| ./',
?‘L @
o
21t °
T
|
Q
=
o
- 20 m=159
]
19 n 1 L 1 L 1 L 1
1.60 1.64 1.68 1.72

Qy Energy (eV)

Figure 2. LUMO — HOMO energy gap versus the energy (and
wavelength) of the Q,(0,0) absorption band for indium bacteriochlorins
(squares and solid line) and free base bacteriochlorins (circles and
dashed line). The slopes (m) of the trend lines are shown.

longer wavelength (lower energy) than those of the free
base species. The indium bacteriochlorins have an average
HOMO energy 0.13 eV more negative than the free base form
(—4.65 vs —4.52 eV) and an average LUMO energy 0.32 eV
more negative than the free base form (—2.66 vs —2.34 eV)
resulting in a smaller LUMO — HOMO energy gap (2.00 vs
2.18 eV). These comparisons show that the smaller LUMO —
HOMO gap and thus, the bathochromic shift in the Q, band,
derive from a more substantial metal-derived effect on the
LUMO than the HOMO.

C. Effects of a 5-OMe Group on Absorption Spectra. The MO
energies from the DFT calculations also track the effects of the
5-OMe versus S-H substituent on the electronic spectra of
various bacteriochlorins. For each pair of bacteriochlorins, the
5-OMe group results in a shift of the Q,(0,0) band to higher
energy (shorter wavelength). The pairwise comparisons for the
5-MeO versus 5-H bacteriochlorins (Qy energy shift, LUMO —
HOMO energy-gap shift) are as follows: In-MeOBC-T versus
In-HBC-T (0.01 eV, 0.01 eV); Fb-MeOBC-T versus Fb-HBC-T
(0.02 eV, 0.01 eV); In-MeOBC-MeEs versus In-HBC-MeEs
(0.04 eV, 0.07 eV); Fb-MeOBC-T versus Fb-HBC-T (0.05 eV,
0.06 eV). Thus, the calculations reproduce the small (0.01—0.02
eV; 3—S nm) effect of the methoxy group for indium and free
base bacteriochlorins containing 2,12-di-p-tolyl groups, and the
larger (0.04—0.05 eV; 10—13 nm) effect of the methoxy group
for indium and free base bacteriochlorins containing 2,12-
dimethyl and 3,13-diester groups. Close examination of the
HOMO and LUMO energies indicates that the greater effect
on the -MeEs versus -T complexes is associated with a greater
effect of the 5-OMe group on the HOMO than the LUMO for
the indium chelates and the opposite effect for the free base
compounds. We have previously noted such interplay between
the 5-OMe substituent and the influence of the 2,3,12,13-
substituents on the MO energies and spectral characteristics of
the bacteriochlorins.”’

D. Predictions of Redox Properties of Indium Bacteriochlor-
ins. A prior study of two dozen zinc chlorins showed a good
correlation between the measured oxidation potential and the
HOMO energy, and also between the measured reduction
potential and the LUMO energy.>® It would be difficult to use
those correlations to predict the exact change in redox potentials
from the changes in orbital energies, but the trends should be
reliable (i.e., whether a given compound in a set will be easier to
oxidize or harder to reduce than another). On the basis of such
considerations, the data in Table 3 suggest the following. The
average HOMO energy of —4.65 eV for the indium bacterio-
chlorins compared to —4.52 eV for the free base analogues
indicates that the indium chelates will be harder to oxidize.
Similarly, the average LUMO energy of —2.66 eV for the indium
bacteriochlorins versus —2.34 eV for the free base analogues
indicates that the indium chelates will be easier to reduce. Such
predictions are valuable in potential applications of the bacterio-
chlorins where redox processes are desired (or to be avoided).
For example, the relative redox properties are important in the
mechanisms (Type I versus II) for forming reactive oxygen
species in photodynamic therapy, as has been shown for free
base bacteriochlorins*~® and for various metalloporphyrin spe-
cies including indium chelates.”** Collectively, comparisons
and correlations such as those given above between the molec-
ular orbital characteristics, substituent and metal effects, optical
properties, and redox potentials facilitate the design of bacterio-
chlorins for diverse applications.

B EXPERIMENTAL SECTION

General Procedures. 'H NMR (300 MHz) spectra and "*C NMR
spectra (100 MHz) were collected at room temperature in CDCl; unless
noted otherwise. Silica gel (40 xm average particle size) was used for
column chromatography. All solvents were reagent grade and were used
as received unless noted otherwise. Electrospray ionization mass spec-
trometry (ESI-MS) data are reported for the molecular ion or proto-
nated molecular ion. Laser desorption mass spectrometry (LD-MS) was
performed in the absence of a matrix.

Acid Survey. Each reaction was carried out in a conical microreaction
vial containing S mM DHDPA-T and an amount of InXj; corresponding to
50 mM (assuming complete dissolution) for a 4-mL reaction. Each
reaction vial was equipped with a conical stir bar and fitted with a Teflon
septum. Reactions were done on a 0.020 mmol scale of DHDPA-T. The
vials and stir bars were dried in an oven (120 °C). A 5 mM stock
solution of DHDPA-T was prepared in the desired concentration
using the appropriate anhydrous solvent. Anhydrous solvents
(CH,Cl,, CH3CN) were reagent grade and were used as received.

The appropriate amount of neat solid InX; reagent was placed in a
microreaction vial, under argon flow from an inverted glass funnel
connected to an argon line. The acid was then treated with 4.00 mL of
the previously prepared S mM solution of DHDPA-T. The reaction
mixtures were stirred at room temperature for 16 h, at which point the
reactions were checked by TLC and UV—vis spectroscopy. If bacterio-
chlorin formation was observed, the reaction mixture was neutralized by
treatment with excess triethylamine and then concentrated. The bacterio-
chlorins were then separated by column chromatography [silica, CH,Cl,/
hexanes (2:1—1:0), then CH,Cl/ethyl acetate (99:1—4:1)].
The fractions containing bacteriochlorins were collected, concentrated,
and the yield was determined spectroscopically (£q, = 97,000 M 'em !
for In-MeOBC-T; £, = 120,000 M ' cm ™' for Fb-MeOBC-T). TDC-T
was not isolated for the survey reactions. The results are reported in Table 1.

Reaction monitoring by TLC analysis entailed removal from the
reaction vial of a 1 4L sample, which was spotted directly onto the TLC
plate [silica, CH,Cl,]. TLC analysis gave information regarding the
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consumption of starting material, formation of Fb-MeOBC-T, TDC-T,
and In-MeOBC-T. Fb-MeOBC-T has the highest R¢ value, followed by
TDC-T and In-MeOBC-T (least to most polar, respectively). The
intensity of the TLC spot attributed to the TDC-T was visually
compared to those of Fb-MeOBC-T and In-MeOBC-T.

Reaction monitoring by absorption spectroscopic analysis entailed
removal from the reaction vial of a § uL sample, which was diluted in
2.5 mL of CH,Cl,/EtOH (3:1) in a UV—vis cuvette and checked for the
presence of the characteristic bacteriochlorin Q, absorption band
(>700 nm). Then, one drop of triethylamine was added to the cuvette
to neutralize any putative protonated bacteriochlorins, whereupon the
absorption spectrum was measured again. When the total yield of
bacteriochlorin was lower than ~0.5% (no prominent Q, absorption
>700 nm), the reaction mixture was not further analyzed.

In(l11)Cl-5-methoxy-8,8,18,18-tetramethyl-2,12-bis(4-me-
thylphenyl)bacteriochlorin  (In-MeOBC-T). A solution of
DHDPA-T (502 mg, 1.48 mmol) in CH3CN (114 mL) was treated
with InBr; (1.62 g, 4.57 mmol). The reaction mixture was stirred at
room temperature for 16 h. Saturated aqueous NaHCO3 was added, and
the mixture was extracted with ethyl acetate. The organic layer was
washed with brine, dried (Na,SO,), concentrated and chromatographed
[silica, CH,Cl,/hexanes (2:1)]. The first band (light green) was
collected (Fb-MeOBC-T, 7.9 mg, 1.8%) and then the column was
eluted with CH,Cl, to afford the second band (dark green) (TDC-T,
16.7 mg, 3.7%). Further elution with ethyl acetate/CH,Cl, (1:4)
afforded the third band (pink). The pink material was collected and
again chromatographed [silica, ethyl acetate/hexanes (2:1)] to afford a
pink solid (75 mg, 15%): "H NMR & 1.80 (s, 3H), 1.81 (s, 3H), 2.05 (s,
3H), 2.08 (s, 3H), 2.60 (s, 6H), 4.38 (d, ] = 16.8 Hz, 1H), 444 (d,] =
17.2Hz, 1H),4.52 (d,] = 17.2 Hz, 1H), 4.52 (s, 3H), 4.59 (d, ] = 16.8 Hz,
1H),7.57 (d,] = 8.0 Hz, 4H), 8.02 (d, ] = 8.0 Hz, 2H), 8.05 (d, ] = 8.0 Hz,
2H), 8.66 (s, 1H), 8.71 (s, 1H), 8.75 (s, 1H), 8.78 (s, 1H), 8.99 (s, 1H);
LD-MS obsd 728.0 (M+), obsd 693.0 (M — Cl); FAB-MS obsd
728.1799, caled 728.1773 (C39H33ClInN,O); ESI-MS obsd 693.2071,
caled 693.2079 [(M — C1) ™, M = C3oH;5ClInN,O; A5 (toluene)/nm
355 (e=71,000 M ' em™), 389 (69,000), 554 (21,000), 760 (97,000);
Aem (Aexe 551 nm) = 768 nm. Elemental analysis (Anal. Calcd. for
C3oH35ClInN,O: C, 64.25; H, 5.25; Cl, 4.86; N, 7.69. Found: C, $9.28;
H, 5.13; Cl,3.20; N, 6.33; Br, 0.0), while not in complete agreement with
theory, showed the presence of chloride rather than bromide. The low
value found for chloride (3.20 vs 4.96 expected) may stem from an
admixture wherein hydroxide serves as apical ligand.

In(ll)CI-5-methoxy-8,8,18,18-tetramethylbacteriochlorin
(In-MeOBC-H). A solution of DHDPA-H (673 mg, 2.71 mmol) in
CH,CN (200 mL) was treated with InBr; (2.96 g, 8.35 mmol). The reaction
mixture was stirred at room temperature for 16 h. Saturated aqueous
NaHCO; was added, and the mixture was extracted with ethyl acetate.
The organic layer was washed with brine, dried (Na,SO,), concentrated and
chromatographed [silica, CH,Cl,/MeOH (9:1)] to afford a dark pink band
(120 mg, 8.6%): LD-MS obsd 513.7, caled 5133 [(M — C)*, M =
C,sHy6ClInN,OT; A (toluene) 351, 383, 550, 741 nm; Aoy (Aexe 551 nm)
= 746 nm. Anal. Caled. for C3HssClIInN,O: C, 54.72; H, 4.78; Cl, 6.46; N,
10.21. Found: C, 54.64; H, 5.07; Cl, 6.55; N, 8.44; Br, trace = <2.5).

3,13-Bis(ethoxycarbonyl)-2,8,8,12,18,18-hexamethylbac-
teriochlorin (Fb-HBC-MeEs), In(Il1)CI-3,13-bis(ethoxycarbo-
nyl)-2,8,8,12,18,18-hexamethylbacteriochlorin (In-HBC-MeEs),
1H,22H,24H-7,8,17,18-tetradehydro-1-(1,1-dimethoxyme-
thyl)-3,3,7,13,13,17-hexamethyl-8,18-bis(ethoxycarbonyl)-
corrin (TDC-MeEs), and In(ll)Cl-3,13-bis(ethoxycarbonyl)-5-
methoxy-2,8,8,12,18,18-hexamethylbacteriochlorin (In-
MeOBC-MeEs). A solution of DHDPA-MeEs (549 mg, 1.64 mmol)
in CH;CN (126 mL) was treated with InBr3 (1.79 g, 5.0S mmol). The
reaction mixture was stirred at room temperature for 16 h. Saturated
aqueous NaHCO; was added, and the mixture was extracted with

ethyl acetate. The organic layer was washed with brine, dried
(Na,SO,), concentrated, and chromatographed [silica, CH,Cl,/
ethyl acetate (1:0 — S:1)]. The first band (light green) afforded
Fb-HBC-MeEs (10.9 mg, 2.4%), the second band (light green)
afforded Fb-MeOBC-MeEs (7.7 mg, 1.6%), the third band (dark
green) afforded TDC-MeEs (55 mg, 11%), the fourth band (pink)
afforded In-HBC-MeEs (5.5 mg, 1.0%), and the fifth band (pink)
afforded In-MeOBC-MeEs (10.9 mg, 1.7%).

Fb-HBC-MeEs: 'H NMR & —1.48 (brs, 2H), 1.69 (t, ] = 7.15 Hz,
6H), 1.92 (s, 12H), 3.62 (s, 6H), 4.39 (s, 4H), 4.76 (q, ] = 7.15 Hz, 4H),
8.61 (s, 2H), 9.63 (s, 2H); > C NMR 6 13.6, 15.0, 31.3, 46.1, 52.1, 61.1,
94.8, 98.7, 1343, 1349, 135.6, 160.7, 1669, 171.2; ESLMS obsd
542.2880, calcd 542.2887 (M = C;,H35N,04); A (CH,CLy) 353,
383, 518, 758 nm.

TDC-MeEs: "H NMR 6 1.03 (s, 3H), 1.23 (s, 3H), 1.28 (s, 3H),
1.36—1.47 (m, 9H), 1.98 (d, J = 14.03 Hz, 1H), 2.34 (s, 3H), 2.39 (s,
3H),2.57 (d, ] = 14.03 Hz, 1H), 2.65, 2.71 (AB, *J = 18.8 Hz, 2H), 3.09
(s, 3H), 3.44 (s, 3H), 4.22—4.45 (m, 4H), 4.89 (s, 1H), 5.54 (s, 1H),
5.77 (s, 1H), 6.27 (s, 1H), 11.03 (brs, 1H), 11.80 (brs, 1H); "*C NMR
11.6, 11.8, 14.5, 14.8, 25.8, 29.5, 29.9, 30.6, 40.4, 45.9, 49.7, 52.8, 57.3,
58.3,59.4,61.1, 80.7,93.7,95.7, 100.1, 108.7, 109.0, 116.7, 127.0, 127.1,
146.6, 147.1, 147.4, 149.0, 163.6, 163.9, 166.5, 171.3, 182.5; ESI-MS
obsd 605.3330, caled 605.3334 [(M + H)", M = C34H,4N,Og]; Aune
(CH,Cl,) 443, 620, 685 nm.

In-HBC-MeEs: "H NMR 6 1.68 (t, ] = 7.15 Hz, 6H), 1.88 (s, 6H),
2.09 (s, 6H),3.58 (s, 6H),4.42 (d, ] = 17.2 Hz,2H), 4.59 (d, ] = 17.2 Hz,
2H), 4.74 (q, ] = 7.15 Hz, 4H), 8.64 (s, 2H), 9.71 (s, 2H); ESI-MS obsd
655.1768, caled 655.1770 [(M — CI)*, M = C3,H36InCIN,O,4]; Aups
(toluene) 351, 393, 554, 778 nm; Aey (Aexc 554 nm) = 787 nm.

In-MeOBC-MeEs: 'H NMR 6 1.60 (t, ] = 7.15 Hz, 3H), 167 (t, ] =
7.15 Hz, 3H), 1.82 (s, 3H), 1.84 (s, 3H), 2.07 (s, 3H), 2.12 (s, 3H), 3.31
(s, 3H), 3.58 (s, 3H), 4.26 (s, 3H), 4.38 (d, ] = 17.2 Hz, 1H), 4.46 (s,
2H), 4.59 (d, ] = 17.2 Hz, 1H), 4.74 (q, ] = 7.15 Hz, 4H), 8.50 (s, 1H),
8.65 (s, 1H), 9.67 (s, 1H); ESI-MS obsd 685.1875, calcd 685.1876 [(M
— CD*, M = C33H35InCIN,O5]; Aus (toluene) 358, 393, 563, 763 nm;
Aem (Aexe 563 nm) = 768 nm.

Extinction Coefficients. The extinction coefficient of In-
MeOBC-T was determined by dissolving a known quantity of the
bacteriochlorin (~6 mg) in 100 mL of toluene. Then a known amount
(~100 uL) of this solution was added to a quartz cuvette containing
3.0 mL of toluene. The absorption spectrum was recorded at room
temperature. The extinction coefficient of In-MeOBC-T determined
and used herein for quantitative studies was & = 97,000 M ' em ™ for
the Q, transition. The extinction coefficients for the Q, transition of Fb-
HBC-T and Fb-MeOBC-T are 130,000 M~' cm™! and 120,000
M " em™ !, respectively.*®

Photophysical Measurements. Static and time-resolved photo-
physical measurements were performed as described previously.** Measure-
ment of the fluorescence (®y) and triplet-excited-state (®.) quantum
yields and singlet (75) and triplet (7r) lifetimes utilized, unless noted
otherwise, dilute (4M) Ar-purged toluene solutions at room temperature.
Samples for ®¢ measurements had an absorbance <0.12 at the excitation
wavelength. The @ values were generally determined with respect to two
standards and the results averaged. The standards were (1) free base neso-
tetraphenylporphyrin (FbTPP) in nondegassed toluene, for which @y =
0.070 was established with respect to the zinc chelate ZnTPP in non-
degassed toluene (P¢=0.030) % consistent with prior results on FbTPP,*
and (2) 8,8,18,18—tetramethylbacteriochlorin22 in Ar-purged toluene, for
which ®¢ = 0.14 was established with respect to FTPP and chlorophyll a
(Chl a) in deoxygenated benzene® or toluene® (®; = 0.325).

The 7 value for each indium bacteriochlorin was first probed using a
time correlated single photon counting (TCSPC) instrument that
employed Soret excitation flashes derived from a nitrogen-pumped
dye laser (PTI LaserStrobe) and a Gaussian instrument response
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function of 0.6 ns. These measurements indicated that the 75 values were
within the instrument response and likely in the range 0.2—0.4 ns. The
lifetimes were then determined using ultrafast pump—probe absorption
spectroscopy employing 130 fs excitation pulses in the Q, band and
probing from 440—660 nm. Global analysis of the data set yielded the
reported values. The 7g values for the free base bacteriochlorins were
determined using the above-mentioned TCSPC apparatus as well as a
fluorescence modulation technique (Spex Tau2);** the results from the
two techniques were generally averaged.

The @;, values were obtained using a transient-absorption technique
in which the extent of bleaching of the ground-state Q(1,0) band due to
the lowest singlet excited state was measured immediately following a
130 fs flash in the Q,(0,0) or Q,(0,0) bands and compared with that due
to the lowest triplet excited state at the asymptote of the singlet excited-
state decay.* For the free base bacteriochlorins, the bleaching signals are
referenced to a relatively featureless transient absorption, which are not
substantially different for the S; and Sy excited states. In the case of the
indium chelates, the spectra are more featured and show larger differ-
ences between the two states. Thus, Gaussian fitting of the spectra (as
well as more routine linear interpolation of the excited-state absorption
across the ground-state bleaching region) was utilized to encompass a
reasonable range of spectral shapes; an average value of the triplet yields
obtained by these methods is reported for each bacteriochlorin.

Density Functional Theory Calculations. DFT calculations
were performed with Spartan 08 for Windows version 1.2.0 in parallel
mode® on a PC equipped with an Intel i7-975 CPU, 24 GB ram, and
three 300 GB, 10 k rpm hard drives. The hybrid B3LYP functional and
the LACVP basis set were employed. The equilibrium geometries were
fully optimized using the default parameters of the Spartan ‘08 program.

B ASSOCIATED CONTENT

© Ssupporting Information. Investigation of alternative re-
action conditions for the formation of indium bacteriochlorins;
identification of refined conditions for reaction of a dihydrodi-
pyrrin-acetal in the presence of TMSOTTY and 2,6-DTBP; and
further experimental procedures. This material is available free of
charge via the Internet at http://pubs.acs.org,
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