
ABSTRACT 

JIANG, JIANBING. Light-harvesting Architectures with Natural Protein Scaffolds and 
Synthetic Chromophores. (Under the direction of Professor Jonathan S. Lindsey). 

 
The challenge of creating both pigment building blocks and scaffolding to organize a 

large number of such pigments has long constituted the central impediment to the 

construction of artificial light-harvesting architectures.  While light-harvesting (LH) antenna 

systems generally have near-quantitative transfer of excitation energy among pigments, only 

a fraction of the solar spectrum is typically absorbed.  A platform architecture for study of 

light-harvesting phenomena has been developed that employs native peptide analogs, native 

bacteriochlorophyll a (BChl a), and synthetic chromophores.  Solar coverage can be 

extended beyond that in the natural systems by covalent attachment of chromophores with 

complementary spectral properties, and the cross-section of absorption at particular 

wavelengths can be enhanced by multiple copies of the same chromophore.   

Bacteriochlorins absorb strongly in the near-infrared (NIR) spectral region and hence 

may be well suited for applications on light-harvesting materials.  In one set of 

bacteriochlorins, nine lipophilic, wavelength-tunable (730–820 nm) bacteriochlorins have 

been prepared that bear a single bioconjugatable group.  Three synthetic bacteriochlorin 

building blocks were used to construct the set of bacteriochlorins that contain an azido group 

for Cu(I)-catalyzed click chemistry, an ester group for non-traceless Staudinger ligation, a 

thioester  for traceless Staudinger ligation, an aldehyde for oxime formation, and a 

maleimido group  for thioether formation.  NIR wavelength tuning was achieved by 

installation of auxochromes at β-pyrrole positions, incorporation of an exocyclic 6-

membered imide moiety, or conversion of the free base macrocycle to the zinc chelate.  



Bioconjugatability of target bacteriochlorins was established on small molecules as well as 

with two tetrapeptides (each containing one non-natural amino acid residue).  Studies of 

orthogonal couplings also were carried out and showed desirable experimental results.   

Further applications of bacteriochlorins have been largely limited by the intrinsic 

lipophilicity of the bacteriochlorin macrocycle.  In another set of bacteriochlorins, a new 

molecular design is investigated wherein 3,5-dicarboxyphenyl units are appended to the β-

pyrrolic positions of the bacteriochlorin.  Aqueous solubility was examined by absorption 

spectral interrogation of samples over a 1000-fold concentration range with reciprocal 

change in pathlength (~0.5, 5, 50, and 500 µM; 10, 1, 0.1, and 0.01-cm pathlength cuvettes).  

As the third set, bacteriochlorins bearing distinct water-solubilizing motifs is studied.  Water-

solubility was assessed by examination of the absorption spectra across a 1000-fold 

concentration range.  Each of the water-soluble bacteriochlorins was prepared in reasonable 

yield (51–73%) from the building block and displayed good aqueous solubility, desired 

photophysical properties and potential for further modification at the 15-position.  All of 

these features open the door for studies with bacteriochlorins in aqueous media. 

Three new biohybrid designs, each of which employs analogues of the β-peptide from 

Rhodobacter sphaeroides, have been investigated.  In the first design, amino acids at seven 

different positions on the peptide were individually substituted with cysteine, to which a 

synthetic chromophore was covalently attached.  All chromophore–peptides readily formed 

LH1-type complexes upon combination with the α-peptide and BChl a.  Efficient energy 

transfer occurs from the attached chromophore to the circular array of 875-nm absorbing 

BChl a molecules (denoted B875).  In the second design, use of two attachment sites 

(positions −10 and −21) on the peptide affords.  In the third design, three spectrally distinct 



bacteriochlorin–peptides were prepared (each attached to cysteine at the −14 position) and 

combined in an ~1:1:1 mixture to form a heterogeneous mixture of LH1-type complexes with 

increased solar coverage and nearly quantitative energy transfer from each bacteriochlorin to 

B875.  Collectively, the results illustrate the great latitude of the biohybrid approach for the 

design of diverse light-harvesting systems.   
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CHAPTER 1 

General Introduction: Tetrapyrroles and Photosynthesis 

Background 

Photosynthesis is a process in which light energy from the sun is captured by an 

antenna complex, and then transferred to the reaction center to ultimately drive a series of 

chemical reactions.  Among the solar output range, the entire visible and near infrared (NIR) 

spectral regions (400 nm to 1000 nm) are highly active in driving the photosynthesis process.  

However, in the past few decades, efforts toward photosynthetic mimicry have chiefly been 

focused on chromophores with absorption in the visible region (e.g., porphyrins), and there 

has been little access to chromophores with (1) absorption in the NIR region and, (2) suitably 

malleable synthetic chemistry for use in artificial constructs.  Recent access to synthetic 

bacteriochlorins has, in principle, enabled utilization of the NIR region.1  The synthetic 

bacteriochlorins are distinguished by wavelength tunability of a sharp and intense absorption 

band in the NIR region, a reasonable degree of synthetic tailorability (for solubility, 

bioconjugation, etc.), and stability to the medium and environmental conditions typical for 

bioconjugation and photosynthesis studies.2  

In nature, two major types of light-harvesting complexes are found in purple 

photosynthetic bacteria (Figure 1.1a).  The first kind is the core light-harvesting complex 

(LH1), which is in close proximity to the photochemical reaction center and in a fixed 

stoichiometric ratio with the reaction center (Figure 1.1b).  The second kind has an accessory 

form of light-harvesting complex (LH2), which is more distant from the reaction center, and 

whose ratio to the reaction center varies depending on the environmental conditions such as 
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light intensity, oxygen partial pressure and temperature (Figure 1.1c).3  Biochemical and 

spectroscopic results have shown that both LH1 and LH2 are composed of associated 

heterodimers consisting of BChl a, an α peptide and a β peptide (Figure 1.1d).  In the cartoon, 

the α peptide is shown in blue, the β is shown in green, and BChl a is displayed in magenta.  

Both peptides have a hydrophobic membrane-spanning domain flanked by relatively polar N-

terminal and C-terminal domains.4  The LH and αβ complexes can be separated from the 

bacteria, and the α peptide, β peptide and BChl a can be further separated from the 

heterodimers and can be reconstituted to give the same photosynthetic properties.5,6 

 
 

 

Figure 1.1.  Cartoon of (a) reaction center surrounded by LH 1 (bigger ring in the center) and 
LH2 (peripheral smaller rings); (b) LH1 complex (outside ring) and reaction center (in the 
middle); (c) LH2 complex; (d) heterodimer composed of α peptide (blue), β peptide (green) 
and BChl a (magenta). Diagrams adapted from Professors Neil Hunter and Richard Cogdell.     

 
 
 

Great effort had been made to explore the relationship between the structures and 

functions of the light-harvesting complexes.  Three factors are considered to attribute to the 

formation of the dyads and the oligomers.  
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First, BChl a – peptide interaction.  Coordination between the magnesium of BChl a 

with the His residue was suggested to contribute at least half of the total energy for complex 

stabilization (Figure 1.2).7  To evaluate the importance of this His residue, His0 of β peptide 

of Rhodobacter sphaeroides was mutated to Asn, Tyr, or Leu, and only H0A exhibited a 

slight LH1 complex formation, all the other two mutants totally lost the ability for complex 

formation.  This unsuccessful formation of the complex meant that the stabilization of this 

complex is expected to occur with 4.5-5.5 kcal/mol binding energy.7  Hydrogen bonding is 

another form of BChl a-peptide interaction.  Reconstitution experiments using analogs of 

BChl a indicated that the C31 and C131 groups were important for formation of dyads and 

oligomers (Chart 1.1 and Figure 1.2) because these groups would be very good hydrogen 

bond acceptors, and the α Trp+11 and β Trp+9 were proven to be good hydrogen bonding 

donors (Figure 1.2).  His0 was proven to form a hydrogen bond with the C131 carbonyl group 

of BChl a which is coordinated to the partner peptide, thus, a kind of cross hydrogen bonding 

occurs which would help stabilize the dyads (Figure 1.2). 

 
 

 

Chart 1.1.  Structure of BChl a. 
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Figure 1.2.  Magnesium coordination with His residue and hydrogen bonding between Trp 
redisues and carbonyl groups on BChl a.  At the bottom are the α and β peptides sequences. 
 
 
 

Second, BChl a – BChl a interactions.  The crystal structure of Rhodospirillum 

molischianum indicates that the distance between Mg atom in the αβ heterodimer was 9.2 Å, 

and the Qy axes of the BChl a are antiparallel to each other (Figure 1.3a).8  In the structure of 

LH2 of Rhodospirillum molischianum, the BChl a molecules in the oligomer overlap at ring I 

and the two BChl a molecules in the dyads overlap at rings III and V (Figure 1.3b).7  Thus, 

an extensive array of BChl a molecules is formed so that the energy is absorbed in the NIR 

region and the excited-state energy is quickly delocalized among the excitonically coupled 

molecules.  
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Figure 1.3.  (a) Arrangement of bacteriochlorophylls in the LH2 of Rhodospirillum 
molischianum.  BChl a molecules are in green, the α peptides are in white and β peptides are 
in magenta.  (b) Arrangement of the BChl a molecules within the B850 ring of LH2 from 
Rhodopseudomonas acidophila.  Cartoon pictures are adopted from reference 8. 

 
 
 
The ability of separated native α and β peptides to form dyads and oligomers in the 

presence of BChl a prompted scientists to ponder the minimum structural requirements of the 

peptides for this reconstitution.  Years ago, the Loach lab revealed that the 31mer derived 

from the β peptide (removal of the 17 residues from the N terminus) (Figure 1.4) possessed 

ability similar to that of the full β for reconstitution.4  One advantage of 31mer over the β 

peptide is that the 31mer can not only form the ββ dimer, but also can form the oligomers in 

the absence of the α peptide.  In contrast, the β peptide can only form the ββ dimer, but can 

not form the oligomers in the absence of native α (Table 1.1 and Figure 1.5).4  Thus, both the 

31mer and β peptide can readily associate with BChl a by apical histidine ligation to form a 

ββ-subunit dimer that contains two BChl a molecules.9,10,11,12  
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Figure 1.4.  Sequence of α peptide, β peptide and truncated 31mer (from top to bottom) of 
Rhodobacter sphaeroides LH1. 
 
 
 
Table 1.1.  Dyad and oligomer formation from 31mer, β peptide, α peptide and BChl a.  

Precursors Dyad absorption Oligomer absorption 

α + β + BChl a 820 nm 870 nm 

β + β + BChl a 820 nm No formation 

31mer + 31mer + BChl a 820 nm 850 nm 

 
 
 

 

Figure 1.5.  (A) Photon flux density spectrum of AM1.5 solar radiation.  (B) Absorption 
spectra of native LH2 (blue) and LH1 plus reaction center (RC) (red) from a Rhodobacter 
sphaeroides mutant that has sphaeroidene as the only carotenoid, which gives rise to the 
440–540 nm absorption.  

A

B
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A lot of effort over the past few decades has been made to build synthetic light-

harvesting systems, which required constructing both the chromophores and scaffolding.13,14  

The ability of separated native α and β peptides to form the dyads and oligomers in the 

presence of BChl a prompted groups to consider the formation of biohybrid light-harvesting 

systems, in which synthetic chromophores are incorporated onto native peptides and 

reconstituted to form the photosynthetic antenna complexes in a natural manner.   

 
 
 

 

Figure 1.6.  Normalized absorption (solid) and fluorescence (dashed) spectra of 
bioconjugatable dyes (colored) and of BChl a dimer B820 in subunit complex 
[31mer(−14Cys)BChl]2 (black). The B820 fluorescence is scaled arbitrarily for clarity. 
(Figure is retrieved from ref 14) 
 
 
 

Based on the rationale above, some work has been done and published,14 in which a 

truncated 31mer of β peptide of Rhodobacter sphaeroides LH1 complex was used.  The 

31mer peptide was engineered with a Cys site (-10 position) for bioconjugation with 

maleimide-terminated chromophores, which include synthetic bacteriochlorins (BC1 and 
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BC2, structures not shown here) and two commercial dyes (Oregon Green ORG and 

Rhodamine Red RR, structures not shown here) (Figure 1.6).  Upon appropriate placement, 

energy transfer from the synthetic bacteriochlorin to the BChl a dimer was almost 

quantitative.14 

As an extension to this light-harvesting biohybrid work, two major work was pursued: 

(1) synthesis of novel chromophores that are wavelength-tunable, polarity-tunable, highly 

fluorescent and bioconjugatable; and (2) different strategies for construction of light-

harvesting architectures to make better use of the solar energy.  

References 

1. H.-J. Kim and J. S. Lindsey, J. Org. Chem., 2005, 70, 5475–5486. 

2. E. Yang, C. Kirmaier, M. Krayer, M. Taniguchi, H.-J. Kim, J. R. Diers, D. F. Bocian, 

J. S. Lindsey and D. Holten J. Phys. Chem. B, 2011, 115, 10801–10816. 

3. J. B. Todd, P. S. Parkes-Loach, J. F. Leykam and P. A. Loach, Biochemistry, 1998, 37, 

17458−17468. 

4. K. A. Meadows, P. S. Parkes-Loach, J. W. Kehoe and P. A. Loach, Biochemistry, 

1998, 37, 3411−3417. 

5. P. S. Parkes-Loach, J. R. Sprinkle and P. A. Loach, Biochemistry, 1988, 27, 

2718−2727. 

6. A. F. Mironov and M. A. Grin, J. Porphyrins Phthalocyanines, 2008, 12, 1163−1172. 

7. P. A. Loach and P. S. Parkes-Loach, In The Purple Phototrophic Bacteria, ed N. C. 

Hunter, F. Daldal, M. C. Thurnauer and T. J. Beatty, Springer Science, 2010, pp. 

181−198.  



 

 9 

8. J. Koepke, X. Hu, C. Muenke, K. Schulten, H. Michel, Structure, 1996, 4, 581−597. 

9. P. S. Parkes-Loach, A. P. Majeed, C. J. Law and P. A. Loach, Biochemistry, 2004, 43, 

7003−7016. 

10. P. A. Loach and P. S. Parkes-Loach, In Advances in Photosynthesis and Respiration, 

ed. C. N. Hunter, F. Daldal, M. C. Thurnauer and J. T. Beatty, Springer, Dordrecht, 

The Netherlands, 2009, pp. 181−198. 

11. C. J. Law, J. Chen, P. S. Parkes-Loach and P. A. Loach, Photosynth. Res. 2003, 75, 

193−210. 

12. H. Paulsen, In Chlorophylls and Bacteriochlorophylls: Biochemistry, Biophysics, 

Functions and Applications, ed. B. Grimm, R. J. Porra, W. Rüdiger and H. Scheer, 

Springer, Dordrecht, The Netherlands, 2006, pp. 375−385. 

13. T. A. Moore, A. L. Moore and D. Gust, Philos. Trans. R. Soc. London B, 2002, 357, 

1481−1498. 

14. J. W. Springer, P. S. Parkes-Loach, K. R. Reddy, M. Krayer, J. Jiao, G. M. Lee, D. M. 

Niedzwiedzki, M. A. Harris, C. Kirmaier, D. F. Bocian, J. S. Lindsey, D. Holten and 

P. A. J. Am. Chem. Soc. 2012, 134, 4589–4599. 

  



 

 10 

CHAPTER 2 

Near-Infrared Tunable Bacteriochlorins for Bioorthogonal Labeling 

 

Preamble.  The contents in this chapter have been submitted, reviewed and recommended 

for publication after minor revision94 with contributions from Masahiko Taniguchi (associate 

research prefessor in the Lindsey group) for the spectra in the introduction section.  

Introduction 

 Molecules or materials with near-infrared (NIR) spectral features, namely absorption 

and emission, offer abundant opportunities in photochemistry, but such substances have been 

far less developed than those for use in the ultraviolet or visible spectrum.1-8  For many 

applications, the ideal features of a NIR chromophore include the ability to (1) control 

overall molecular polarity (hydrophilic, amphiphilic, or hydrophobic), (2) install a single 

bioconjugatable tether, (3) tune the position of the long-wavelength absorption band, (4) 

exert control over the nature of the excited state (e.g., lifetime, decay pathways), and (5) 

prepare the chromophore via a robust synthesis (Figure 2.1).  Few if any chromophores 

satisfy all five criteria.  A commonly desired excited-state property is well-defined 

fluorescence, which encompasses a controllable Stokes’ shift, defined full-width-at-half-

maximum, and high Φf value.  Other applications may seek a quantitative yield of 

intersystem crossing.  The bioconjugatable tether enables attachment of the chromophore to a 

biomolecule, surface, particle, or cell.  The synthesis criterion, which does not concern 

performance characteristics but does concern availability and tailorability, is best satisfied by 

simple procedures beginning with readily available starting materials.   
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Figure 2.1.  Nexus of design issues for NIR chromophores. 
 
 
 
 The NIR-active molecules of bacterial photosynthesis are bacteriochlorophylls, which 

function in light-harvesting and charge-separation processes.9  The structures of 

bacteriochlorophyll a and bacteriochlorophyll b are shown in Chart 2.1.  The 

bacteriochlorophylls contain the bacteriochlorin (i.e., tetrahydroporphyrin) chromophore.  An 

additional family of naturally occurring bacteriochlorins, albeit apparently non-

photosynthetic, are the tolyporphins, exemplified by tolyporphin A from a soil cyanophyte.10-

16  The absorption spectra of bacteriochlorophylls a and b as well as that of tolyporphyrin A 

(and its copper chelate) are shown in Figure 2.2.17-20  The features of bacteriochlorophylls 

can be compared with those of synthetic NIR-active chromophores. 
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Chart 2.1. Naturally occurring bacteriochlorins.  
 
 
 

Synthetic, non-natural chromophores that absorb and/or emit in the NIR region 

include members of the phthalocyanine, cyanine dye, boron-dipyrrin, and quantum dot 

families.18,21-25 Representative examples are shown in Chart 2.2 along with absorption spectra 

in Figure 2.2.  Each class has attractive features as well as limitations, as described as follows.  

(1) Phthalocyanines typically have a very high fluorescence quantum yield (Φf) but 

are poorly soluble in organic solvents; moreover, while phthalocyanines that have 

D2h or D4h symmetry are readily prepared via robust routes, the ability to 

rationally tailor phthalocyanines is quite limited in comparison with that of many 

other chromophores.26   
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Figure 2.2.  Absorption spectra (normalized) of NIR-active chromophores.  Panel I: 
Bacteriochlorophylls a (toluene)17,18 and b (diethyl ether).19  Panel II: Tolyporphin A (A) and 
copper(II)-tolyporphin A (Cu-A) (methanol).20  Panel III: selected synthetic chromophores – 
Qdot 800 (B) absorption in dotted line; emission in dashed line (pH 7.2 buffer);21 boron-
dipyrrin (C, CHCl3);22 indotricarbocyanine dye (D, ethanol);18,23 and tetra-tert-butyl-2,3-
naphthalocyanine (E, chlorobenzene).18,24 
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Chart 2.2. Synthetic NIR chromophores.  
 
 
 
(2) Cyanine dyes exhibit wavelength tunability by virtue of changes in the length of 

the polyene chain as well as changes in the nature of the “heterocyclic nuclei” at 

the termini of the polyene.27  The synthetic chemistry has received intense 

attention over the years.28  Cyanines are intrinsically charged, however, frequently 

causing aggregation and thereby limiting approaches for purification and handling.  

Moreover, cyanine dyes tend to have broad absorption spectra, and are known to 

form photoisomers upon illumination, which can impede some photochemical 

applications.2,4,6,29 

(3) Boron-dipyrrins with few or no conjugated substituents typically absorb in the 

~500–600 nm region.30  Quite recently, boron-dipyrrins that bear more 
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extensively conjugated substituents have been developed that absorb on the high-

energy edge of the NIR region (i.e., 700 nm).7,22  It remains to be seen how deeply 

the absorption can be pushed into the NIR while retaining desirable 

photochemical features. 

(4) Quantum dots have been prepared that emit in the NIR region.8  An attraction of 

quantum dots is the strong resistance to photobleaching even upon long-term 

illumination; limitations include the very broad absorption spectra and the lack of 

synthetic tailorability. 

Viewed in the context of available synthetic NIR-active chromophores, 

bacteriochlorophylls – Nature’s chosen NIR-active chromophores – are not very amenable to 

synthetic manipulation for wavelength tuning given the nearly full complement of 

substituents arrayed about the perimeter of the macrocycle.  Total syntheses of the 

bacteriochlorophylls have not been reported.  The synthesis of tolyporphin A has been 

accomplished, but the daunting and lengthy nature of the synthesis would appear to impede 

most applications.31-33  Bioconjugation of synthetically accessible porphyrins has been 

studied quite extensively,34 but porphyrins lack the NIR absorption characteristic of 

bacteriochlorins.  

A decade ago, we reported a de novo route to bacteriochlorins.35  Since then, we and 

others have exploited the synthesis to gain access to bacteriochlorins that are (1) lipophilic 

and wavelength tunable (ranging from ~690 nm to ~900 nm;36-40 (2) lipophilic and 

bioconjugatable;38,41-45 (3) lipophilic, wavelength-tunable, and bioconjugatable;38,45,46 (4) 

hydrophilic;36,45,47 (5) hydrophilic and bioconjugatable;45,48 and (6) amphiphilic and 
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bioconjugatable.49  In each case, the bioconjugatable group was a carboxylic acid or N-

hydroxysuccinimido ester (for reaction with an amine to give an amide), or a maleimide (for 

reaction with a thiol to give a thioether).  Other bacteriochlorins bearing a single 

bioconjugatable tether also have been prepared by derivatization of synthetic porphyrins or 

by modification of bacteriochlorophylls,50-55 but wavelength tuning has necessarily been 

limited.  

In this paper, we explore an expanded range of functional groups for bioconjugation 

with a palette of wavelength-tunable synthetic bacteriochlorins.   The bioconjugation motifs 

include an aldehyde group (for reaction with a hydroxamine to give an oxime), a maleimide 

group (for reaction with a thiol to form a thioether), an ester or thioester group (for reaction 

with an azide via Staudinger ligation to give an amide), or an azide group (for click 

chemistry with an ethyne to give a triazole).  Altogether, nine new bacteriochlorins have been 

prepared.  The bacteriochlorins are lipophilic, exhibit a long-wavelength absorption band that 

ranges from 729 nm to 820 nm, and have been examined in prototype bioconjugation 

reactions.  The prototype reactions in conjunction with literature considerations have led to a 

4 x 4 matrix for successive bioorthogonal coupling reactions. 

Results and discussion 

(I) Molecular design 

(A) Synthesis.  Methods for bacteriochlorin synthesis include the following: (i) 

modification of the natural bacteriochlorophylls,56,57  (2) hydrogenation or reductive addition 

of natural or synthetic porphyrins or chlorophylls,58,59 and (3) de novo synthesis.32-35,37,60-62  

The de novo synthesis methods entail considerable investment in laboratory work but afford 
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commensurate control over molecular tailorability.  The de novo route developed in our 

group employs three organic starting materials (a pyrrole-2-carboxaldehyde, nitromethane, 

and α,β-unsaturated ketone 162), which can be smoothly converted in a 5-step synthesis to 

the corresponding bacteriochlorin, as shown in Scheme 2.1.  The geminal dimethyl group in 

each pyrroline ring blocks potential oxidative pathways leading to chlorins or porphyrins.  

The bacteriochlorin can be the substrate for further derivatization.  For the work described 

herein, regioselective 15-bromination60 of a 5-methoxybacteriochlorin followed by Pd-

coupling has provided a facile means for introduction of a single bioconjugatable group. 

(B) Wavelength tuning.  The position of the long-wavelength absorption band of the 

bacteriochlorin (Qy band) sets an upper limit on the energy of the excited single state as well 

as the ensuing fluorescence spectrum.  Hence, the ability to tune the position of the Qy band 

is of utmost importance.  To date, wavelength tunability of the bacteriochlorins of the 

architecture shown in Scheme 2.1 can be achieved by (i) installation of auxochromes at the 

β-pyrrole positions,63,64 which lie more or less coincident with the transition dipole moment 

of the Qy transition (parallel to the y-axis);65 (ii) incorporation of a fifth (or exocyclic) ring 

spanning the 13- and 15-positions;61 (iii) the presence or absence of a 5-methoxy group;35,45 

(iv) conversion of the free base macrocycle to the corresponding metal chelate;66 (v) 

formation of strongly coupled dyads;39 and/or (vi) oxidation of the β-pyrroline methylene 

unit to give an oxo- or dioxobacteriochlorin.40  In the latter regard, note that tolyporphin A is 

a dioxobacteriochlorin.  
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Scheme 2.1.  Synthesis route and design features of stable bacteriochlorins (top).  Relevant 
bacteriochlorin benchmarks (BC1,38 BC2,38 ZnBC2,45 BC3,44 BC4,66 BC561) and position of 
the Qy absorption band (bottom).  
 
 
 

Herein, six known bacteriochlorins (free base BC1, BC2, BC3–BC5; zinc ZnBC2) 

served as benchmarks for the design of target bacteriochlorins with a particular Qy band 

position (Scheme 2.1).  Compound ZnBC4 is fictive; the spectrum was predicted to be 805 

nm on the basis of the following: (1) the corresponding free base bacteriochlorin is known 
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and has λQy = 793 nm; and (2) the insertion of zinc into the free base bacteriochlorin-imide 

BC5 shifts the Qy band from 818 to 830 nm.61,66  Note that the use of band positions in 

wavenumbers (linear on the energy scale) rather than wavelength in this case affords 

essentially the same prediction.  The expected Qy band position of the target bacteriochlorins 

thus ranges from 712 nm to 818 nm. 

(C) Bioconjugation motifs.  A range of bioconjugatable groups is available for 

bioorthogonal labeling2,67-75 as illustrated in Scheme 2.2.  In principle, a given 

bioconjugatable motif could be installed on a bacteriochlorin with a given Qy band position.  

Here, the choice of bioconjugatable motif was not matched to any particular range of the Qy 

band.  The expected wavelength ranges (for given compounds and bioconjugation motifs) 

include 712, 793 and 805 nm (BC1, BC4, ZnBC4; an azide for click chemistry), 729 or 738 

nm (BC2, ZnBC2; an ester or thioester for traceless Staudinger ligations), 756 nm (BC3; an 

aldehyde for oxime formation), and 818 nm (BC5; a maleimide for thioether formation).  

Thus, the particular bacteriochlorins prepared were chosen to be illustrative of the various 

combinations of bioconjugatable motif and wavelength of absorption. 
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Scheme 2.2.  Molecular design of bacteriochlorins and ligation motifs. 
 
 
 
(II) Synthesis of bacteriochlorins 

(A) Bacteriochlorins for oxime formation.  The installation of a formyl group on a 
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ring C are identical (Scheme 2.1).  A 3,13-dibromobacteriochlorin so-prepared has been 

subjected to Pd-mediated carbonylation to give the corresponding 3,13-

diformylbacteriochlorin accompanied by a monoformylbacteriochlorin due to 

dehalogenation.36  The monoformylbacteriochlorin has been used in reductive amination 

procedures and to form a semicarbazone and an oxime.38  While demonstrating capability, 

the approach was hamstrung by the difficulty of preparing the monoformylbacteriochlorin. 

The rational installation of a single formyl group is best done by attachment to the 15-

position, given that a 15-bromobacteriochlorin can be prepared quite smoothly.  Given the 

availability of a bacteriochlorin bearing a 3-aminophenyl group at the 15-position, a 

bifunctional spacer thus was prepared to install the formyl group at a distance from the 

bacteriochlorin nucleus.  Reaction of a dithiolane-protected analogue of p-

aminobenzaldehyde (2)76 with succinic anhydride gave the diothiolane-protected succinamic 

acid (3) as shown in Scheme 2.3.  The coupling of 3 with aminobacteriochlorin BC344 in the 

presence of N,N-dicyclohexylcarbodiimide (DCC) afforded the dithiolane-protected 

bacteriochlorin BC13.  Standard treatment76 of the latter to remove the dithiolane afforded 

monoformyl-bacteriochlorin BC6. 
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Scheme 2.3.  Synthesis of a formylbacteriochlorin for oxime formation. 
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(B) Bacteriochlorins for cysteinyl ligation.  A bacteriochlorin-imide bearing an 

alkyl tether terminated with a maleimido group was prepared as shown in Scheme 2.4.  Thus, 

coupling of bacteriochlorin-imide BC1445 and N-(2-aminoethyl)maleimide in the presence of 

DCC and N-hydroxysuccinimide77 afforded the maleimido-bacteriochlorin-imide BC7.  

Bacteriochlorin BC7 is analogous to a prior maleimido-bacteriochlorin-imide that bears an 

aryl-containing tether.38 

 

 

 

Scheme 2.4.  Synthesis of a maleimido-bacteriochlorin. 
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(C) Bacteriochlorins for Staudinger ligation.  Staudinger ligation involves the 

nucleophilic attack of phosphorus on an azide to form an iminophosphorane intermediate 

after loss of N2.69,78  When a neighboring electrophile (such as an ortho ester group) traps the 

reactive iminophosphorane intermediate, the phosphine oxide unit is ultimately retained on 

the final amido product, which is referred to as non-traceless Staudinger ligation.  An 

attractive alternative is traceless Staudinger ligation wherein the triarylphosphine oxide unit 

is liberated by virtue of a cleavable linker.69,78  The bacteriochlorins described here were 

designed for traceless Staudinger ligation, with a first set containing an ester unit and the 

second set a thioester unit.  

The first set of bacteriochlorins for Staudinger ligation required the presence of a 2-

(diphenylphosphanyl)phenyl alkanoate attached to the bacteriochlorin.  We initially 

examined the use of (2-hydroxyphenyl)diphenylphosphine94 but then turned to the use of the 

borane complex thereof (4).  The reaction of phenol 4 [derived from (2-

hydroxyphenyl)diphenylphosphine and BH3·SMe2]79 with bacteriochlorin BC1545 to form 

the ester was carried out in the presence of DCC and 4-(N,N-dimethylamino)pyridine 

(DMAP) (Scheme 2.5).  The resulting BC8 can be used directly for Staudinger ligations.   
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Scheme 2.5.  Synthesis of bacteriochlorins for Staudinger ligation. 
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The second set of bacteriochlorins for Staudinger ligation contain a thioester unit to 

facilitate displacement as part of the traceless design.  Bacteriochlorin BC1645 was coupled 

with P-borane (diphenylphosphino)methylthiol (5) mediated by DCC and DMAP to afford 

the target bacteriochlorin bearing a thioester (BC9) in 76% yield (Scheme 2.6).  Similarly, 

bacteriochlorin BC1745 was coupled with 5 to afford the target bacteriochlorin bearing a 

thioester (BC10) in 42% yield.  The phenoxyacetyl linker of the type present in BC10 has 

been reported to be somewhat labile depending on the nature of the leaving group attached to 

the carbonyl moiety.80 

 

 

 

Scheme 2.6.  Synthesis of bacteriochlorins for Staudinger ligation.  
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(D) Bacteriochlorins for click chemistry.  Installation of an azido group was first 

examined by reaction of an aminobacteriochlorin with a diazo transfer reagent.  Thus, 

carbonylation of BC18 with 1,12-dodecandiamine afforded bacteriochlorin-imide BC19 in 

35% yield (Scheme 2.7).  A side product removed by column chromatography was 

presumably the bacteriochlorin-15-monocarboximide (BC19ʹ′) upon analysis by matrix-

assisted laser-desorption ionization mass spectrometry (MALDI-MS, obsd m/z = 826.8) and 

absorption spectroscopy (Qy band at 736 nm).  The bacteriochlorin BC19 was then treated 

with the diazo transfer reagent,81 imidazole-1-sulfonyl azide hydrochloride (6), for 

conversion of the primary amine to the azido group.  The azido group was detected by IR 

spectroscopy (2094 cm-1) in the purified product.  However, the bacteriochlorin Qy band was 

bathochromically shifted by 21 nm (to 815 nm) compared with that of BC19 (Qy = 794 nm), 

and electrospray ionization mass spectrometry (ESI-MS) data were consistent with formation 

of the copper bacteriochlorin CuBC20.  

To avoid copper metalation, the free base bacteriochlorin BC19 was treated with a 

mild base (K2CO3 or Cs2CO3) and zinc acetate dihydrate to afford the corresponding zinc 

bacteriochlorin ZnBC19 (Scheme 2.7).  The latter was treated to azide formation by reaction 

with 6 but the desired product ZnBC20 was not observed, perhaps due to aggregation 

prompted by interaction of the alkylamine and the zinc bacteriochlorin.  

 



 

 28 

 

Scheme 2.7. Approaches toward an azido-bacteriochlorin. 
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to form the amide (Scheme 2.7).  The resulting azido-bacteriochlorin (BC11) was then 

metalated with zinc as desired for use in click-chemistry procedures.  The target 

bacteriochlorin (ZnBC11) gave the expected bands upon examination by IR (azido group, 

2098 cm-1) and absorption (Qy band at 806 nm) spectroscopy.  

 
 

 

Scheme 2.8.  Synthesis of an azidobacteriochlorin. 
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amide-bacteriochlorin BC12 (Scheme 2.8).  To assess whether BC12 could be used for 

copper-catalyzed click reactions, a set of control experiments concerning copper scavenging 

was carried out (vide infra). 

(III) Characterization and photophysical properties 

 The bacteriochlorins were readily soluble in organic solvents as expected given the 

hydrophobic nature of the macrocycle and the appended substituents.  Each target 

bacteriochlorin was examined for homogeneity by thin-layer chromatography and was 

characterized by 1H NMR spectroscopy, mass spectrometry (MALDI-MS, ESI-MS), 

absorption spectroscopy, and fluorescence spectroscopy (except for BC8 and ZnBC8).  The 

bacteriochlorins (as expected) were quite stable on routine handling on the open benchtop 

and also were stable for at least 3 years upon storage in the dark at –20 °C. 

 Absorption spectra were collected in CH2Cl2.  Each bacteriochlorin exhibited an 

absorption spectrum characteristic of the bacteriochlorin chromophore.19  The spectra for five 

free base bacteriochlorins and two zinc bacteriochlorins are shown in Figure 2.3.  

Bacteriochlorins BC9 and BC10 exhibited identical spectra with that of BC8 and are not 

shown in the figure.  The position of the respective Qy band among the members of the series 

ranges from 713 nm to 820 nm.  A comparison of predicted Qy band position on the basis of 

the benchmark bacteriochlorins with that of the target bioconjugatable bacteriochlorins is 

shown in Table 2.1.   The variation was at most 2 nm, which is not surprising given that the 

bioconjugatable motifs are positioned at sites removed from the bacteriochlorin chromophore. 

 The fluorescence emission spectra also were recorded for the bioconjugatable 

bacteriochlorins.  The spectra are displayed in Figure 2.3 and listed in Table 2.1.  One 
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exception was for bacteriochlorins containing the phosphine moiety for Staudinger ligation 

(BC8 and ZnBC8), where the values for the immediate precursors, BC15 and ZnBC15, are 

provided.  In each case the Stokes’ shift was ≤ 8 nm, which is typical for members of this 

family of gem-dimethyl-substituted bacteriochlorins.  A further characteristic feature of the 

bacteriochlorins is the narrow absorption and emission band.  The full-width-at-half 

maximum (fwhm) of the Qy absorption band and the corresponding emission band is listed 

for each of the bacteriochlorins (Table 2.1).  In each case, the absorption fwhm is ≤ 30 nm, 

and the emission fwhm is ≤ 39 nm. 

 
 

 

Figure 2.3.  Absorption (top) and fluorescence emission (bottom) spectra of target 
bacteriochlorins at room temperature in CH2Cl2, except emission of BC15 and ZnBC15 
(precursors of BC8 and ZnBC8, respectively) in DMF.    
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Table 2.1.  Comparison of spectral properties of target versus benchmark bacteriochlorins.a 

Benchmark 
BC 

λabs 
(nm) 

 

Bioconj BC λabs 
(nm)c 

Δλ 
(nm)d 

λem 
(nm)c 

Abs 
fwhm, 

nmc 

Em 
fwhm, 

nmc 

BC1 712 BC12 713 1 715 16 15 

BC2 729 BC8 
(BC15)e 

730 
(727)e 1 (733)e (21)e (24)e 

BC2 729 BC9 729 0 735 20 24 

BC2 729 BC10 729 0 734 19 24 

ZnBC2 738 ZnBC8 
(ZnBC15)e 

739 
(737)e 1 (745)e (24)e (39)e 

BC3 756 BC6 756 1 763 26 26 

BC4 793 BC11 795 1 803 26 30 

ZnBC4 805b ZnBC11 806 1 813 30 32 

BC5 818 BC7 820 2 825 30 26 
aAll data were collected in CH2Cl2, except BC15 and ZnBC15 in DMF.  bPredicted on the 
basis of data from similar compounds (vide supra).  cData pertain to the bioconjugatable 
bacteriochlorins in column 3.  dDifference between Qy absorption band positions of the 
bioconjugatable bacteriochlorins (column 4) versus the benchmark bacteriochlorins 
(column 2).   eAbsorption and florescence emission data of BC15 and ZnBC15 are from ref 
45.  
 

 

 
(IV) Bioconjugation tests  

Four studies were carried out to assess suitability of the various bacteriochlorins for 

bioconjugation processes.  The studies include (1) the susceptibility of free base 

bacteriochlorins to the presence of copper in click-chemistry reactions; (2) reaction of each 

of the respective bioconjugation motifs with small molecules; (3) analogous reactions with 

tetrapeptides; and (4) examination of the preferred sequence of bioconjugation for use with 

the bacteriochlorins in series.  The studies are described as follows. 
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(A) Copper metalation experiments. A control experiment was carried out to 

establish the susceptibility of selected bacteriochlorins to copper insertion.  Bacteriochlorins 

undergo metalation with far greater difficulty than that of chlorins or porphyrins, and among 

bacteriochlorins, the presence of electron-withdrawing groups facilitates metalation.66  

Bacteriochlorins BC1 and BC2 were treated with copper(II) acetate under dilute-solution, 

room-temperature conditions typical of bioconjugation reactions (Scheme 2.9).  The 

concentrations of bacteriochlorin were 0.2, 1.0 and 5.0 mM each with 5 equiv of copper(II) 

acetate.  [While Cu(I) is regarded as catalytic, the typical usage in the field appears to employ 

5–10 equiv relative to the substrates.83,84]  The reactions were monitored by absorption 

spectroscopy, given that the Qy band of the copper bacteriochlorin is bathochromically 

shifted by ~20 nm versus the free base bacteriochlorin66 (e.g., 729 nm for BC2; 749 nm for 

CuBC2).  The bacteriochlorin with two ester groups (BC2) at the lowest concentration 

readily underwent metalation, with ~50% completion after 4 h and apparent completion after 

21 h.  By contrast, the bacteriochlorin lacking such ester substituents (BC1) reacted far more 

slowly, with only a limited amount of metalation at the 21 h timepoint.  Confirmation of 

copper insertion or lack thereof was provided by MALDI-MS analysis of the crude reaction 

mixtures.94 

While click chemistry employs a Cu(I) reagent, which is not expected to readily insert 

to a bacteriochlorin, the in situ formation of Cu(II) species would seem inevitable on routine 

handling.  Indeed, treatment of BC2 to the conditions for click chemistry [i.e., with a Cu(I) 

reagent and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA)85 as stabilizing ligand] 

also resulted in copper insertion.  Taken together, bacteriochlorins such as BC1 for click 
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chemistry (e.g., BC12) should be amenable to direct use in click chemistry reactions over 

short timeframes, and analogous bacteriochlorins can be used in the presence of copper 

reagents without risk of metalation.  On the other hand, bacteriochlorins such as BC2 with 

two ester groups (e.g., BC8-BC10) would require protection as the zinc chelate (e.g., 

ZnBC8).  The same analysis applies to bacteriochlorins with more than two carbonyl groups 

(e.g., bacteriochlorin-imide BC11) where the zinc chelate (ZnBC11) would be required.  

Following the completion of this work, a report appeared concerning ligands for copper that 

enable click chemistry (albeit at high concentration) yet preclude metalation of porphyrin 

substrates.86   

 

 

 

Scheme 2.9.  Investigation of copper insertion with bacteriochlorins. 
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(B) Model studies with small molecules.  To determine suitable conditions for each 

reaction pair and the preferred order for successive bioconjugation, model reactions of 

bacteriochlorins and small molecules were conducted before progressing to use with peptides.  

Each conjugate was isolated and characterized by MALDI-MS, ESI-MS, and absorption 

spectroscopy; also, the absence of the parent bacteriochlorin was confirmed by TLC analysis. 

The reaction of BC6 with oxyamine-containing o-(carboxymethyl)hydroxylamine 

hemihydrochloride was carried out in a mixed solution of aqueous phosphate (pH = 7.0) and 

acetonitrile (Scheme 2.10).  Excess aniline87,88 (1000 equiv) was added to activate the 

aldehyde group of BC6.  The reaction reached completion within 3 h to give the resulting 

oxime-containing product BC6-oxime. 

The Staudinger reaction of BC8 or ZnBC8 was carried out under a variety of 

conditions. In each case, a side product was observed and little target product was detected.94  

Spectral data suggested the side reaction stemmed from the aromatic amide hydrogen 

attacking the iminophosphorane intermediate.  This observation prompted development of 

thioester bacteriochlorins (BC9 and BC10) for Staudinger ligation (Scheme 2.10).  Indeed, 

the reaction of bacteriochlorin BC9 or BC10 with benzyl azide in DMF containing 1,4-

diazabicyclo[2.2.2]octane (DABCO) at 45 °C gave the expected product (BC9-amide, 61%; 

BC10-amide, 42%). 

The reaction of azido-bacteriochlorin ZnBC11 with the alkyne 3-dimethylamino-1-

propyne was conducted (Scheme 2.10).  The catalyst Cu(I) was generated by reacting 

CuSO4·5H2O with the reducing agent sodium ascorbate.   The reaction reached completion 

within 5 h to give the resulting triazole-containing product ZnBC11-triazole.  The integrity 
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of the zinc bacteriochlorin was manifested upon inspection of (1) the Qy band in the 

absorption spectrum (at 806 nm, not 815 nm typical of the corresponding copper 

bacteriochlorin; e.g., CuBC20), and (2) the molecular ion peak manifold in the ESI-MS 

spectrum.   Neither showed the features characteristic of the copper bacteriochlorin. 

 
 

 

Scheme 2.10.  Proof-of-principle ligation reactions. 
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purified by three ‘cocktail dissolution – precipitation cycles’, and used as such for model 

bioconjugations.   

 
 

 

Scheme 2.11.  Preparation of peptidyl-bacteriochlorin conjugates. 
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with deionized water, and the residual ZnBC11 by washing with diethyl ether gave the 

bacteriochlorin-peptide conjugate ZnBC11-GXWF.  The reaction of BC6 and peptide pep-

GOWF was conducted in a mixed solvent of DMSO and aqueous phosphate buffer (3:1) 

with excess aniline as catalyst for 16 h (Scheme 2.11, right panel).  Removal of the solvent 

under high vacuum followed by excess BC6 by washing with diethyl ether (confirmed by 

TLC analysis) gave the bacteriochlorin-peptide conjugate BC6-GOWF.  

(D) Model studies of bioorthogonal coupling. Bioorthogonal coupling has been the 

subject of considerable investigation.2,70-75  To determine the preferred order of successive 

bioconjugation, the possibility of cross-reactions among the various functional groups that 

would thwart orthogonal coupling was considered.  The array of known and expected 

reactions under bioconjugation conditions for the bacteriochlorins prepared herein is 

provided in Table 2.2; during the course of this work more expansive tables of general 

relevance were reported.74,75  The ‘bioconjugation conditions’ refer to dilute solution (e.g., 

mM) typically in mixed aqueous-organic media.  Two control experiments were carried out 

to complete the entries in the array.94  In this array, couplings for a given bioconjugation pair 

are positioned along the diagonal; cross-reactions appear as off-diagonal entries.  For purely 

orthogonal couplings among the set, if all off-diagonal combinations resulted in no reaction, 

then the four pairs of bioconjugation reactions could be implemented in any order.   

The existence of several cross-reactions raises immediate problems for successive 

bioconjugation.  The chief problems are that (1) maleimide can also react with an azide89 or 

oxyamine group; and (2) the azide is used both in click chemistry and in Staudinger ligation, 

and hence appears both as the reacting motif in the chromophore and in the substrate for the 
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respective reactions.  Further cross-reactions can occur under forcing conditions.90,91   

Given such possible cross-reactions, it still appears possible to carry out successive 

bioconjugations: a multifunctional substrate bearing a thiol, oxyamine, azide and alkyne 

group (Row 1 in Table 2.2) could be targeted with a series of bioconjugatable 

bacteriochlorins that bear maleimide, aldehyde, phosphine and azide units (Column 1 in 

Table 2.2).  The preferred reaction sequence is as follows: (1) phosphine + azide, (2) azide + 

alkyne [Cu(I)], (3) aldehyde + oxyamine, and (4) maleimide + thiol.  In other words, 

Staudinger ligation first, then click chemistry, then oxime formation, and finally maleimido-

thiol ligation.  Implementation of Staudinger ligation first (which occurs in the absence of 

any copper reagent) to react the azide on the substrate opens the door to use of click 

chemistry second [in the presence of Cu(I)] to react a bacteriochlorin containing an azide.  

Use of oxime formation next consumes the oxyamine functional group, in which case the 

final reaction of maleimide  is not expected to suffer cross-reaction with the oxyamine group.   

 

 
Table 2.2.  Matrix of reactions for successive bioconjugation.a 

 Substrate functional groups 

Bacteriochlorin Thiol Oxyamine Azide Alkyne 

Maleimide √ b,c √ c √ b X e 
Aldehyde X c,d √ b,c X f X b,f 

Phosphine X e X e √ b,c X e 
Azide X e X e --- g √ b,c,h  

a√ = reactive; X = not reactive.  bLiterature results.  cResults obtained 
here.94  dKnown to reversibly form a hemithioacetal or dithioacetal at 
high concentration.  eExpected result.  fReaction occurs under forcing 
conditions.   gNo self-reaction.  hOnly in the presence of Cu(I).  
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Conclusions and outlook 

 To gain access to bacteriochlorins that satisfy the criteria shown in Figure 2.1 requires 

extensive development.  The work to date generally has demonstrated attainment of three to 

four combinations together, but all five criteria have not yet been met simultaneously.  The 

work described herein demonstrates considerable expansion of the capabilities for 

bioconjugation in the context of wavelength-tunable NIR-active chromophores.  Such proof-

of-principle has been achieved while employing relatively small quantities of lipophilic 

bacteriochlorins.  The largest impact of a palette of bioconjugatable bacteriochlorins will 

likely accrue in studies in aqueous solution.  Strategies for aqueous solubilization of 

bacteriochlorins have been investigated and initial designs validated.45,48,49  Methods for the 

preparation of bacteriochlorins in >100-mg quantities also have been demonstrated.37  A next 

objective is to combine these various features to achieve a palette of water-soluble, 

bioconjugatable, NIR wavelength-tunable bacteriochlorins for photochemical studies in the 

700–900 nm region.  Examination of successive bioconjugations with a palette of 

chromophores including bacteriochlorins identical or similar to those prepared herein is an 

integral goal, including use of such bacteriochlorins in successive bioconjugations according 

to the 4 x 4 matrix shown in Table 2.2.  Such a palette of NIR-active chromophores may 

prove valuable for applications in energy sciences and life sciences. 
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Experimental section 

(I) General methods 

1H NMR (300 MHz) spectra, 13C NMR spectra (100 MHz), and 31P NMR (121 MHz) 

were collected at room temperature in CDCl3 (with tetramethylsilane as internal reference) 

unless noted otherwise. Absorption spectra were collected in CH2Cl2 at room temperature.  

Bacteriochlorins were analyzed by matrix-assisted laser desorption mass spectrometry 

(MALDI-MS) in the presence of the matrix 1,4-bis(5-phenyl-2-oxazolyl)benzene (POPOP).92  

Silica gel (40 µm average particle size) was used for column chromatography.  All solvents 

were reagent grade and were used as received unless noted otherwise.  THF was freshly 

distilled from sodium/benzophenone ketyl.  Sonication of suspensions was carried out in a 

benchtop sonication bath.  Compounds 2,76 4,79 5,79 7,82 BC1,38 BC2,38 BC3,44 BC14,45 

BC15,45 ZnBC15,45 BC16,45 BC17,45 and BC1837 were synthesized according to the 

literature. 

(II) Syntheses 

N-[4-(1,3-Dithiolan-2-yl)phenyl]succinamic acid (3).  A solution of 2 (444 mg, 2.30 

mmol) and succinic anhydride (225 mg, 2.30 mmol) in CH2Cl2 (11.0 mL) was treated with 

triethylamine (470 µL, 3.50 mmol, 1.50 equiv) and stirred for 16 h at room temperature.  2 N 

HCl solution was added to the reaction mixture.  The resulting precipitate was extracted 

twice with CH2Cl2.  The organic extract was dried (Na2SO4) and concentrated to afford a 

yellowish solid (435 mg, 65%): mp 175–177 °C; 1H NMR (300 MHz, DMSO-d6) δ 2.47–

2.52 (m, 4H), 3.27–3.58 (m, 2H), 3.44–3.52 (m, 2H), 5.67 (s, 1H), 7.40 (d, J = 9.0 Hz, 2H), 

7.50 (d, J = 9.0 Hz, 2H); 13C NMR (75 MHz, DMSO-d6) δ 29.4, 31.7, 55.5, 119.4, 128.9, 
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135.5, 139.6, 170.8, 174.5; ESI-MS obsd 298.0563, calcd 298.0521 [(M + H)+, M = 

C13H15NO3S2]. 

15-{3-[4-((4-Formylphenyl)amino)-4-oxobutanamido]phenyl}-3,13-

bis(ethoxycarbonyl)-2,12-dimesityl-5-methoxy-8,8,18,18-tetramethylbacteriochlorin 

(BC6).  Following a standard procedure,76 a mixture of HgO (1.5 mg, 6.9 µmol) and 

BF3·Et2O (1.0 µL, 6.9 µmol) in THF and water (0.2 mL, 1:1) was stirred at room temperature 

for 5 min, followed by addition of BC13 (1.5 mg, 1.3 µmol).  The slurry was stirred at room 

temperature for 30 min.  The reaction mixture was diluted with CH2Cl2 and washed with 

saturated aqueous NaHCO3.  The organic layer was dried (Na2SO4), concentrated and 

chromatographed [silica, CH2Cl2/ethyl acetate (9:1)].  The resulting solid was treated with 

hexanes, sonicated, and centrifuged.  The supernatant was discarded to afford a reddish solid 

(1.0 mg, 71%): 1H NMR (300 MHz, CDCl3) δ –0.86 (s, 1H), –0.52 (s, 1H), 1.06 (t, J = 7.2 

Hz, 3H), 1.19 (t, J = 7.2 Hz, 3H), 1.78 (d, J = 5.1 Hz, 6H), 1.82 (s, 6H), 1.94 (d, J = 5.1 Hz, 

6H), 2.09 (d, J = 3.3 Hz, 6H), 2.21 (s, 3H), 2.49 (s, 3H), 2.87 (m, 4H), 3.65 (s, 3H), 3.68 (s 

2H), 4.24 (d, J = 2.4 Hz, 2H), 4.32 (q, J = 7.2 Hz, 2H), 4.42 (q, J = 7.2 Hz, 2H), 6.56 (s, 1H), 

6.64 (s, 1H), 7.08–7.15 (m, 4H), 7.34 (s, 1H), 7.39 (s, 1H), 7.47 (d, J = 7.2 Hz, 1H), 7.70 (d, 

J = 8.4 Hz, 2H), 7.79 (d, J = 8.4 Hz, 2H), 8.58 (br, 1H), 9.61 (s, 1H), 9.63(s, 1H), 9.87 (s, 

1H); ESI-MS obsd 1075.5322, calcd 1075.5328 [(M + H)+, M = C66H70N6O8]; MALDI-MS 

obsd 1074.9; λabs (CH2Cl2) 364, 542, 757 nm. 

152-N-[4-(2-(Maleimido)ethylamino)-4-oxobutyl]-3-ethoxycarbonyl-2,12-diethyl-

8,8,18,18-tetramethylbacteriochlorin-13,15-dicarboximide (BC7).  Following a reported 

procedure,77 a mixture of BC14 (6.6 mg, 10 µmol), N-(2-aminoethyl)maleimide 
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hydrochloride (3.5 mg, 20 µmol), N-hydroxysuccinimide (2.3 mg, 20 µmol) and 

triethylamine (3.0 mL, 20 µmol) in THF (0.40 mL) was stirred for 5 min, followed by 

addition of DCC (4.1 mg, 20 µmol) in THF (0.10 mL).  The reaction was stirred at room 

temperature for 16 h.  The resulting mixture was filtered to remove insoluble material.  The 

filtrate was washed with 1 N HCl and extracted with CH2Cl2.  The organic extract was dried 

(MgSO4), concentrated, and chromatographed [silica, CH2Cl2/ethyl acetate (3:2)] to afford a 

reddish solid (4.3 mg, 55%): 1H NMR (300 MHz, CDCl3) δ –0.63 (s, 1H), –0.41 (s, 1H), 

1.67–1.76 (m, 12H), 1.92 (s, 9H), 2.22–2.32 (m, 2H), 2.44 (t, J = 6.9 Hz, 2H), 3.58–3.64 (m, 

2H), 3.79–3.83 (m, 4H), 4.04–4.22 (m, 4H), 4.32 (s, 2H), 4.69 (s, 2H), 4.77 (q, J = 3.9 Hz, 

2H), 6.72 (s, 2H), 7.05 (t, J = 5.7 Hz, 1H), 8.56 (s, 1H), 8.68 (s, 1H), 9.54 (s, 1H); ESI-MS 

obsd 775.3677, calcd 775.3688 (M+, M = C43H49N7O7); MALDI-MS obsd 774.8; λabs 

(CH2Cl2) 358, 409, 545, 820 nm. 

P-Borane 15-[3-(2-(diphenylphosphino)phenoxy)-3-oxobutanamido]phenyl]-

3,13-bis(ethoxycarbonyl)-2,12-diethyl-8,8,18,18-tetramethylbacteriochlorin (BC8).  A 

mixture of BC15 (3.7 mg, 4.7 µmol), DCC (1.2 mg, 5.8 µmol) and DMAP (0.1 mg, 0.82 

µmol) in CH2Cl2 (0.10 mL) was treated with 4 (1.6 mg, 5.5 µmol) in CH2Cl2 (50 µL) and 

stirred under argon at room temperature for 1.2 h.  The resulting mixture was filtered to 

remove insoluble material.  The filtrate was concentrated and chromatographed [silica, 

CH2Cl2/ethyl acetate (9:1)] to yield a greenish solid (2.0 mg, 40%): 1H NMR (300 MHz, 

CDCl3) δ –1.84 (s, 1H), –1.53 (s, 1H), 1.21–1.26 (m, 6H), 1.61–1.78 (m, 9H), 1.81 (s, 3H), 

1.83 (s, 3H), 1.94 (s, 6H), 2.42–2.48 (m, 4H), 3.74–3.94 (m, 8H), 4.25 (s, 3H), 4.36 (s, 2H), 
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4.78 (q, J = 7.2 Hz, 2H), 7.15–7.32 (m, 3H), 7.41–7.67 (m, 15H), 8.05–8.06 (br, 1H), 8.56 (s, 

1H), 8.60 (s, 1H); 31P NMR (CDCl3) 19.3; ESI-MS obsd 1066.5067, calcd 1066.5060 [(M + 

H)+, M = C63H69BN5O8P]; MALDI-MS obsd 1051.7 (M – BH3); IR (solid film) 3355, 2962, 

2929, 2251, 1720, 1608, 1437 cm-1; λabs (CH2Cl2) 356, 376, 515, 730 nm. 

P-Borane Zn(II)-15-[3-(2-(diphenylphosphino)phenoxy)-3-

oxobutanamido]phenyl]-3,13-bis(ethoxycarbonyl)-2,12-diethyl-8,8,18,18-

tetramethylbacteriochlorin (ZnBC8).  A mixture of ZnBC15 (7.5 mg, 8.8 µmol), DCC 

(2.2 mg, 10.5 µmol) and DMAP (0.1 mg, 0.82 µmol) in CH2Cl2 (800 µL) was treated with 4 

(3.1 mg, 10.5 µmol) in CH2Cl2 (50 µL) and stirred under argon at room temperature for 1.5 h.  

The resulting mixture was filtered to remove insoluble material.  The filtrate was 

concentrated and chromatographed [silica, CH2Cl2/ethyl acetate (7:1)] to yield a reddish solid 

(5.6 mg, 56%): 1H NMR (300 MHz, THF-d8) δ 1.00–1.35 (m, 6H), 1.51–1.69 (m, 9H), 1.82 

(s, 3H), 1.83 (s, 3H), 1.95 (s, 6H), 2.49 (s, 4H) 3.64–3.82 (m, 8H), 3.96 (s, 2H), 4.14 (s, 3H), 

4.38 (s, 2H), 4.61 (q, J = 6.9 Hz, 2H), 4.83 (d, J = 7.8 Hz, 2H), 7.21–7.70 (m, 13H), 8.12–

8.14 (m, 1H), 8.46 (s, 1H), 8.51 (s, 1H), 9.20 (s, 1H); 31P NMR (THF-d6) 19.5; ESI-MS obsd 

1128.4099, calcd 1128.4190 [(M + H)+, M = C63H67BN5O8PZn]; MALDI-MS obsd 1129.5; 

λabs (CH2Cl2) 355, 385, 553, 739 nm. 

P-Borane 15-{4-[3-(((diphenylphosphanyl)methyl)thio)-3-oxopropyl]phenyl}-

3,13-bis(ethoxycarbonyl)-2,12-diethyl-8,8,18,18-tetramethylbacteriochlorin (BC9).  A 

mixture of BC16 (6.2 mg, 8.3 µmol), DCC (5.2 mg, 25 µmol) and DMAP (0.2 mg, 1.6 µmol) 

in CH2Cl2 (0.60 mL) was treated with P-borane (diphenylphosphino)methylthiol (5, 8.9 mg, 
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36 µmol) and stirred under argon at room temperature for 1.5 h.  The resulting mixture was 

filtered to remove insoluble material.  The filtrate was concentrated and chromatographed 

[silica, CH2Cl2/ethyl acetate (49:1)] to yield a greenish solid (6.2 mg, 76%): 1H NMR (300 

MHz, CDCl3) δ –1.85 (brs, 1H), –1.54 (brs, 1H), 0.8–1.2 (m, 3H), 1.26 (t, J = 7.6 Hz, 3H), 

1.61–1.67 (m, 6H), 1.75 (t, J = 7.6 Hz, 3H), 1.81 (s, 6H), 1.93 (s, 6H), 2.99–3.10 (m, 4H), 

3.76–3.85 (m, 10H), 4.25 (s, 3H), 4.36 (s, 2H), 4.77 (q, J = 7.6 Hz, 2H), 7.34 (d, J = 7.6 Hz, 

2H), 7.49–7.56 (m, 6H), 7.58 (d, J = 7.6 Hz, 2H), 7.75–7.80 (m, 4H), 8.55 (s, 1H), 8.59 (s, 

1H); 31P NMR (THF-d8) 19.5; ESI-MS obsd 976.4615, calcd 976.4643 [(M + H)+, M = 

C57H66BN4O6PS]; MALDI-MS obsd 962.9 (M – BH3); λabs (CH2Cl2) 356, 365, 376, 515, 729 

nm. 

P-Borane 15-{4-[2-(((diphenylphosphanyl)methyl)thio)-2-oxoethoxy]phenyl}-

3,13-bis(ethoxycarbonyl)-2,12-diethyl-8,8,18,18-tetramethylbacteriochlorin (BC10).  A 

mixture of BC17 (9.2 mg, 12 µmol), DCC (7.6 mg, 37 µmol) and DMAP (0.30 mg, 2.5 µmol) 

in CH2Cl2 (0.8 mL) was treated with 5 (11 mg, 45 µmol) and stirred under argon at room 

temperature for 1.5 h.  The resulting mixture was filtered to remove insoluble material.  The 

filtrate was concentrated and chromatographed [silica, CH2Cl2/ethyl acetate (49:1)] to yield a 

greenish solid (5.0 mg, 42%): 1H NMR (300 MHz, CDCl3) δ –1.85 (brs, 1H), –1.55 (brs, 1H), 

0.8–1.2 (m, 3H), 1.26 (t, J = 7.6 Hz, 3H), 1.62–1.68 (m, 6H), 1.75 (t, J = 7.6 Hz, 3H), 1.82 (s, 

6H), 1.93 (s, 6H), 3.75 (t, J = 7.6 Hz, 2H), 3.81–3.93 (m, 8H), 4.25 (s, 3H), 4.36 (s, 2H), 

4.75–4.81 (m, 4H), 7.04 (d, J = 9.2 Hz, 2H), 7.49–7.56 (m, 6H), 7.68 (d, J = 9.2 Hz, 2H), 

7.75–7.80 (m, 4H), 8.56 (s, 1H), 8.60 (s, 1H); 31P NMR (THF-d8) 20.1; ESI-MS obsd 
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1000.4261, calcd 1000.4255 [(M + Na)+, M = C56H64BN4O7PS]; MALDI-MS obsd 965.5 (M 

– BH3); λabs (CH2Cl2) 357, 365, 376, 515, 729 nm. 

152-[12-(3-Azidopropionamido)dodecyl]-3-ethoxycarbonyl-2,12-diethyl-5-

methoxy-8,8,18,18-tetramethylbacteriochlorin-13,15-dicarboximide (BC11).  A mixture 

of BC19 (2.4 mg, 3.1 µmol), 3-azidopropionic acid (7, 3.6 mg, 31 µmol, 10 equiv) and DCC 

(6.3 mg, 31 µmol, 9.9 equiv) in CH2Cl2 (0.10 mL) was stirred at room temperature for 16 h.  

The reaction mixture was filtered to remove insoluble material.  The filtrate was concentrated 

and chromatographed [silica, CH2Cl2/ethyl acetate (19:1)].  The resulting purple solid was 

treated with hexanes (3.0 mL) and sonicated to give a clear solution.  The solvent was 

partially removed by purging with argon.  The resulting solid was isolated by filtration and 

dried to obtain a purple solid (2.4 mg, 87%): 1H NMR (300 MHz, CDCl3) δ –0.95 (s, 1H), –

0.48 (s, 1H), 1.24–1.78 (m, 29H), 1.89 (s, 6H), 1.91 (s, 6H), 2.39 (t, J = 6.6 Hz, 2H), 3.26 (q, 

J = 6.6 Hz, 2H), 3.62 (t, J = 6.6 Hz, 2H), 3.74 (q, J = 7.8 Hz, 2H), 4.17–4.26 (m, 7H), 4.43 (t, 

J = 7.8 Hz, 2H), 4.71 (s, 2H), 4.76 (q, J = 7.8 Hz, 2H), 5.59 (s, 1H), 8.41 (s, 1H), 8.68 (s, 1H); 

ESI-MS obsd 878.5254, calcd 878.5287 [(M + H)+, M = C49H67N9O6]; IR (solid film) 3321, 

2925, 2852, 2098, 1681, 1537 cm-1; λabs (CH2Cl2) 350, 370, 408, 550, 794 nm. 

Zn(II)-152-[12-(3-Azidopropionamido)dodecyl]-3-ethoxycarbonyl-2,12-diethyl-5-

methoxy-8,8,18,18-tetramethylbacteriochlorin-13,15-dicarboximide (ZnBC11). A 

mixture of free base bacteriochlorin BC11 (2.4 mg, 2.7 µmol), Zn(OAc)2·2H2O (18 mg, 82 

µmol, 31 equiv) and Cs2CO3 (27 mg, 82 µmol, 31 equiv) in CH2Cl2 and methanol (0.4 mL, 

1:1) was stirred for 4 h in an oil bath at 50 °C.  The solvent was then removed by evaporation, 

and the resulting solid was washed with water.  The mixture was extracted with CH2Cl2.  The 
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combined CH2Cl2 extract was dried (Na2SO4), concentrated and chromatographed [silica, 

CH2Cl2/ethyl acetate (5:1)].  The resulting solid was treated with hexanes, sonicated, and 

centrifuged.  The supernatant was discarded leaving a green solid (1.5 mg, 60%): 1H NMR 

(300 MHz, CDCl3) δ 1.29–1.69 (m, 29H), 1.88 (s, 6H), 1.91 (s, 6H), 2.30 (t, J = 6.3 Hz, 2H), 

3.14 (q, J = 6.3 Hz, 2H), 3.48 (t, J = 6.3 Hz, 2H), 3.62 (q, J = 7.8 Hz, 2H), 4.07–4.14 (m, 5H), 

4.26 (s, 2H), 4.34 (t, J = 7.8 Hz, 2H), 4.60 (q, J = 7.8 Hz, 2H), 4.71 (s, 2H), 7.05 (s, 1H), 8.32 

(s, 1H), 8.59 (s, 1H); ESI-MS obsd 940.4399, calcd 940.4422 [(M + H)+, M = C49H65N9O6]; 

IR (solid film) 3327, 2923, 2850, 2098, 1668, 1548, 1037 cm-1; λabs (CH2Cl2) 353, 370, 416, 

576, 806 nm. 

15-[3-(3-Azidopropionamido)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (BC12).  A mixture of BC1 (6.0 mg, 12 µmol), 3-

azidopropionic acid (7, 7.0 mg, 61 µmol) and DCC (13 mg, 61 µmol) in CH2Cl2 (0.61 mL) 

was stirred for 16 h.  The mixture was filtered to remove insoluble material.  The filtrate was 

concentrated and chromatographed [silica, CH2Cl2/ethyl acetate (9:1)] to afford a reddish 

solid (4.5 mg, 62%): 1H NMR (300 MHz, CDCl3) δ –2.22 (s, 1H), –1.97 (s, 1H), 1.87 (d, J = 

6.3 Hz, 6H), 1.97 (d, J = 6.3 Hz, 6H), 2.62 (t, J = 4.8 Hz, 2H), 3.73 (t, J = 4.8 Hz, 2H), 4.04 

(s, 2H), 4.42 (s, 2H), 4.50 (s, 3H), 7.50 (s, 1H), 7.60–7.66 (m, 2H), 7.81 (s, 1H), 7.98–8.01 

(m, 1H), 8.17–8.18 (m, 1H), 8.62–8.64 (m, 1H), 8.68–8.71 (m, 3H), 8.94–8.95 (m, 1H); 13C 

NMR (100 MHz, CDCl3) δ 31.30, 31.46, 37.2, 45.5, 46.0, 47.5, 47.7, 51.9, 65.5, 97.2, 97.7, 

112.6, 117.8, 119.3, 121.2, 122.5, 123.1, 123.8, 128.86, 128.93, 131.7, 135.2, 135.8, 136.4, 
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137.2, 143.9, 153.7, 158.7, 168.5, 168.8, 169.2; ESI-MS obsd 588.2951, calcd 588.2956 (M+, 

M = C34H36N8O2); MALDI-MS obsd 589.3; λabs (CH2Cl2) 348, 368, 507, 713 nm. 

15-{3-[4-(4-(1,3-Dithiolan-2-yl)phenylamino)-4-oxobutanamido]phenyl}-3,13-

bis(ethoxycarbonyl)-2,12-dimesityl-5-methoxy-8,8,18,18-tetramethylbacteriochlorin 

(BC13).  A mixture of 3 (2.6 mg, 8.6 µmol) and DCC (1.8 mg, 8.6 µmol) in CH2Cl2 (0.20 

mL) was treated with BC3 (1.5 mg, 1.7 µmol) and stirred for 16 h.  The resulting mixture 

was filtered to remove insoluble material.  The filtrate was concentrated and 

chromatographed [silica, CH2Cl2/ethyl acetate (9:1)].  The resulting solid was treated with 

hexanes, sonicated, and centrifuged.  The supernatant was discarded leaving a reddish solid 

(1.6 mg, 81%): 1H NMR (300 MHz, CDCl3) δ –0.84 (s, 1H), –0.51 (s, 1H), 1.06 (t, J = 6.9 

Hz, 3H), 1.20 (t, J = 6.9 Hz, 3H), 1.79 (s, 6H), 1.82 (d, J = 3.9 Hz, 6H), 1.94 (d, J = 2.7 Hz, 

6H), 2.09 (s, 6H), 2.21 (s, 3H), 2.49 (s, 3H), 2.83 (m, 4H), 3.26–3.34 (m, 2H), 3.57–3.47 (m, 

2H), 3.64 (s, 3H), 3.68 (s 2H), 4.24 (d, J = 2.7 Hz, 2H), 4.32 (q, J = 6.9 Hz, 2H), 4.42 (q, J = 

6.9 Hz, 2H), 5.58 (s, 1H) 6.54 (s, 1H), 6.65 (s, 1H), 7.04–7.12 (m, 4H), 7.37–7.50 (m, 6H), 

7.64 (s, 1H), 7.93(s, 1H), 9.60(s, 1H), 9.63(s, 1H); ESI-MS obsd 1151.5130, calcd 1151.5133 

[(M + H)+, M = C68H74N6O7S2]; MALDI-MS obsd 1151.0; λabs (CH2Cl2) 364, 542, 756 nm. 

152-N-(12-Aminododecyl)-3-ethoxycarbonyl-2,12-diethyl-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin-13,15-dicarboximide (BC19).  Following a reported 

carbamoylation procedure to install the imide ring,61 a mixture of bromo-bacteriochlorin 

BC18 (57 mg, 0.084 mmol), Pd(PPh3)4 (97 mg, 0.084 mmol), Cs2CO3 (85 mg, 0.26 mmol, 

3.0 equiv) and 1,12-dodecandiamine (76 mg, 0.38 mmol, 4.5 equiv) was dried under high 

vacuum in a Schlenk flask for 1 h.  The flask was then filled with CO and THF (11 mL), 
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which had been degassed by argon for 25 min and flushed with CO for 25 min.  The reaction 

mixture was stirred at 80 °C for 18 h under a CO atmosphere at ambient pressure.  The 

reaction mixture was cooled to room temperature and washed with water.  The organic layer 

was dried (Na2SO4), concentrated and chromatographed [silica, CH2Cl2/methanol (4:1)].  The 

resulting solid was treated with hexanes, sonicated, and centrifuged.  The supernatant was 

discarded leaving a reddish solid (23 mg, 35%): 1H NMR (300 MHz, CDCl3) δ –0.96 (s, 1H), 

–0.48 (s, 1H), 1.20–1.78 (m, 29H), 1.89 (s, 6H), 1.91 (s, 6H), 2.68 (t, J = 4.5 Hz, 2H), 3.73 (t, 

J = 7.8 Hz, 2H), 4.16–4.28 (m, 7H), 4.43 (t, J = 7.8 Hz, 2H), 4.76 (s, 2H), 4.76 (q, J = 7.8 Hz, 

2H), 5.38 (s, 2H), 8.41 (s, 1H), 8.68 (s, 1H); ESI-MS obsd 781.5011, calcd 781.5006 [(M + 

H)+, M = C46H64N6O5]; MALDI-MS obsd 780.3; IR (solid film) 3386, 2927, 1729, 1682, 

1645, 1537 cm-1; λabs (CH2Cl2) 351, 370, 407, 550, 794 nm. 

Zn(II)-152-N-(12-Azidododecyl)-3-ethoxycarbonyl-2,12-diethyl-5-methoxy-

8,8,18,18-tetramethylbacteriochlorin-13,15-dicarboximide (ZnBC19).  A mixture of free 

base bacteriochlorin BC19 (10 mg, 13 µmol), Zn(OAc)2·2H2O (84 mg, 0.38 mmol, 30 equiv) 

and K2CO3 (53 mg, 0.38 mmol, 30 equiv) in CH2Cl2 and methanol (1.4 mL, 1:1) was stirred 

for 4 h in an oil bath at 50 °C.  The reaction mixture was washed with water.  The organic 

layer was dried (Na2SO4), concentrated and chromatographed [silica, CH2Cl2/methanol 

(19:1)] to afford a green solid (6.0 mg, 55%): 1H NMR (300 MHz, THF-d8) δ 1.30–1.70 (m, 

31H), 1.89 (s, 6H), 1.91 (s, 6H), 3.57–3.67 (m, 4H), 4.08–4.16 (m, 5H), 4.26 (s, 2H), 4.37 (t, 

J = 7.2 Hz, 2H), 4.61 (q, J = 7.2 Hz, 2H), 4.72 (s, 2H), 8.31 (s, 1H), 8.60 (s, 1H); ESI-MS 

obsd 843.4124, calcd 843.4146 [(M + H)+, M = C46H62N6O5Zn]; MALDI-MS obsd 842.6; 

λabs (CH2Cl2) 356, 374, 415, 585, 807 nm. 
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Cu(II)-152-N-(12-Azidododecyl)-3-ethoxycarbonyl-2,12-diethyl-5-methoxy-

8,8,18,18-tetramethylbacteriochlorin-13,15-dicarboximide (CuBC20).  Following a 

reported procedure azide formation,81 a mixture of BC19 (23 mg, 30 µmol), K2CO3 (0.11 g, 

0.77 mmol, 26 equiv), CuSO4·5H2O (6.0 mg, 24 µmol, 0.80 equiv) and imidazole-1-sulfonyl 

azide hydrochloride (6, 6.2 mg, 30 µmol, 1.0 equiv) in CH2Cl2 and methanol (2.0 mL, 1:1) 

was stirred under argon at room temperature for 16 h.  The mixture was dried under vacuum 

and washed with water.  The organic layer was dried (Na2SO4), concentrated and 

chromatographed (silica, CH2Cl2) to afford a dark reddish solid (8.2 mg, 32%): ESI-MS obsd 

867.3961, calcd 867.3977 [(M + H)+, M = C46H60CuN8O5]; IR (solid film) 3387, 2925, 2852, 

2094, 1725, 1678, 1599, 1384, 1041 cm-1; λabs (CH2Cl2) 363, 419, 555, 815 nm. 

Peptides. The peptides pep-GXWF and pep-GOWF were synthesized on a fully 

automated Syro Wave peptide synthesizer (Biotage) via standard solid-phase peptide 

synthesis method using Fmoc-Phe-Wang resin (0.802 mmol/g).  Amino acids were Fmoc 

protected: Fmoc-L-Trp(Boc)-OH (one letter code, W), Fmoc-Gly-OH (one letter code, G), 

Fmoc-L-Dap(Boc-Aoa)-OH (one letter code, O), Fmoc-L-propargyl-Gly-OH (one letter code, 

X).  Preloaded Wang-Phe resin (200 mg, 160.4 µmol; one letter code, F) was used as the 

solid phase.  Fmoc deprotection was performed in two stages using solutions: (1) 40% 

piperidine in DMF for 3 min and (2) 20% piperidine in DMF for 10 min.  The coupling 

reaction was performed using Fmoc-protected amino acids (5 equiv, 0.5 M in DMF) 

activated by N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate 

[HBTU, 5 equiv, 1.0 M in DMF/NMP (1:1)] and N,N-diisopropylethylamine (10 equiv).  

After completing the synthesis of the peptide, the resin was successively washed with DMF 
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(2 mL, three times) and CH2Cl2 (2 mL, three times), and then dried thoroughly overnight 

under high vacuum.  Peptide release was performed using a cocktail of TFA/m-

cresol/H2O/triisopropylsilane (93: 2.5: 2.5: 2) for 2 h at room temperature.  After filtration to 

remove resin, the filtrate was treated with cold diethyl ether to precipitate the crude product.  

The peptide was then dissolved in the same cocktail and then precipitated by addition of 

diethyl ether.  This procedure (cocktail dissolution – precipitation cycle) was repeated three 

times to afford the final peptide (no further purification, no amounts recorded).  Data for 

pep-GXWF: ESI-MS obsd 726.2919, calcd 726.2922 [(M + H)+, M = C42H39N5O7]; 

MALDI-MS obsd 748.5 (M + Na+).  Data for pep-GOWF: ESI-MS obsd 790.3188, calcd 

790.3195 [(M + H)+, M = C42H43N7O9]. 

(III) Protocols 

Procedure for copper insertion with Cu(II).  A stock solution (10 mM) of 

bacteriochlorin was prepared by dissolving BC1 (4.3 mg, 8.7 µmol) of in DMSO (0.87 mL) 

or BC2 (5.5 mg, 7.9 µmol) in DMSO (0.79 mL).  A stock solution of Cu(OAc)2 (50 mM) 

was prepared by dissolving Cu(OAc)2 (18.7 mg, 0.10 mmol) of in a mixed solvent of DMSO 

(1.0 mL) and deionized water (1.0 mL).  For a reaction with bacteriochlorin at 5.0 mM and 

5.0 equiv of copper, the copper solution (0.50 mL) was transferred to the bacteriochlorin 

solution (0.50 mL) to give a mixed solvent of DMSO (0.75 mL) and water (0.25 mL).  For a 

reaction with bacteriochlorin at 0.20 mM and 5.0 equiv of copper, the copper stock solution 

(20 µL) was diluted by addition to a mixed solvent of DMSO (0.24 mL) and water (0.24 mL).  

The bacteriochlorin stock solution (20 µL) also was diluted by addition of DMSO (0.48 mL).  

The diluted copper solution (0.50 mL) was then transferred to the diluted bacteriochlorin 
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solution (0.50 mL) to give a mixed solvent of DMSO (0.75 mL) and water (0.25 mL).  These 

reaction mixtures were stirred in the dark at room temperature.   

Procedure for copper insertion with Cu(I).  The experiments for copper insertion 

in the presence of Cu(I) were conducted using bacteriochlorin (1.9 – 3.0 mg, 2.7 – 4.3 µmol, 

0.10 – 3.0 mM), CuSO4·5H2O (5 equiv), sodium ascorbate (10 equiv) and TBTA (5 equiv) in 

a mixed solvent of DMSO and deionized water (1:1).  The experimental procedures for these 

four model studies (0.10, 0.25, 0.90 and 3.0 mM) are almost identical.  An exemplary 

procedure for bacteriochlorin at 0.1 mM is as follows: The catalyst Cu(I) was generated by 

reacting CuSO4·5H2O (5.3 mg, 21 µmol, 5.0 equiv relative to the bacteriochlorin) with 

sodium ascorbate (8.6 mg, 0.43 µmol, 10 equiv relative to the bacteriochlorin) in water (21 

mL) at room temperature.  The catalyst solution was added to a solution of TBTA (11 mg, 21 

µmol, 5.0 equiv relative to the bacteriochlorin) in DMSO (10 mL) under an atmosphere of 

argon, and the combined Cu(I)-TBTA solution (31 mL) was then transferred to the 

bacteriochlorin (3.0 mg, 4.3 µmol) solution in DMSO (11 mL).  The resultant mixture was 

stirred in the dark at room temperature for 16 h, and analyzed MALDI-MS.   

(IV) Bioconjugation reactions 

15-{3-[4-((4-((Carboxymethoxyimino)methyl)phenyl)amino)-4-oxobutanamido] 

phenyl}-3,13-bis(ethoxycarbonyl)-2,12-dimesityl-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (BC6-oxime). A solution of BC6 (2.6 mg, 2.4 µmol) and o-

(carboxymethyl)hydroxylamine hemihydrochloride (1.3 mg, 12 µmol, 5.0 equiv relative to 

bacteriochlorin) in a mixed solvent of aqueous phosphate buffer (0.39 mL, 0.3 M, pH = 7.0) 
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and acetonitrile (0.39 mL, 1:1) at room temperature was treated with excess aniline (0.21 

mmol, 1000 equiv relative to bacteriochlorin) to activate the aldehyde group.  TLC analysis 

[silica, ethyl acetate, Rf (BC6) = 0.8, Rf (BC6-oxime) = 0] showed the reaction to be 

complete within 3.0 h.  Purification by column chromatography (silica, ethyl acetate) 

followed by MALDI-MS and ESI-MS confirmed the identity of the product BC6-oxime (no 

amount recorded).  Absorption values indicated that the chromophore remained intact: ESI-

MS obsd 1148.5491, calcd 1148.5492 [(M + H)+, M = C68H73N7O10]; MALDI-MS 1146.0; 

λabs (CH2Cl2) 364, 543, 757 nm. 

 15-{4-[4-(3-(Benzylamino)-3-oxopropyl]phenyl}-3,13-bis(ethoxycarbonyl)-2,12-

diethyl-8,8,18,18-tetramethylbacteriochlorin (BC9-amide) and 15-{4-[2-(Benzylamino)-

2-oxoethoxy]phenyl}-3,13-bis(ethoxycarbonyl)-2,12-diethyl-8,8,18,18-

tetramethylbacteriochlorin (BC10-amide).  Bacteriochlorin BC9 or BC10 (2.2–2.5 mg) in 

DMF (4.0 mM) was treated with DABCO (4.0 equiv) at 45 °C and stirred under argon for 5 

min.  Benzyl azide (4 equiv) was added, and the resulting mixture was stirred in the dark for 

5.5 h.  DMF was removed in vacuo.  The resulting greenish crude solid was dissolved in 

ethyl acetate and washed with water.  The organic layer was separated, dried (Na2SO4) and 

concentrated.  Column chromatography [silica, CH2Cl2/ethyl acetate (17:3)] provided a 

greenish solid (1.1 mg, 61% for BC9-amide; 0.9 mg, 42% for BC10-amide). 

Zn(II)-152-[12-(3-(4-((Dimethylamino)methyl)-1H-1,2,3-triazol-1-

yl)propanamido)dodecyl]-3-ethoxycarbonyl-2,12-diethyl-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin-13,15-dicarboximide (ZnBC11-triazole). The catalyst Cu(I) 

was generated by reacting CuSO4·5H2O (1.8 mg, 7.0 µmol, 5.0 equiv relative to the 
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bacteriochlorin) with the reducing agent sodium ascorbate (2.9 mg, 14 µmol, 10 equiv 

relative to the bacteriochlorin) in water (0.35 mL) at room temperature.  The catalyst solution 

was added to a solution of ZnBC11 (1.4 mg, 1.4 µmol) and 3-dimethylamino-1-propyne 

(0.60 mg, 7.0 µmol) in DMSO (0.35 mL) at room temperature.  TLC analysis [silica, 

CH2Cl2/ethyl acetate (4:1), Rf (ZnBC11) = 0.4, Rf (ZnBC11-triazole) = 0] showed the 

reaction to be complete within 5 h.  Purification by column chromatography (silica, methanol) 

followed by MALDI-MS and ESI-MS confirmed the identity of the product ZnBC11-

triazole (no amount recorded).  The absorption spectrum confirmed the integrity of the 

chromophore containing zinc and lack of displacement by copper during the reaction (copper 

bacteriochlorins typically give a broader Qy band that is shifted to longer wavelength by ~20 

nm66): ESI-MS obsd 1023.5144, calcd 1023.5163 [(M + H)+, M = C54H74N10O6Zn]; MALDI-

MS obsd 1022.3; λabs (CH2Cl2) 356, 373, 417, 581, 806 nm. 

ZnBC11-GXWF.  Peptide pep-GXWF (1.2 mg, 1.6 µmol) and ZnBC11 (1.5 mg, 

1.6 µmol) were placed in a small reaction vial, whereupon 0.30 mL of DMSO was added 

under argon.  A solution of Cu(I) was freshly prepared in advance by mixing CuSO4·5H2O 

(2.0 mg, 5.0 equiv) in 0.20 mL of deionized water and sodium ascorbate (3.2 mg, 10 equiv) 

in 0.20 mL of deionized water under argon.  This solution quickly turned dark and further 

changed to a bright yellow color within a few seconds.  TBTA (4.2 mg, 5.0 equiv) in 0.10 

mL of DMSO was also prepared and added to the fresh Cu(I) solution, and the resulting 

solution was quickly transferred in entirety to the peptide/bacteriochlorin solution under 

argon.  The reaction vial was quickly capped and stirred at room temperature for 5.5 h.  The 

solvent was removed overnight with a lyophilizer.  Then 1 mL of deionized water was added 
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to the crude product followed by sonication for 5 min.  The suspension was then centrifuged, 

and the resulting supernatant was decanted.  This procedure was repeated three times 

(performed four times in total) to thoroughly remove copper and sodium salts.  Then, 1 mL 

of diethyl ether was added to the crude product followed by sonication.  The suspension was 

then centrifuged and the resulting supernatant was decanted.  This procedure was repeated 

three times (performed four times in total) to thoroughly remove residual ZnBC11.  The 

bacteriochlorin-peptide conjugate was dried under high vacuum: ESI-MS obsd 1664.7174, 

calcd 1664.7193 [(M + H)+, M = C91H104N14O13Zn]; MALDI-MS 1664.8; λabs (CH2Cl2) 354, 

372, 417, 580, 811 nm. 

BC6-GOWF.  Peptide pep-GOWF (2.1 mg, 2.6 µmol) and BC6 (1.4 mg, 1.3 µmol) 

were placed in a small reaction vial, and 0.15 mL of DMSO was added under argon.  Aniline 

(0.12 mL, 1000 eq) was then added under argon, followed by addition of 300 mM aqueous 

phosphate buffer (50 µL).  The reaction vial was quickly capped and stirred at room 

temperature for 16 h.  The solvent was removed under high vacuum, and the resulting crude 

product was dried for 4.0 h.  Then, 1 mL of diethyl ether was added to the crude product 

followed by sonication.  The suspension was then centrifuged, and the resulting supernatant 

was decanted.  This procedure was repeated three times (performed four times in total) to 

thoroughly remove residual BC6 and aniline.  TLC was used to confirm the complete 

removal of BC6 [eluant: CH2Cl2/ethyl acetate (4:1), Rf (BC6) = 0.4, Rf (BC6-GOWF) = 0].  

The bacteriochlorin-peptide conjugate was dried under high vacuum: ESI-MS obsd 

1846.8331, calcd 1846.8345 [(M + H)+, M = C108H111N13O16]; MALDI-MS 1844.8; λabs 

(CH2Cl2) 364, 542, 757 nm. 
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CHAPTER 3 

Hydrophilic Tetracarboxy Bacteriochlorins for Photonics Applications 

 

Preamble.  The contents in this chapter have been published76 with contributions from the 

following individuals.  Pothiappan Vairaprakash: synthesis of BC-13, BC-12, BC-8 and 

corresponding precursors.  Kanumuri Ramesh Reddy: synthesis of BC-11 and corresponding 

precursors.  Tuba Sahin: synthesis of BC-7 from BC-12.  M. Phani Pavan and Elisa Lubian, 

together with all individuals above, are involved for the molecular designs.  

Introduction 

Bacteriochlorins (tetrahydroporphyrins) are attractive candidates in a wide variety of 

photochemical studies due to their strong absorption in the near-infrared (NIR) region (700–

900 nm).1  Bacteriochlorophylls a, b and g contain the bacteriochlorin chromophore and 

provide the basis for light-harvesting processes and electron-transfer reactions in bacterial 

photosynthesis (Chart 3.1).  Bacteriochlorophylls contain a full complement of substituents 

about the perimeter of the macrocycle and hence are only partially amenable toward 

semisynthetic tailoring2,3 as required for diverse studies such as cellular imaging, 

photodynamic therapy, clinical diagnostics, and artificial photosynthesis.  The tailoring can 

include introduction of (i) auxochromes to tune the position of the long-wavelength 

absorption band, (ii) hydrophobic or hydrophilic groups to alter polarity, and (iii) one or 

more derivatizable groups for attachment to surfaces, macromolecules, or other entities. 
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Chart 3.1.  Bacteriochlorophylls. 
 
 
 
Methods for the synthesis of bacteriochlorins are under active development by a 

number of groups.4-18  The methods range from the modification of native 

bacteriochlorophylls, hydrogenation or reductive addition to synthetic or native porphyrins or 

chlorins, and de novo synthesis.2,3,19,20  In the de novo synthesis of bacteriochlorins developed 

in our laboratory,21,22 the geminal dimethyl group in each reduced pyrroline ring increases the 

stability by blocking adventitious oxidative pathways.  The synthesis of bacteriochlorins 

relies on the self-condensation of a dihydrodipyrrin–acetal as shown in Scheme 3.1.  The use 

of two identical dihydrodipyrrin–acetal molecules to form the bacteriochlorin affords 

synthetic expediency but has the drawback that the substituents at positions 2 and 12 are 

identical to each other, as are those at positions 3 and 13.  A single group can be introduced 

at the 15-position of the bacteriochlorin by regioselective bromination of the 5-

methoxybacteriochlorin.23  Wavelength tunability is achieved by installation of auxochromes 

at positions along the y-axis (e.g., 2, 3, 5, 12, 13, 15) as shown in Scheme 3.1.   
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Using the approach in Scheme 3.1, families of bacteriochlorins have been created that 

are lipophilic,13,22,24,25 amphiphilic,26-28 or hydrophilic;25,29,30 lipophilic and wavelength-

tunable;13,31 as well as lipophilic, bioconjugatable, and wavelength-tunable.13,14,32  The nexus 

of “hydrophilic and bioconjugatable” has heretofore not been attained with the approach 

shown in Scheme 3.1 although several hydrophilic, bioconjugatable bacteriochlorins based 

on other synthetic approaches have been prepared.4,5,7,9  Regardless, a general solution that 

opens the door to “hydrophilic, bioconjugatable, and wavelength-tunable” bacteriochlorins of 

de novo design has not been described.  An excellent review of bioconjugatable tetrapyrrole 

macrocycles (chiefly porphyrins and chlorins) has been prepared by Boyle and coworkers.33  

Recent reports describe semisynthetic routes to bacteriochlorins that are “lipophilic and 

wavelength-tunable,”34 “hydrophilic and wavelength-tunable,”35 or “lipophilic and 

bioconjugatable,”36 but again, routes to the nexus of all three features have not yet been 

developed.  
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Scheme 3.1.  Synthesis of bacteriochlorins (top) and molecular design features (bottom). 
 
 
 
The structures of representative hydrophilic bacteriochlorins that we prepared 

previously are shown in Chart 3.2.  Compound BC-1 is compact and also was a precursor in 

the synthesis of BC-3 and analogues.25  Compounds BC-2 and BC-3 were prepared25 for 

studies in antimicrobial photodynamic therapy.  Among several analogues prepared, BC-3 

exhibited a negative logP value (–1.4) indicating preferential dissolution in water versus n-

octanol.29  Compounds BC-4 and BC-5 represent an initial foray into hydrophilic 

bacteriochlorins that were thought to be compatible with subsequent elaboration with a 

bioconjugatable tether.  Only limited photophysical studies have heretofore been carried out 

concerning the bacteriochlorins in Chart 3.2.  Such studies employed the polar solvents DMF 

(BC-4, BC-5) or methanol (BC-1, BC-3), but only in one case examined water (BC-4).  
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Regardless, none of the bacteriochlorins shown in Chart 3.2 is compatible with attachment of 

a bioconjugatable tether (vide infra). 

 

 

 

Chart 3.2.  Hydrophilic bacteriochlorins. 
 

 
 

A generic design of hydrophilic tetrapyrroles has been to employ ionized groups 

(ammonium,37-43 sulfonate,10,12,44,45 carboxylate46,47 or phosphonate48,49) or polar but nonionic 

groups (polyethylene glycol50-53 or glycoside54,55) at the synthetically accessible, meso-

positions or the malleable positions of natural tetrapyrroles.  A very attractive molecular 

design to impart hydrophilicity is to position ionizable groups (at neutral pH) above and 

below the plane of the macrocycle and thereby suppress aggregation by electrostatic 

repulsion.  Pereira and coworkers synthesized water-soluble chlorin and bacteriochlorins 

(e.g., I) with arylsulfonic groups at the meso positions (although atropisomers are possible 

whereupon the two faces may be disproportionately “shielded”).  Bacteriochlorin I (Chart 3.3) 
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exhibits fluorescence quantum yield (Φf) of 0.012 in aqueous phosphate buffer (pH 7.4).10  A 

chlorin-diphosphonate (II) contains alkyl phosphonate groups projected above and below the 

plane of the macrocycle.56  Kobuke and coworkers prepared ethyne-linked porphyrin dyad 

(III), which bears carboxy-substituted swallowtail groups at the meso positions.  The trans-

AB-porphyrin IV incorporates a phosphono-substituted swallowtail group at one of the meso 

positions, is bioconjugatable due to the iodoacetamide unit, and exhibits high (>10 mM) 

aqueous solubility.49  A porphyrin (V) that bears a single tricarboxy-substituted aryl group is 

soluble at 3 mM in aqueous solution.57  All of these examples illustrate the use of facial 

encumbrance to impart higher solubility of tetrapyrrole macrocycles, an approach that stems 

from a very lengthy thread of research.57  
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Chart 3.3.  Hydrophilic tetrapyrroles I-V.  
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Chart 3.4.  New designs of candidate hydrophilic bacteriochlorins. 
 
 
 

In this paper, we report the synthesis of three new bacteriochlorins that bear 

hydrophilic motifs.  The hydrophilic motif is a 3,5-dicarboxyphenyl unit attached at two β-

pyrrole positions of the bacteriochlorin (Chart 3.4), a design that was chosen to support 

(optional) installation of a bioconjugatable tether.  Bacteriochlorin BC-6 contains 3,13-diaryl 

substituents, BC-7 contains 2,12-diaryl-3,13-dicarbomethoxy substituents, and BC-8 

contains 2,12-diaryl substituents.  The latter two architectures required synthesis of new 

dibromobacteriochlorin building blocks, which were then elaborated with the aryl groups via 
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Suzuki coupling.  One bioconjugatable, hydrophilic bacteriochlorin also was prepared and 

was reacted with a cysteine-containing 48-residue peptide analogous to a peptide from the 

light-harvesting antenna complex of photosynthetic bacteria.  The conjugation represents as 

an initial step in the preparation of a biohybrid light-harvesting antenna.  The work also 

entails photophysical characterization of the four new hydrophilic bacteriochlorins as well as 

those prepared previously (BC-1 – BC-5) that had not been examined thoroughly or at all for 

fluorescence properties.  

Results and discussion 

(I) Reconnaisance 

 One strategy for introduction of a single group into a synthetic bacteriochlorin relies 

on bromination, which often (but not always) proceeds selectively at the 15-position for 

structures wherein the 5-methoxy group is present.  Examples of successful 15-bromination 

include 5-methoxybacteriochlorins with no β-pyrrole substituents (entry 1, Table 3.1) or with 

electroneutral, p-tolyl substituents at the 2,12-positions (entry 2).  On the other hand, strong 

electron-withdrawing groups (acetyl, carboethoxy) at the 3,13-positions led to failure of 15-

bromination (entries 3 and 4); by analogy, bacteriochlorins BC-1, the 

diformylbacteriochlorin precursor to BC-2, and BC-3 (Chart 3.2) are unsuitable for 

attachment of a bioconjugatable tether.  The added presence of ethyl groups at the 2,12-

positions results in effective 15-bromination, whether by counterbalancing the effect of the 

electron-withdrawing groups or merely by blocking otherwise open β-pyrrole sites (entries 5 

and 6).   
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Table 3.1.  Effects of β-pyrrole substituents on 15-bromination.  

 

Entry R2,12 R3,13 15-Br 
introduction Reference 

1 H H yes 22 

2 p-tolyl H yes 23 

3 H acetyl no 58 

4 H dioxolanyla no 58 

5 Me acetyl yes 58 

6 Et EtO2C– yes 22,58 

7 H phenyl yes here 
a 2-methyl-1,3-dioxolan-2-yl. 

 
 
 
 To address the question of whether electroneutral aryl groups at the 3,13-positions 

would be compatible with 15-bromination, 3,13-dibromobacteriochlorin BC-9 was treated to 

Suzuki coupling with 2-phenyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1) to give the 

corresponding 3,13-diphenylbacteriochlorin BC-10 (Scheme 3.2).  The latter was subjected 

to standard conditions for 15-bromination (e.g., NBS in THF) whereupon the desired 15-

bromobacteriochlorin BC-11 was smoothly formed.  The result is included in Table 3.1 

(entry 7) for comparison. 
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Scheme 3.2.  15-Bromination of a 3,13-diphenylbacteriochlorin. 
 
 
 
 The strategy reported by Yu and Ptaszek13 wherein a 3,13-dibromo-5-

methoxybacteriochlorin undergoes sequential coupling at the 13- and 3-sites was found to be 

successful, but of little advantage here because we sought to introduce two hydrophilic aryl 

groups and one bioconjugatable tether.  Finally, the bacteriochlorins BC-4 and BC-5 are 

reasonably polar yet N-protected (or unprotected) analogues thereof (inexplicably) do not 

undergo 15-bromination.  All such considerations led to the following strategy: (1) prepare 

2,12 or 3,13-dibromobacteriochlorins bearing a 5-methoxy group; (2) introduce hydrophilic 

aryl groups at the 2,12 or 3,13-positions by Suzuki coupling; and (3) if desired, install a 
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bioconjugatable handle at the 15-position (via bromination/Suzuki coupling) as the last 

operation of the synthesis. 

(II) Synthesis 

 (A) Suzuki coupling partner. The synthesis of the dicarboxy Suzuki coupling 

partner is shown in Scheme 3.3.  Esterification of commercially available 5-bromoisophthalic 

acid (2) with tert-butyl alcohol was achieved with N,N-dicyclohexylcarbodiimide (DCC) in 

the presence of 4-(N,N-dimethyamino)pyridine (DMAP) to give 3 in 50% yield.  Pd-

mediated coupling59 of the latter with bis(pinacolato)diboron gave Suzuki coupling partner 4 

in 72% yield.  

 

 

 

Scheme 3.3.  Synthesis of dicarboxy Suzuki coupling partner. 
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(B) Bacteriochlorin building blocks.  Three dibromobacteriochlorin building blocks 

were employed (Chart 3.5).  Each contains the two bromo substituents at the β-positions of 

the pyrrolic rings and also contains a 5-methoxy group.  The synthesis of the 3,13-

dibromobacteriochlorin BC-9 has been described previously.22 

 
 

 

Chart 3.5.  Bacteriochlorin building blocks. 
 
 
 
The synthesis of the 2,12-dibromo-3,13-dicarbomethoxybacteriochlorin BC-12 began 

with formylation of 3-bromo-4-(methoxycarbonyl)pyrrole 6, available from 3,4-dibromo N-

(triisopropylsilyl)pyrrole (5).60,61  Treatment of 6 with POCl3/DMF resulted in halogen 

exchange, affording 3-chloro-2-formyl-4-(methoxycarbonyl)pyrrole as the major product 

along with a trace amount of 3-bromo-2-formyl-4-(methoxycarbonyl)pyrrole 7.  Attempts to 

separate the mixture failed.  Although the mixture could be carried forward given that the 

halogen ultimately is to be displaced upon Pd-mediated coupling, we instead performed the 

Vilsmeier formylation using POBr3/DMF, which smoothly afforded the desired 

pyrrolecarboxaldehyde 7 in 72% yield (Scheme 3.4).  The remainder of the synthesis 

followed standard methods:22,62 conversion of 7 to the nitroethylpyrrole 8, which upon 
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Michael addition with 1,1-dimethoxy-4-methyl-3-penten-2-one (9)21,63 in the presence of 

DBU under solvent-free conditions yielded the nitrohexanone 10 in 75% yield.  Reductive 

cyclization in the presence of buffered TiCl3 gave 11, which upon treatment with TMSOTf in 

the presence of the proton scavenger 2,6-di-tert-butylpyridine (DTBP)64 afforded the 

bacteriochlorin BC-12 in 25% yield.  The pattern of substituents is established at the stage of 

formylation, and was confirmed by single-crystal X-ray analysis of 8.76 
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Scheme 3.4.  Synthesis of a dibromo-diester bacteriochlorin. 
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To compare the ease of functionalization in the 15-position of bacteriochlorins having 

hydrophilic groups at the β-pyrrolic positions, we synthesized 2,12-dibromo-5-

methoxybacteriochlorin BC-13.  The 2,12-substitution pattern presents less hindrance toward 

further functionalization at the 15-position.  The synthesis of BC-13 begins with 3-bromo-N-

tosylpyrrole-2-carboxaldehyde (12),65,66 a known compound that has been prepared in 52 mg 

from a multistep synthesis starting with cinnamaldehyde, p-toluenesulfonamide and 3,3-

diethoxyprop-1-yne.  (The homologue 3-bromo-N-benzenesulfonylpyrrole-2-carboxaldehyde 

was recently prepared by Iwao and coworkers by direct lithiation of 3-bromo-N-

benzenesulfonylpyrrole.67,68)  We carried out the synthesis at larger scale and obtained 5.5 g 

of 12 (Scheme 3.5).  Compound 12 was treated with nitromethane followed by reduction 

using LiBH4 at –10 °C to obtain the nitroethylpyrrole 13 in 20% yield.  Treatment of 13 with 

9 in the presence of DBU under solvent-free conditions yielded the Michael adduct 14 in 56% 

yield.  The subsequent N-detosylation (5 equiv of NaOMe for 2 h) and reductive cyclization 

(buffered TiCl3) were carried out in a one-flask process to give the dipyrrin 15 in 20% yield.  

Self-condensation of 15 under standard bacteriochlorin-forming conditions (DTBP and 

TMSOTf in CH2Cl2 at room temperature) gave the corresponding 2,12-dibromo-5-

methoxybacteriochlorin BC-13 in 36% yield.  A single-crystal X-ray structure of pyrrole 13 

confirmed the substitution pattern of the adjacent 2-(2-nitroethyl) and 3-bromo substituents, 

and thereby substantiated the 2,12-dibromo substitution pattern in the corresponding 

bacteriochlorin target.76 
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Scheme 3.5.  Synthesis of a 2,12-dibromobacteriochlorin. 
 
 
 
(C) Hydrophilic bacteriochlorins.  The hydrophilic bacteriochlorins were prepared 

by coupling of a dibromobacteriochlorin with a Suzuki coupling partner in excess.25  Each 

reaction was carried out in toluene/DMF (2:1) containing Pd(PPh3)4 and K2CO3 (or Cs2CO3) 

at 90 °C.  The reactants and products are outlined in Scheme 3.6.  Thus, the derivatization of 
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bromo bacteriochlorin intermediate was isolated, and could be subjected to a second round of 

Suzuki coupling.76  Yu and Ptaszek first reported selectivity in the Sonogashira coupling 

reaction with the same bacteriochlorin.13  In a similar manner, treatment of BC-12 with 4 

afforded protected bacteriochlorin pro-BC-7 in 33% yield.  Use of a lesser quantity of base 

(3 equiv of Cs2CO3 instead of 12 equiv of anhydrous K2CO3) afforded the protected 

bacteriochlorin pro-BC-7 in considerably increased yield (85%).  Finally, reaction of 2,12-

dibromobacteriochlorin BC-13 with 4 gave bacteriochlorin–tetraester pro-BC-8 in 30% yield. 

 

 

 

Scheme 3.6.  Suzuki coupling to give diarylbacteriochlorins. 
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The tert-butyl esters were cleaved with 20% TFA in CH2Cl2 to give BC-6 (88% 

yield), BC-7 (89%), and BC-8 (90%).  In the case of BC-7, there was no sign of hydrolysis 

of the carbomethoxy groups.  The chemoselectivity and essentially quantitative nature of the 

protecting group cleavage reactions enabled the resulting bacteriochlorins BC-6 – BC-8 to be 

characterized and used directly without purification. 

 (D) Bioconjugatable hydrophilic bacteriochlorin. The 3,13-diarylbacteriochlorin 

bearing four protected carboxylic acids (pro-BC-6) was selected for elaboration with a 

bioconjugatable tether (Scheme 3.7).  Treatment with NBS smoothly afforded the 15-

bromination product BC-14 in 70% yield.  Indeed, the presence of the 3,5-diester substituents 

on the neighboring 13-aryl unit did not cause an adverse effect given that the yield was 

slightly higher than that in a control experiment (54%) with the 3,13-diphenylbacteriochlorin 

BC-10 (Scheme 3.2).  Suzuki coupling reaction under the same conditions as used for the 

dibromobacteriochlorins above with BC-14 and anilino Suzuki coupling partner 16 gave the 

corresponding 15-anilino-bacteriochlorin (BC-15).  DCC-mediated amidation with 4-

maleimidobutyric acid (17) gave the bioconjugatable bacteriochlorin in protected form (pro-

BC-16).  Finally, treatment with TFA unveiled the four free carboxylic acids.  The resulting 

bacteriochlorin (BC-16) is highly soluble in aqueous solution.   

 The bacteriochlorins typically were characterized by absorption and fluorescence 

spectroscopy, 1H NMR spectroscopy, 13C NMR spectroscopy where quantity and solubility 

allowed, MALDI mass spectrometry, and ESI mass spectrometry.  13C NMR spectra were not 

collected for the compounds prepared to explore solubility features (BC-6 – BC-8) owing to 

insufficient quantities; whereas BC-16 was characterized by 13C NMR spectroscopy.  
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Scheme 3.7.  Hydrophilic bioconjugatable bacteriochlorin. 
 

N HN

NNH

Ar

Ar OMe

R

NBS, THF

pro-BC-6

Pd(PPh3)4, K2CO3
Toluene/DMF (2:1), 90 °C

B
O

O

NH2

Ar =

CO2
tBu

CO2
tBu

Ar =

CO2H

CO2H

DCC, DMAP

TFA/CH2Cl2 (1:4)

BC-16

BC-14

BC-15

pro-BC-16

NH
N

O

O

O

70%

70%

N HN

NNH

Ar

Ar OMe

NH
N

O

O

O

61%

82%

16

NH2

R = Br

R =

R =

HO2C N

O

O

17



 

 84 

(III) Photophysical properties   

 (A) Absorption and emission spectra. The absorption and emission spectra were 

collected for each target bacteriochlorin.  The bacteriochlorins that bear quaternized 

ammonium groups (BC-2 – BC-5) were examined in water, whereas those that contain 

ionizable groups (BC-1, BC-6 – BC-8, BC-16) were examined in aqueous phosphate buffer.  

All target bacteriochlorins and protected bacteriochlorin precursors also were examined in 

DMF.  The parameters of interest include (i) the position of the long-wavelength absorption 

band (which establishes an upper limit on the energy of the excited singlet state), termed the 

Qy band, (ii) the sharpness of the Qy band, measured by the full-width-at-half-maximum 

(fwhm), (iii) the position and fwhm of the fluorescence emission band, which provides 

information about any reorganization of the excited singlet state, and (iv) the fluorescence 

quantum yield (Φf), which bears on the suitability for a host of photochemical applications.  

All of these parameters are listed in Table 3.2 for 18 bacteriochlorins.  In addition, 

representative spectra are shown for BC-6 and BC-7 in Figure 3.1. 
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Figure 3.1.  Normalized absorption spectra (solid) and emission spectra (dashed) of BC-6 
and BC-7 in aqueous potassium phosphate buffer (0.5 M, pH 7.0) at room temperature.  
Spectral parameters are given in Table 3.2. 
 
 
 

In general, the spectroscopic properties in aqueous buffer of the new hydrophilic 

bacteriochlorins (BC-6 – BC-8, BC-16) were quite similar to those of the prior hydrophilic 

bacteriochlorins (BC-1 – BC-5).  Bacteriochlorin BC-16 exhibited essentially identical 

properties to those of BC-6, indicating the absence of any adverse effects of the 

bioconjugatable tether.  Moreover, in the one case examined (BC-16), the absorption 

spectrum was essentially unchanged when the sample was allowed to stand in aqueous buffer 

at room temperature over the course of 5 hours.  The findings augur well for the use of the 

hydrophilic bacteriochlorins in photochemical applications wherein sharp absorption and 

fluorescence bands are required in an aqueous environment. 
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Table 3.2.  Absorption and fluorescence properties of bacteriochlorins.     

Reference Compound Solvent λabs, nm 
FWHM 

nm 
(Abs) 

λem, 
nm 

FWHM 
nm (Flu) Φf 

here BC-1 DMF 728 28 735 26 0.14 

here BC-1 Pi buffera 741 24 745 23 0.089 

here BC-2 DMF 724 26 727 22 0.13 

here BC-2 watera 732 20 734 18 0.12 

here BC-3 DMF 730 20 735 27 0.090 

here BC-3 water 733 20 739 22 0.11 

30b BC-4 DMF 734 20 738 32 0.20 

30b BC-4 watera 732 23 738 22 0.096 

30b BC-5 DMF 753 30 759 29 0.065 

30b BC-5 watera 752 31 758 33 0.010 

here pro-BC-6 DMF 731 24 738 25 0.18 

here BC-6 DMF 729 22 735 23 0.19 

here BC-6 Pi buffer 730 26 736 26 0.078 

here pro-BC-7 DMF 753 25 759 26 0.18 

here BC-7 DMF 746 31 753 23 0.16 

here BC-7 Pi buffer 749 35 758 37 0.11 

here pro-BC-8 DMF 736 22 742 23 0.20 

here BC-8 DMF 732 25 739 23 0.14 

here BC-8 Pi buffer 734 29 740 27 0.077 

here pro-BC-16 DMF 728 22 735 25 0.21 

here BC-16 DMF 726 21 732 24 0.16 

here BC-16 Pi buffer 729 23 735 25 0.074 
a Each sample contains 1% DMF to facilitate initial dissolution.  Pi buffer: 0.5 M potassium 
phosphate at pH 7.0.  bFluorescence yield data have not been reported previously. 
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 (B) Effect of concentration on spectral properties. The spectral properties 

described in Table 3.2 and shown in Figure 3.1 were obtained at a concentration of ~1 µM.  

For many applications, however, substantially higher concentrations are required.  Even if 

end-uses employ low (e.g., µM) concentrations, methods of fabrication such as 

bioconjugation may require higher concentrations.  To assess the solution properties of the 

bacteriochlorins at higher concentrations, the absorption spectrum was measured in 10-fold 

increments over a 1000-fold range, encompassing ~300–600 µM to ~0.3–0.6 µM.  To 

maintain a constant absorbance by reciprocal variation of concentration and pathlength, 

assuming no concentration-dependent aggregation, a series of four cuvettes with 1000-fold 

range of pathlengths was employed.76  In this manner, the absorption spectra could be 

directly compared without instrumental limitations on sensitivity or dynamic range, thereby 

affording little change in signal-to-noise ratio.70 

 
 

 

Figure 3.2.  Absorption versus concentration of BC-6 over a range of 1000-fold. 
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The spectral data of bacteriochlorin BC-6 measured at four concentrations (~300, 30, 

3 and 0.3 µM) were compared.76  The concentrations reported here are based on the 

absorbance of the ~30 µM solution measured at the Qy transition (assuming εQy = 100,000 M-

1cm-1).21  The slight amount of broadening in the Qy band at higher concentration is 

consistent with some degree of aggregation, yet at all concentrations the general 

spectroscopic features indicative of bacteriochlorins were retained, and the sample remained 

visually clear.  Similar results were observed with BC-7 and BC-8 (Figs. S5 and S6). 

(IV) Bioconjugation 

 One motivation for the development of bacteriochlorin chemistry concerns the 

development of biohybrid light-harvesting antennas wherein synthetic chromophores or other 

entities are integrated with constituents (or analogues) of the natural photosynthetic 

sytems.32,71,72  Like the natural antennas, the biohybrid antennas form by a multi-tiered self-

assembly process, exhibit structure of ~10-nm dimensions, and incorporate up to several 

dozen chromophores in an integrated architecture.72  The design, preparation and 

characterization of biohybrid antennas thus touches diverse fields encompassing 

photosynthesis, biophysics, supramolecular chemistry, synthetic chemistry, and materials 

science.   

 We have previously employed lipophilic maleimido–bacteriochlorins for attachment 

to peptides analogous to those found in the natural light-harvesting antennas of bacterial 

photosynthesis.  The resulting conjugates were then examined in aqueous detergent (micellar) 

solutions.  A biohybrid antenna also has been prepared in detergent solution by attachment of 

a lipophilic maleimido–terrylene dye to a recombinant photosynthetic antenna complex.73  
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The availability of a hydrophilic bioconjugatable bacteriochlorin (BC-16) holds out the 

possibility of examining analogous conjugates with lesser or no detergents in aqueous 

solution, ultimately broadening the scope of applications in materials science (such as 

attachment to diverse surfaces74).  Thus, the helical β-peptide (Figure 3.3) of Rhodobacter 

sphaeroides light harvesting complex I provided the inspiration for the choice of peptide to 

use herein.  The native β-peptide has the sequence 

ADKSDLGYTGLTDEQAQELHSVYM-14SGLWLFSAVAIVAH0LAVYIWRPWF, where 

the site of histidine ligation to noncovalently bound bacteriochlorophyll a is indicated in bold 

(H0).  The peptide employed herein is identical to the native β-peptide but contains a cysteine 

in lieu of the methionine residue (in bold at the -14 position).  The resulting synthetic peptide, 

denoted β(-14Cys), thus contains a single cysteine for the ligation with BC-16.   

 
 

 

Figure 3.3.  Preparation of β(-14Cys)BC-16 conjugate.  The attached bacteriochlorin is 
illustrated in magenta. 
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 The reaction was carried out with β(-14Cys) at 2 mM and a 50% excess of BC-16 (3 

mM) in a mixed aqueous-organic medium of Tris buffer (pH 8.6) and DMF (1:4) at room 

temperature for 3 hours.  The starting peptide and the conjugate [denoted β(-14Cys)BC-16] 

closely chromatographed on reverse-phase HPLC using a C4 column.  The desired conjugate 

was obtained in ~50% yield by reverse-phase HPLC purification.76  It warrants mention that 

the conjugate is present as a mixture of diastereomers owing to the stereocenter created upon 

thio–maleimido conjugation.  The absorption spectrum of the purified conjugate β(-

14Cys)BC-16 clearly showed bands due to the peptide in the UV region (282 nm) and the 

bacteriochlorin in the near-UV (363 nm), visible (515 nm), and NIR (729 nm) region.76  

Electrospray ionization mass spectrometry (ESI-MS) also gave a strong peak upon 

hypermass ion reconstruction of the intact bacteriochlorin–peptide conjugate at m/z = 

6410.0550, to be compared with that for the peptide precursor at m/z = 5425.7052.  The 

conjugate β(-14Cys)BC-16 will be employed in studies with bacteriochlorophyll a and the 

complementary native α-peptide to form self-assembled αβ–dyads and light-harvesting 

cyclic oligomeric antennas therefrom.32,71,72  The facile preparation, good yield, and ease of 

handling of the conjugate together augur well for the overall molecular design approached 

described herein. 

Conclusions 

 The new molecular designs investigated herein entail introduction of polar aryl 

groups at the 2,12- or 3,13-positions of the bacteriochlorin macrocycle.  The aryl groups 

investigated bear carboxylic acid entities at the 3,5-positions, thereby achieving a degree of 

facial encumbrance by ionized functional groups at neutral pH.  The hydrophilic 
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bacteriochlorins were readily prepared from the corresponding dibromobacteriochlorin 

building blocks.  In one case examined, the presence of the hydrophilic aryl groups in 

protected form does not interfere with the attachment of a bioconjugatable tether.  The 

resulting bacteriochlorins generally are soluble in polar media (aqueous or DMF) and exhibit 

spectroscopic properties – sharp absorption and emission bands, a small Stokes’s shift, and 

modest fluorescence quantum yield – that are attractive for a wide range of photochemical 

applications.  The molecular designs described herein also may prove instructive in guiding 

the development of bacteriochlorins that reside at the “hydrophilic, bioconjugatable, and 

wavelength-tunable” nexus. 

Experimental section 

(I) General methods.  

1H NMR (400 MHz) or 13C NMR (100 MHz) spectroscopy was performed at room 

temperature in CDCl3 (with tetramethylsilane as internal reference) unless noted otherwise.  

Silica gel (40 µm average particle size) was used for column chromatography.  All solvents 

were reagent grade and were used as received unless noted otherwise.  THF was freshly 

distilled from sodium/benzophenone ketyl.  Anhydrous CH2Cl2 was used as received.  

Matrix-assisted laser-desorption mass spectrometry (MALDI-MS) was performed with the 

matrix 1,4-bis(5-phenyl-2-oxaxol-2-yl)benzene (POPOP)75 unless noted otherwise.  ESI-MS 

data are reported for the molecular ion or cationized molecular ion.  Noncommercial 

compounds 5,60,61 9,21,63 1265,66 and BC-922 were prepared following literature procedures.  

The peptide β(-14Cys) was purchased from Bio-Synthesis, Lewisville, TX in 90% purity.  

All other compounds were used as received from commercial sources. 
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(II) Recovery of 2,6-di-tert-butylpyridine (DTBP) 

The condensation to form bacteriochlorins requires the use of substantial quantities of 

the hindered base DTBP, which is quite expensive.  The following protocol enables recovery 

of DTBP:  Quench the crude bacteriochlorin-forming reaction mixture (carried out in CH2Cl2) 

with saturated aqueous NaHCO3.  Separate the CH2Cl2 layer and dry over Na2SO4.  

Concentrate the CH2Cl2 extract by rotary evaporation to afford the crude product, which 

typically contains bacteriochlorin, byproducts derived from the dihydrodipyrrin–acetal 

reactants, and DTBP.  Prepare a silica column with hexanes and apply the crude product to 

the top of the column.  Elute with hexanes, whereupon DTBP elutes as a translucent band 

upon visualization via flashlight illumination from the backside of the column.  Collect the 

translucent band and remove the solvent by rotary evaporation (≤40 °C, ~50 mm Hg).  The 

DTBP has bp ~100 °C at 23 mm Hg.64  The DTBP is obtained as a colorless liquid after 

drying under high vacuum (oil pump, ~0.05 mm Hg, room temperature) for 5 min, whereas 

the typical commercial product is light yellow.  In this manner, >95% of the DTBP can be 

recovered (at scales of 2–25 mL of DTBP).  TLC analysis (silica, hexanes, Rf = 0.8) shows 

only one spot.  The DTBP obtained in this manner is stable at 4 °C for at least 6 months, and 

can be used in bacteriochlorin-forming reactions with no adverse effects versus that obtained 

from commercial sources.  

(III) Absorption versus concentration study 

For each bacteriochlorin, four different solutions (solution A, B, C and D) in aqueous 

potassium phosphate buffer (0.5 M, pH = 7.0) were prepared.  The concentration of the 

solution A (~500 µM) afforded absorbance (A) ~0.5 for the Qy transition measured with a 
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0.01-cm pathlength cuvette.  Successive serial dilution (10 times each) with buffer gave 

bacteriochlorin concentrations as follows: [solution A] = 10 x [solution B] = 100 x [solution 

C] = 1000 x [solution D].   

In a typical experiment for the aggregation studies,76 a stock solution was prepared in 

a small vial containing bacteriochlorin (~0.1 mg; ~0.1 µM) by adding a small amount of 

DMSO (12.5 µL, to facilitate dissolution) followed by aqueous potassium phosphate buffer 

(237.5 µL, 0.5 M, pH = 7.0).  The resulting sample was sonicated for one minute and then 

filtered (poly-vinylidene difluoride high-volume low pressure filter, pore size 0.45 µm) to 

obtain solution A (~500 µM).  The absorbance of solution A was measured in a 0.01-cm 

pathlength cuvette.  Solution B was obtained by mixing solution A (100 µL) with buffer (900 

µL) in a small vial.  The absorbance of solution B was measured in a 0.1-cm pathlength 

cuvette.  For further dilution, solution B (300 µL) was mixed with buffer (2.70 mL) in a 1-cm 

pathlength cuvette to obtain solution C and the absorbance was measured.  Solution C (2.50 

mL) was transferred into a 25 mL standard measuring flask and made up to the mark with 

buffer.  The absorbance of the resulting solution D was measured in a 10-cm pathlength 

cuvette.  The procedure was followed for each bacteriochlorin BC-6 – BC-8. 

(IV) Fluorescence yield determinations 

The Φf values (in DMF, water, or aqueous potassium phosphate buffer) were 

determined relative to that of 5-methoxy-8,8,18,18-tetramethyl-2,12-di-p-tolylbacteriochlorin 

in toluene (Φf = 0.18)21 without correction for refractive index differences.  
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(V) Synthesis 

Di-tert-butyl 5-bromoisophthalate (3).  A mixture of 2 (2.45 g, 10.0 mmol), DCC 

(3.82 g, 18.5 mmol) and DMAP (0.244 g, 2.00 mmol) in CH2Cl2 (25 mL) and DMF (25 mL) 

was treated with tert-butyl alcohol (9.5 mL, 100. mmol).  The mixture was stirred under 

argon at room temperature for 16 h.  The resulting mixture was filtered to remove insoluble 

material.  The filtrate was concentrated and chromatographed [silica, CH2Cl2/hexanes (1:1)] 

to yield a white solid (1.8 g, 50%): mp 95–96 °C; 1H NMR δ 1.60 (s, 18H), 8.25 (d, J = 1.6 

Hz, 2H), 8.49 (t, J = 1.6 Hz, 1H); 13C NMR δ 28.3, 82.5, 122.4, 129.2, 134.2, 136.2, 163.9; 

ESI-MS obsd 379.0523, calcd 379.0515 [(M + Na)+, M = C16H21BrO4].  

Di-tert-butyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isophthalate (4). 

Following a general procedure,59 samples of 3 (250 mg, 0.700 mmol), bis(pinacolato)diboron 

(213.4 mg, 0.84 mmol), Pd(pddf)Cl2 (15.4 mg, 21.0 µmol), KOAc (206 mg, 2.10 mmol), and 

DMSO (4.2 mL, deaerated by bubbling with argon) was added to a Schlenk flask.  The 

reaction mixture was deaerated by three freeze-pump-thaw cycles with argon.  The reaction 

mixture was stirred at 80 °C for 2 h.  The reaction mixture was cooled to room temperature, 

diluted with ethyl acetate and washed with brine.  The organic layer was separated, dried 

(Na2SO4) and concentrated.  Column chromatography [silica, CH2Cl2/ethyl acetate (47:3)] 

provided a white solid (203 mg, 72%): mp 195–196 °C; 1H NMR δ 1.36 (s, 12H), 1.62 (s, 

18H), 8.54 (d, J = 1.6 Hz, 2H), 8.65 (t, J = 1.6 Hz, 1H); 13C NMR δ 25.1, 28.4, 81.7, 84.5, 

131.9, 133.2, 139.5, 165.4; ESI-MS obsd 427.2277, calcd 427.2263 [(M + Na)+, M = 

C22H33BO6].  
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 3-Bromo-4-(methoxycarbonyl)pyrrole (6). A solution of tert-BuLi (25.0 mL, 1.7 M 

in pentane, 42.5 mmol) was slowly cannulated into a solution of 5 (10.7 g, 28.0 mmol) in 

THF (200 mL) at –78 °C under argon.  After 30 min, dimethyl carbonate (7.58 mL, 90.0 

mmol) was added and the stirring was continued for another 30 min.   The reaction mixture 

was allowed to warm to 0 °C and treated with saturated aqueous NaHCO3.  The reaction 

mixture was extracted with ethyl acetate.  The organic extract was washed (water, brine), 

dried (Na2SO4) and concentrated by rotary evaporation.  The resulting viscous material was 

mixed with excess hexanes and sonicated for a few minutes.  A solid settled out, whereupon 

the supernatant was decanted.  The solid was dried under reduced pressure, dissolved in THF 

(100 mL) and treated at room temperature with TBAF·3H2O (11.0 g, 35.0 mmol) for 30 min 

under argon.  The reaction mixture was diluted with diethyl ether, washed (water, brine), 

dried (Na2SO4) and concentrated by rotary evaporation.  The resulting residue was dissolved 

in a minimum amount of CH2Cl2, and then excess hexanes was added.  The resulting 

precipitate was separated and dried under reduced pressure to afford a pale yellow solid (4.48 

g, 79%): mp 96–98 °C; 1H NMR δ 3.83 (s, 3H), 6.83 (d, J = 2.4 Hz, 1H), 7.42 (dd, J1 = 2.4 

Hz, J2 = 3.2 Hz, 1H), 8.58 (brs, 1H); 13C NMR (CDCl3/CD3OD) δ 51.1, 96.6, 113.5, 120.5, 

125.1, 164.8; ESI-MS obsd 203.9655, calcd 203.9655 [(M + H)+, M = C6H6BrNO2].  

3-Bromo-2-formyl-4-(methoxycarbonyl)pyrrole (7). A mixture of 6 (3.06 g, 15.0 

mmol) and POBr3 (5.16 g, 18.0 mmol) under argon was treated with DMF (50.0 mL) at 0 °C.  

The resulting mixture was stirred at 0 °C for 1 h and then at 60 °C for 1 h.  The reaction 

mixture was treated with a mixture of saturated aqueous sodium acetate and CH2Cl2 [300 mL, 

1:1 (v/v)] and stirred for 1 h.  The aqueous phase was separated and extracted with CH2Cl2.  
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The combined organic phase was washed with water (5 x 300 mL), dried (Na2SO4), and 

concentrated.  The resulting solid was dissolved in a minimum amount of CH2Cl2, and then 

excess hexanes was added.  The resulting precipitate was separated by filtration and dried 

under reduced pressure to afford a light brown solid (2.50 g, 72%): mp 187–189 °C; 1H 

NMR (CDCl3/CD3OD) δ 3.87 (s, 3H), 4.05 (brs, 1H), 7.69 (s, 1H), 9.67 (d, J = 0.8 Hz, 1H); 

13C NMR (CDCl3/CD3OD) δ 51.7, 110.3, 116.5, 130.7, 131.0, 163.5, 180.1; ESI-MS obsd 

231.9611, calcd 231.9604 [(M + H)+, M = C7H6BrNO3].  

3-Bromo-4-(methoxycarbonyl)-2-(2-nitroethyl)pyrrole (8).  Following a general 

procedure,62 a stirred mixture of 7 (1.80 g, 7.75 mmol), potassium acetate (1.47 g, 15.0 

mmol), and methylamine hydrochloride (1.01 g, 15.0 mmol)  in absolute ethanol (10.0 mL) 

was treated with nitromethane (1.20 mL, 22.0 mmol).  The resulting mixture was stirred at 

room temperature for 2 h, whereupon water was added.  The resulting precipitate was 

separated by filtration, washed with water and dried under reduced pressure to afford a 

yellow solid, which was used directly in the next step.  The crude solid material was 

dissolved in CHCl3/2-propanol (3:1, 100 mL).  Silica (10 g) and NaBH4 (378 mg, 10.0 mmol) 

were added, and the mixture was stirred at room temperature under argon for 2 h.  The 

reaction mixture was filtered, and the filtrate was concentrated.  The resulting crude material 

was dissolved in CH2Cl2.  The organic solution was washed with water, dried (Na2SO4) and 

concentrated to afford a pale brown solid (1.42 g, 66% yield): mp 148–150 °C; 1H NMR 

(CDCl3/CD3OD) δ 3.32 (t, J = 7.2 Hz, 2H), 3.81 (s, 3H), 4.63 (t, J = 7.2 Hz, 2H), 7.38 (s, 

1H); 13C NMR (CDCl3/CD3OD) δ 24.5, 51.3, 73.6, 96.8, 114.1, 125.0, 126.3, 164.8; ESI-MS 

obsd 276.9824, calcd 276.9818 [(M + H)+, M = C8H9BrN2O4].  
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6-(3-Bromo-4-(methoxycarbonyl)pyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-

nitrohexan-2-one (10).  Following a general procedure,62 a mixture of 8 (1.33 g, 4.80 mmol) 

and 9 (1.52 g, 9.60 mmol) was treated with DBU (3.60 mL, 24.0 mmol).  The reaction 

mixture was stirred at room temperature for 16 h under argon.  A saturated solution of cold 

aqueous NH4Cl was added.  The mixture was extracted with ethyl acetate.  The combined 

organic phase was washed with brine, dried (Na2SO4) and concentrated.  Column 

chromatography [silica, CH2Cl2/ethyl acetate (9:1)] afforded a pale yellow solid (1.57 g, 75% 

yield): mp 64–66 °C; 1H NMR δ 1.15 (s, 3H), 1.28 (s, 3H), 2.63, 2.74 (AB, 2J = 18.8 Hz, 2H), 

3.15-3.35 (m, 2H), 3.42 (s, 3H), 3.43 (s, 3H), 3.81 (s, 3H), 4.38 (s, 1H), 5.19 (dd, 3J = 2.4 Hz, 

3J = 11.2 Hz, 1H), 7.33 (d, J = 3.6 Hz, 1H), 8.82 (brs, 1H); 13C NMR δ 24.1, 24.4, 25.5, 36.7, 

45.0, 51.4, 55.3, 55.4, 93.5, 97.6, 104.8, 114.9, 124.6, 126.3, 163.8, 203.6; ESI-MS obsd 

435.0766, calcd 435.0761 [(M + H)+, M = C16H23BrN2O7].  

7-Bromo-2,3-dihydro-8-(methoxycarbonyl)-1-(1,1-dimethoxymethyl)-3,3-

dimethyldipyrrin (11).  Following a general procedure,62 in a first flask, a solution of 10 

(1.30 g, 3.00 mmol) in freshly distilled THF (10.0 mL) at 0 °C was treated with NaOMe (486 

mg, 9.00 mmol).  The mixture was stirred and deaerated by bubbling argon through the 

solution for 45 min.  In a second flask purged with argon, TiCl3 (12.0 mL, 20 wt % in 3% 

HCl solution, 19.0 mmol), 30.0 mL of THF and NH4OAc (12.0 g, 156 mmol) were combined 

under argon, and the mixture was deaerated by bubbling argon for 45 min.  Then, the first 

flask mixture was transferred via cannula to the buffered TiCl3 mixture.  The resulting 

mixture was stirred at room temperature for 16 h under argon.  Then, the content was diluted 

with ethyl acetate and washed with saturated aqueous NaHCO3.  The organic layer was 
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separated, dried (Na2SO4) and concentrated.  Column chromatography (silica, CH2Cl2) 

afforded a yellow solid (350 mg, 30% yield): mp 108–110 °C; 1H NMR (300 MHz) δ 1.25 (s, 

6H), 2.65 (s, 2H), 3.44 (s, 3H), 3.45 (s, 3H), 3.83 (s, 3H), 5.04 (s, 1H), 5.98 (s, 1H), 7.48 (d, J 

= 3.6 Hz, 1H), 11.22 (brs, 1H); 13C NMR δ 26.9, 29.2, 40.7, 48.7, 51.3, 54.8, 97.2, 102.5, 

104.4, 114.5, 125.4, 130.7, 162.9, 164.2, 176.9; ESI-MS obsd 385.0749, calcd 385.0757 [(M 

+ H)+, M = C16H21BrN2O4].  

3-Bromo-2-(2-nitroethyl)-N-tosylpyrrole (13).  Following a general procedure,62 a 

mixture of 12 (5.25 g, 16.0 mmol), potassium acetate (1.57 g, 16.0 mmol), and methylamine 

hydrochloride (1.08 g, 16.0 mmol) in absolute ethanol (8.00 mL) was treated with 

nitromethane (2.76 mL, 52.0 mmol).  The resulting mixture was stirred at room temperature 

for 3 h, whereupon water was added.  The resulting precipitate was separated by filtration, 

washed with water and dried under reduced pressure to afford a yellow solid, which was used 

directly in the next step.  The crude solid material was dissolved in THF (69.0 mL) and 

cooled to –10 °C (using an acetone bath with a few pieces of dry ice).  The solution was 

treated with 95% LiBH4 (315 mg, 14.0 mmol) all-at-once under vigorous stirring.  The 

reaction mixture was stirred for ~30 min at –10 °C, whereupon the reaction mixture was 

quenched by slowly adding a cold saturated aqueous NH4Cl solution.  The mixture was 

extracted with ethyl acetate.  The organic solution was washed with brine, dried (Na2SO4) 

and concentrated.  Column chromatography [silica, hexanes/CH2Cl2 (1:1)] afforded a white 

solid (1.20 g, 20% yield): mp 133–134 °C; 1H NMR δ 2.44 (s, 3H), 3.43 (t, J = 8.0 Hz, 2H), 

4.50 (t, J = 8.0 Hz, 2H), 6.32 (d, J = 3.6 Hz, 1H), 7.33 (d, J = 3.6 Hz, 1H), 7.36 (d, J = 8.4 

Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H); 13C NMR δ 21.8, 24.2, 72.9, 105.4, 114.7, 123.2, 125.1, 
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127.0, 130.7, 135.2, 146.2; ESI-MS obsd 394.9663, calcd 394.9672 [(M + Na)+, M = 

C13H13BrN2O4S].  

6-(3-Bromopyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-nitrohexan-2-one (14). 

Following a general procedure,62 a mixture of 13 (1.20 g, 3.20 mmol) and 9 (1.90 g, 16.0 

mmol) was treated with DBU (3.60 mL, 24.0 mmol).  The reaction mixture was stirred at 

room temperature for 30 min under argon.  A saturated solution of cold aqueous NH4Cl was 

added at 0 °C.  The mixture was extracted with ethyl acetate.  The combined organic phase 

was washed with brine, dried (Na2SO4) and concentrated.  Column chromatography [silica, 

CH2Cl2/ethyl acetate (9:1)] afforded a pale yellow solid (950 mg, 56% yield): mp 92–93 °C; 

1H NMR δ 1.13 (s, 3H), 1.29 (s, 3H), 2.43 (s, 3H), 2.66, 2.77 (AB, 2J = 18.8 Hz, 2H), 3.10 

(dd, 3J = 3.2 Hz, 3J = 15.2 Hz, 1H), 3.42 (s, 3H), 3.43 (s, 3H), 3.56 (dd, 3J = 11.2 Hz, 3J = 

15.2 Hz, 1H), 4.39 (s, 1H), 5.32 (dd, 3J = 2.8 Hz, 3J = 11.2 Hz, 1H), 6.26 (d, J = 3.6 Hz, 1H), 

7.25 (d, J = 4.0 Hz, 1H), 7.33 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 8.4 Hz, 2H); 13C NMR δ 21.9, 

23.8, 24.0, 25.9, 36.8, 44.4, 55.2, 93.3, 104.7, 106.7, 116.0, 124.3, 126.5, 126.8, 130.5, 135.6, 

145.9, 203.0; ESI-MS obsd 548.1060, calcd 548.1061 [(M + NH4)+, M = C21H27BrN2O7S].  

7-Bromo-2,3-dihydro-1-(1,1-dimethoxymethyl)-3,3-dimethyldipyrrin (15). 

Following a general procedure,62 in a first flask, a solution of 14 (530 mg, 1.00 mmol) in 

freshly distilled THF (5.0 mL) at 0 °C was treated with NaOMe (270 mg, 5.00 mmol).  The 

mixture was stirred and deaerated by bubbling argon through the solution for 2 h.  In a 

second flask purged with argon, TiCl3 (7.00 mL, 20 wt % in 3% HCl solution, 11.0 mmol), 

THF (20 mL) and NH4OAc (7.00 g, 90.0 mmol) were combined under argon, and the 

mixture was deaerated by bubbling with argon for 45 min.  Then, the first flask mixture was 
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transferred via cannula to the buffered TiCl3 mixture.  The resulting mixture was stirred at 

room temperature for 18 h under argon.  Then, the mixture was diluted with ethyl acetate and 

washed with saturated aqueous NaHCO3.  The organic layer was separated, dried (Na2SO4) 

and concentrated.  Column chromatography [silica, hexanes/CH2Cl2 (1:1)] afforded a yellow 

oil (75.0 mg, 20% yield): 1H NMR δ 1.24 (s, 6H), 2.63 (s, 2H), 3.45 (s, 6H), 5.02 (s, 1H), 

5.93 (s, 1H), 6.19 (t, J = 2.8 Hz, 1H), 6.78 (t, J = 2.8 Hz, 1H), 10.75 (brs, 1H); 13C NMR δ 

19.3, 29.2, 40.6, 48.5, 54.7, 97.7, 102.7, 104.8, 111.2, 119.4, 128.8, 161.0, 175.4; ESI-MS 

obsd 327.0706, calcd 327.0703 [(M + H)+, M = C14H19BrN2O2].  

3,13-Bis[3,5-bis(tert-butoxycarbonyl)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (pro-BC-6). Following a general procedure,25 samples of BC-9 

(17.3 mg, 31.0 µmol), 4 (75.2 mg, 186 µmol), Pd(PPh3)4 (21.5 mg, 18.6 µmol), K2CO3 (51.5 

mg, 373 µmol) and toluene/DMF [3.1 mL (2:1), deaerated by bubbling with argon for 45 min] 

was added to a Schlenk flask and deaerated by three freeze-pump-thaw cycles.  The reaction 

mixture was stirred at 90 °C for 20 h.  The reaction mixture was cooled to room temperature, 

concentrated to dryness, diluted with CH2Cl2 and washed with saturated aqueous NaHCO3.  

The organic layer was separated, dried (Na2SO4) and concentrated.  Column chromatography 

[silica, hexanes/CH2Cl2 (1:3)] afforded the title compound (18.4 mg, 62%): 1H NMR δ –1.85 

(brs, 1H), –1.60 (brs, 1H), 1.68 (s, 18H), 1.71 (s, 18H), 1.96 (s, 6H), 1.98 (s, 6H), 3.64 (s, 

3H), 4.38 (s, 2H), 4.40 (s, 2H), 8.64–8.66 (m, 2H), 8.67 (s, 1H), 8.72 (s, 1H), 8.75 (t, J = 2.4 

Hz, 1H), 8.80 (t, J = 2.4 Hz, 1H), 8.84 (d, J = 2.4 Hz, 1H), 8.88 (d, J = 2.4 Hz, 1H), 8.94 (d, J 

= 2.4 Hz, 1H); 13C NMR δ 28.4, 28.5, 29.9, 31.3, 31.3, 45.8, 45.9, 47.8, 52.2, 63.4, 81.8, 82.1, 

96.7, 97.1, 97.3, 122.6, 122.7, 127.5, 129.0, 129.5, 130.1, 131.9, 132.0, 132.2, 133.2, 134.2, 
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134.7, 135.1, 135.5, 135.6, 136.0, 136.5, 137.0, 138.9, 154.5, 160.9, 165.5, 165.8, 169.6, 

170.1; MALDI-MS obsd 952.5; ESI-MS obsd 952.4989, calcd 952.4981 (C57H68N4O9); λabs 

(CH2Cl2) 364, 511, 731 nm.  

3,13-Bis(3,5-dicarboxyphenyl)-5-methoxy-8,8,18,18-tetramethylbacteriochlorin 

(BC-6).  A solution of pro-BC-6 (4.0 mg, 4.2 µmol) in CH2Cl2 (0.4 mL) was stirred at room 

temperature under argon for 2 min, followed by addition of TFA (0.1 mL).  After 2 h, the 

reaction mixture was diluted with ethyl acetate and then washed with saturated aqueous 

NaHCO3, 2 N HCl solution, and water.  The organic layer was separated, dried (Na2SO4) and 

concentrated.  The resulting solid was treated with hexanes and methanol (49:1), sonicated in 

a benchtop sonication bath, and then centrifuged.  The supernatant was discarded to afford a 

green solid (2.7 mg, 88%): 1H NMR (DMSO-d6) δ –1.93 (brs, 1H), –1.69 (brs, 1H), 1.89 (s, 

6H), 1.93 (s, 6H), 3.54 (s, 3H), 4.33 (s, 2H), 4.39 (s, 2H), 8.67 (d, J = 1.2 Hz, 1H), 8.71 (d, J 

= 1.2 Hz, 1H), 8.74 (s, 1H), 8.81 (m, 2H), 8.86 (s, 1H), 8.90–8.92 (m, 3H), 8.93 (s, 1H), 9.19 

(s, 1H), 13.4–13.6 (br, 4H); MALDI-MS obsd 728.7; ESI-MS obsd 729.2559, calcd 

729.2555 [(M + H)+, M = C41H36N4O9]; λabs (CH2Cl2) 365, 511, 731 nm; λabs (100 mM 

aqueous potassium phosphate buffer, pH 7.6) 357, 508, 730 nm; λabs (DMF) 362, 509, 727 

nm. 

2,12-Bis[3,5-bis(tert-butoxycarbonyl)phenyl]-3,13-bis(methoxycarbonyl)-5-

methoxy-8,8,18,18-tetramethylbacteriochlorin (pro-BC-7).  Following a general 

procedure,25 a mixture of BC-12 (25 mg, 0.037 mmol), 4 (90 mg, 0.22 mmol), Pd(PPh3)4 (25 

mg, 0.022 mmol), and anhydrous K2CO3 (61 mg, 0.44 mmol) was deaerated under vacuum in 

a Schlenk flask for 1 h.  Toluene/DMF [3.7 mL, (2:1), deaerated by bubbling argon] was 
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added and the reaction mixture was deaerated by four freeze-pump-thaw cycles.  The 

reaction mixture was heated at 90 °C for 18 h.  After cooling to room temperature, the 

solvent was evaporated.  The crude reaction mixture was diluted with CH2Cl2 and washed 

with saturated aqueous NaHCO3.  The organic layer was separated, dried (Na2SO4) and 

concentrated.  The residue was purified by column chromatography [silica, hexanes/ethyl 

acetate (9:1)] to afford a purple solid (13.4 mg, 33%): 1H NMR δ –1.44 (brs, 1H), –1.15 (brs, 

1H), 1.66 (s, 18H), 1.67 (s, 18H), 1.81 (s, 6H), 1.87 (s, 6H), 4.04 (s, 3H), 4.20 (s, 3H), 4.27 (s, 

3H), 4.36 (s, 2H), 4.43 (s, 2H), 8.36 (s, 1H), 8.52 (s, 1H), 8.73 (d, J = 1.6 Hz, 2H), 8.89 (d, J 

= 1.2 Hz, 4H), 9.65 (s, 1H); 13C NMR δ 28.2, 28.4, 29.9, 30.8, 30.9, 45.8, 46.3, 47.9, 51.6, 

51.9, 53.1, 64.6, 81.8, 81.9, 95.9, 98.1, 98.6, 118.8, 124.9, 128.4, 129.9, 130.2, 131.8, 132.2, 

132.6, 133.3, 134.2, 134.5, 135.0, 135.7, 136.0, 136.2, 136.4, 137.0, 157.2, 161.9, 165.0, 

165.3, 166.4, 168.7, 169.5, 173.3; MALDI-MS obsd 1069.3; ESI-MS obsd 1069.5167, calcd 

1069.5169 [(M + H)+, M = C61H72N4O13]; λabs (DMF) 373, 531, 753 nm.  

The procedure was repeated at larger scale following the above procedure but with 

several changes.  BC-12 (100 mg, 148 µmol), 4 (360 mg, 888 µmol), Pd(PPh3)4 (100 mg, 

88.8 µmol) and Cs2CO3 (149 mg, 444 µmol) were reacted in toluene/DMF [10.0 mL, (2:1), 

deaerated by bubbling argon] for 22 h.  After cooling to room temperature, the mixture was 

diluted with diethyl ether and washed (saturated aqueous NaHCO3, 0.5 N HCl, water, and 

brine), dried (Na2SO4) and concentrated.  Chromatography afforded the title compound (135 

mg, 85%) with characterization data identical with those listed above.  

2,12-Bis(3,5-dicarboxyphenyl)-3,13-bis(methoxycarbonyl)-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (BC-7).  A solution of pro-BC-7 (5.7 mg, 5.3 µmol) in 
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anhydrous CH2Cl2 (1.4 mL) was treated with TFA (350 µL).  The reaction mixture was 

stirred at room temperature under argon for 2 h.  Ethyl acetate was added, and the mixture 

was washed with saturated aqueous NaHCO3.  The aqueous phase was separated, acidified 

with 2 M HCl, and extracted with ethyl acetate.  The organic layer was washed (brine, water), 

dried (NaSO4) and concentrated.  The resulting solid was washed with hexanes to give the 

title compound as a purple solid (4.0 mg, 89% yield): 1H NMR (DMSO-d6) δ –1.44 (brs, 1H), 

–1.15 (brs, 1H), 1.82 (s, 6H), 1.76 (s, 6H), 3.99 (s, 3H), 4.10 (s, 3H), 4.22 (s, 3H), 4.35 (s, 

2H), 4.43 (s, 2H), 8.38 (s, 1H), 8.57 (s, 1H), 8.71 (d, J = 1.2 Hz, 2H), 8.75 (t, J = 1.2 Hz, 1H), 

8.78 (t, J = 1.6 Hz, 1H), 8.86 (d, J = 1.6 Hz, 2H), 9.52 (s, 1H); MALDI-MS obsd 844.9; ESI-

MS obsd 845.2648, calcd 845.2665 [(M + H)+, M = C45H40N4O13]; λabs (DMF) 360, 374, 529, 

743 nm; λabs (100 mM aqueous potassium phosphate buffer, pH 7.6) 370, 527, 750 nm.  

2,12-Bis[3,5-bis(tert-butoxycarbonyl)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (pro-BC-8). Following a general procedure,25 a mixture of BC-

13 (18.6 mg, 33.3 µmol), 4 (80.4 mg, 200 µmol), Pd(PPh3)4 (23.1 mg, 20.0 µmol), and 

K2CO3 (55.3 mg, 400 µmol) in toluene/DMF [3.33 mL (2:1)] in a Schlenk flask was 

deaerated by three freeze-pump-thaw cycles.  The flask was placed in an oil bath at 90 °C 

and stirred for 20 h.  The reaction mixture was allowed to cool to room temperature, 

concentrated, diluted with CH2Cl2 and washed with saturated aqueous NaHCO3.  The organic 

layer was dried (Na2SO4) and concentrated.  Column chromatography [silica, 

CH2Cl2/hexanes (2:1)] afforded a green solid (9.6 mg, 30% yield): 1H NMR δ –1.80 (s, 1H), 

–1.68 (s, 1H), 1.70 (s, 36H), 1.93 (s, 6H), 1.94 (s, 6H), 4.43 (s, 2H), 4.44 (s, 2H), 4.51 (s, 3H), 

8.73 (s, 1H), 8.74 (s, 1H), 8.76 (s, 1H), 8.82 (s, 1H), 8.84 (t, J = 1.6 Hz, 1H), 8.85 (t, J = 1.6 
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Hz, 1H), 9.00 (t, J = 1.6 Hz, 2H), 9.03 (t, J = 1.6 Hz, 2H), 9.07 (d, J = 2.0 Hz, 1H); 13C 

NMR δ 25.1, 28.5, 29.9, 31.2, 31.3, 46.0, 46.3, 47.5, 51.9, 65.4, 82.0, 82.1, 95.4, 95.5, 98.4, 

116.7, 121.7, 129.2, 129.7, 130.1, 132.3, 133.0, 133.2, 133.3, 134.7, 135.6, 135.7, 135.9, 

136.8, 137.5, 153.6, 160.5, 165.4, 165.5, 170.2, 170.5; MALDI-MS obsd 953.8; ESI-MS 

952.4982, calcd 952.4981 (C57H68N4O9); λabs (DMF) 368, 514, 735 nm.  

2,12-Bis(3,5-dicarboxyphenyl)-5-methoxy-8,8,18,18-tetramethylbacteriochlorin 

(BC-8).  A solution of pro-BC-8 (3.1 mg, 3.2 µmol) in CH2Cl2 (300 µL) at room temperature 

was stirred under argon for 2 min followed by the addition of TFA (75 µL).  The reaction 

mixture was stirred for 2 h.  The mixture was diluted with ethyl acetate and treated with 

saturated aqueous NaHCO3.  The ethyl acetate layer was then discarded.  The aqueous phase 

(which contained the anionic bacteriochlorin) was separated, acidified with 2N HCl, and 

extracted with ethyl acetate.  The organic layer was washed (water, brine), dried (Na2SO4) 

and concentrated.  The resulting solid was treated with hexanes and methanol (49:1), 

sonicated in a benchtop sonication bath, and then centrifuged.  The supernatant was 

discarded.  The residue was dried to afford a purple solid (2.1 mg, 90%): 1H NMR (DMSO-

d6) δ –1.78 (s, 1H), –1.68 (s, 1H), 1.86 (s, 6H), 1.88 (s, 6H), 4.37 (s, 2H), 4.42 (s, 2H), 4.49 

(s, 3H), 8.71 (s, 1H), 8.73 (s, 1H), 8.76 (s, 2H), 8.89 (s, 1H), 9.03 (s, 2H), 9.06 (s, 2H), 9.19 

(s, 2H); MALDI-MS obsd 729.2; ESI-MS obsd 729.2535, calcd 729.2555 [(M + H)+, M = 

C41H36N4O9]; λabs (DMF) 354, 512, 725 nm; λabs (100 mM aqueous potassium phosphate 

buffer, pH 7.6) 357, 511, 734 nm.  

5-Methoxy-8,8,18,18-tetramethyl-3,13-diphenylbacteriochlorin (BC-10).  

Following a general procedure,25 a mixture of BC-9 (20 mg, 0.036 mmol), 1 (22.0 mg, 0.108 
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mmol), Pd(PPh3)4 (12.5 mg, 0.0100 mmol), and anhydrous K2CO3 (60.0 mg, 0.432 mmol) 

was deaerated under vacuum in a Schlenk flask for 1 h.  Toluene/DMF [3.6 mL, (2:1), 

deaerated by bubbling with argon] was added and the reaction mixture was deaerated by 

three freeze-pump-thaw cycles.  The reaction mixture was heated at 90 °C for 18 h.  After 

cooling to room temperature, the mixture was concentrated.  The resulting residue was 

diluted with CH2Cl2, and washed with saturated aqueous NaHCO3.  The organic layer was 

separated, dried (Na2SO4) and concentrated.  Column chromatography [silica, CH2Cl2: 

hexanes (1:1)] afforded a green solid (18.0 mg, 91%): 1H NMR δ –1.91 (brs, 1H), –1.66 (brs, 

1H), 1.94 (s, 6H), 1.97 (s, 6H), 3.64 (s, 3H), 4.38 (s, 4H), 7.51–7.57 (m, 1H), 7.58–7.68 (m, 

3H), 7.72–7.79 (m, 2H), 8.09–8.13 (m, 2H), 8.16–8.20 (m, 2H), 8.61 (d, J = 2.4 Hz, 1H), 

8.63 (s, 1H), 8.65 (s, 1H), 8.77 (d, J = 2.0 Hz, 1H), 8.79 (s, 1H); 13C NMR δ 31.2, 31.3, 45.7, 

45.9, 47.7, 52.2, 63.4, 96.8, 96.9, 97.0, 122.3, 122.4, 127.0, 127.1, 127.8, 129.2, 131.3, 131.4, 

133.9, 134.0, 135.4, 135.6, 136.3, 136.6, 136.7, 138.5, 153.9, 160.6, 169.0, 169.9; MALDI-

MS obsd 552.2; ESI-MS obsd 553.2942, calcd 553.2962 [(M+ H)+, M = C37H36N4O]; λabs 

(CH2Cl2) 361, 373, 508, 728 nm.  

15-Bromo-5-methoxy-8,8,18,18-tetramethyl-3,13-diphenylbacteriochlorin (BC-

11).  Following a general procedure,23 a solution of BC-10 (15.0 mg, 0.0271 mmol, 2.0 mM) 

in dry THF (13.5 mL) was treated dropwise (10 min) with a solution of NBS (4.82 mg, 

0.0271 mmol, 4.0 mM) in THF (6.75 mL) and stirred at room temperature under argon for 1 

h.  The reaction mixture was diluted with CH2Cl2 and washed with saturated aqueous 

NaHCO3.  The organic layer was separated, dried (Na2SO4) and concentrated.  Column 

chromatography [silica, CH2Cl2: hexanes (1:1)] afforded a green solid (9.3 mg, 54%): 1H 
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NMR δ –1.74 (brs, 1H), –1.45 (brs, 1H), 1.95 (s, 6H), 1.96 (s, 6H), 3.65 (s, 3H), 4.36 (s, 2H), 

4.41 (s, 2H), 7.52–7.70 (m, 6H), 7.83–7.89 (m, 2H), 8.08–8.14 (m, 2H), 8.59 (s, 1H), 8.62–

8.68 (m, 3H); 13C NMR δ 31.4, 31.6, 45.5, 45.7, 48.2, 54.8, 63.7, 96.9, 98.5, 124.7, 125.8, 

127.4, 127.8, 128.0, 129.6, 130.9, 131.2, 131.6, 132.4, 135.3, 136.3, 136.3, 137.7, 139.4, 

157.2, 159.7, 168.0, 171.3; MALDI-MS obsd 631.9; ESI-MS obsd 631.2046, calcd 631.2067 

[(M+ H)+, M = C37H35BrN4O]; λabs (CH2Cl2) 365, 520, 725 nm.  

2,12-Dibromo-5-methoxy-3,13-bis(methoxycarbonyl)-8,8,18,18-

tetramethylbacterio-chlorin (BC-12).  Following a general procedure,22 a solution of 11 

(289 mg, 750 µmol) in anhydrous CH2Cl2 (40.0 mL) was treated first with DTBP (2.87 g, 

15.0 mmol) and second with TMSOTf (680 µL, 3.75 mmol).  The reaction mixture was 

stirred at room temperature for 16 h.  The mixture was washed with saturated aqueous 

NaHCO3, dried (Na2SO4) and concentrated.  Column chromatography [silica, 

CH2Cl2/hexanes (2:1)] afforded a dark purple solid (120 mg, 25% yield): 1H NMR δ –1.54 (s, 

1H), –1.26 (s, 1H), 1.93 (s, 6H), 1.94 (s, 6H), 4.23 (s, 3H), 4.31 (s, 3H), 4.32 (s, 3H), 4.33 (s, 

2H), 4.37 (s, 2H), 8.66 (s, 1H), 8.86 (s, 1H), 9.53 (s, 1H); 13C NMR δ 26.8, 29.9, 31.0, 31.2, 

45.9, 46.2, 48.0, 51.7, 52.5, 53.6, 64.6, 95.7, 97.9, 98.6, 110.4, 115.4, 120.2, 126.6, 128.5, 

131.9, 133.5, 135.1, 135.3, 157.5, 162.1, 165.3, 167.4, 170.0, 173.5; ESI-MS obsd 673.0636, 

calcd 673.0656 [(M + H)+, M = C29H30Br2N4O5]; λabs (CH2Cl2) 356, 367, 527, 749 nm.  

2,12-Dibromo-5-methoxy-8,8,18,18-tetramethylbacteriochlorin (BC-13). 

Following a general procedure,22 a solution of 15 (75.0 mg, 230 µmol) in anhydrous CH2Cl2 

(13.0 mL) was treated first with DTBP (1.02 mL, 4.60 mmol) and second with TMSOTf (210 
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µL, 1.15 mmol).  The reaction mixture was stirred under argon at room temperature for 18 h.  

The mixture was washed with saturated aqueous NaHCO3, dried (Na2SO4) and concentrated.  

Column chromatography [silica, CH2Cl2/hexanes (2:1)] afforded a green solid (23.2 mg, 36% 

yield): 1H NMR δ –2.06 (s, 1H), –1.95 (s, 1H), 1.94 (s, 6H), 1.96 (s, 6H), 4.33 (s, 2H), 4.35 

(s, 2H), 4.43 (s, 3H), 8.54 (s, 1H), 8.67 (d, J = 2.0 Hz, 1H), 8.70 (s, 1H), 8.71 (s, 1H), 8.93 (d, 

J = 2.0 Hz, 1H); 13C NMR δ 31.2, 31.4, 45.9, 46.2, 47.5, 51.9, 65.3, 95.3, 98.1, 109.6, 113.3, 

118.9, 123.8, 130.0, 132.9, 134.3, 135.2, 135.7, 153.9, 160.8, 170.2, 170.6; MALDI-MS obsd 

556.5; ESI-MS obsd 556.0468, calcd 556.0468 (C25H26Br2N4O); λabs (CH2Cl2) 348, 358, 369, 

504, 724 nm.  

15-Bromo-3,13-bis[3,5-bis(tert-butoxycarbonyl)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (BC-14). Following a general procedure23 in more dilute 

solution, a solution of pro-BC-6 (27 mg, 28 µmol) in THF (58 mL) was treated with a 

solution of NBS (5.2 mg, 29 µmol) in THF (0.29 mL) at room temperature for 2 h.  The 

reaction mixture was diluted with CH2Cl2 and washed with saturated aqueous NaHCO3.  The 

organic layer was dried (Na2SO4), concentrated and chromatographed [silica, CH2Cl2/ethyl 

acetate (7:3)] to afford a reddish solid (21 mg, 70%): 1H NMR (300 MHz) δ –1.68 (s, 1H), –

1.38 (s, 1H), 1.65 (s, 18H), 1.69 (s, 18H), 1.96 (s, 12H), 3.68 (s, 3H), 3.92 (d, J = 17.6 Hz, 

1H), 4.08 (d, J = 17.6 Hz, 1H), 4.38 (s, 2H), 6.39–6.42 (m, 1H), 6.72 (s, 1H), 6.93–6.99 (m, 

2H), 8.02 (br, 1H), 8.42 (t, J = 1.6 Hz, 1H), 8.63 (d, J = 2.4 Hz, 1H), 8.65 (s, 1H), 8.67 (d, J 

= 2.4 Hz, 1H), 8.76 (t, J= 1.6 Hz, 1H), 8.91 (d, J = 1.2 Hz, 2H); 13C NMR δ 25.1, 28.5, 31.3, 

31.4, 45.2, 46.0, 47.7, 52.0, 63.5, 81.8, 97.2, 97.5, 114.0, 114.2, 118.3, 121.0, 121.4, 123.1, 
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124.1, 125.2, 126.5, 128.1, 128.4, 129.1, 131.9, 132.3, 133.9, 134.0, 134.1, 135.8, 136.0, 

136.2, 138.7, 139.0, 141.5, 145.9, 155.0, 161.1, 165.8, 169.2, 169.4; ESI-MS obsd 1030.4089, 

calcd 1030.4086 (C57H67BrN4O9); MALDI-MS obsd 1031.7; λabs (CH2Cl2) 367, 522, 727 nm.  

15-(3-Aminophenyl)-3,13-bis[3,5-bis(tert-butoxycarbonyl)phenyl]-5-methoxy-

8,8,18,18-tetramethylbacteriochlorin (BC-15). Following a general procedure,23 samples of 

BC-14 (21 mg, 20 µmol), 16 (22 mg, 0.10 mmol), Pd(PPh3)4 (9.3 mg, 8.0 µmol), and K2CO3 

(33 mg, 0.24 mmol) were placed in a Schlenk flask, and deaerated under vacuum for 30 min.  

Toluene/DMF [2.0 mL, (2:1), deaerated by bubbling with argon] was added under argon and 

deaerated by three freeze-pump-thaw cycles.  The reaction mixture was stirred at 90 °C for 

18 h.  The reaction mixture was cooled to room temperature, concentrated to dryness and 

diluted with CH2Cl2.  The solution was washed with saturated aqueous NaHCO3.  The 

organic layer was separated, dried (Na2SO4) and concentrated.  Column chromatography 

[silica, CH2Cl2/ethyl acetate (99:1)] provided a reddish solid (15 mg, 70%): 1H NMR δ –1.57 

(s, 1H), –1.23 (s, 1H), 1.64 (s, 18H), 1.69 (s, 18H), 1.80 (s, 3H), 1.90 (s, 3H), 1.97 (s, 3H), 

1.99 (s, 3H), 3.66 (s, 3H), 4.37 (s, 2H), 4.41 (s, 2H), 8.60 (s, 1H), 8.63 (d, J = 1.2 Hz, 2H), 

8.65 (s, 1H), 8.66 (d, J = 2.1 Hz, 1H), 8.69 (d, J = 2.1 Hz, 1H), 8.76–8.78 (m, 2H), 8.88 (d, J 

= 1.5 Hz, 2H); 13C NMR δ 28.5, 28.5, 31.4, 31.6, 45.6, 45.8, 48.2, 45.6, 45.8, 54.8, 63.7, 81.2, 

81.9, 97.2, 97.3, 98.8, 125.0, 126.0, 129.4, 129.5, 130.2, 130.8, 131.9, 132.1, 132.5, 133.2, 

134.3, 134.4, 135.4, 135.6, 135.8, 136.0, 136.1, 136.3, 138.1, 139.8, 157.7, 160.0, 165.7, 

168.3, 171.8; MALDI-MS obsd 1044.6; ESI-MS obsd 1043.5406, calcd 1043.5408 

(C63H73N5O9); λabs (CH2Cl2) 365, 517, 728 nm.  
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3,13-Bis[3,5-bis(tert-butoxycarbonyl)phenyl]-15-[(3-(4-

maleimidobutyramido)phenyl)]-5-methoxy-8,8,18,18-tetramethylbacteriochlorin (pro-

BC-16).  A mixture of 17 (54 mg, 0.29 mmol), DCC (61 mg, 0.29 mmol) and DMAP (0.80 

mg, 5.9 µmol) in CH2Cl2 (2.5 mL) was treated with BC-15 (31mg, 29 µmol) in CH2Cl2 (0.5 

mL) and stirred at room temperature for 2.5 h.  The resulting mixture was filtered to remove 

insoluble material.  The filtrate was concentrated and chromatographed [silica, CH2Cl2/ethyl 

acetate (24:1)] to afford a reddish solid (22 mg, 61%): 1H NMR (300 MHz) δ –1.59 (s, 1H), –

1.22 (s, 1H), 1.63 (s, 18H), 1.69 (s, 18H), 1.81 (s, 3H), 1.89 (s, 3H), 1.98–2.02 (m, 8H), 2.29 

(t, J = 6.9 Hz, 2H), 3.63 (t, J = 6.3 Hz, 2H), 3.68 (s, 3H), 3.91 (d, J = 17.4 Hz, 1H), 4.03 (d, J 

= 17.4 Hz, 1H), 4.38 (s, 2H), 6.69, (s, 2H), 7.15 (t, J = 7.8 Hz, 1H), 7.34 (d, J = 7.2 Hz, 1H), 

7.44–7.47 (m, 2H), 7.66 (s, 1H), 7.96 (s, 1H), 8.20 (s, 1H), 8.34 (t, J = 1.5 Hz, 1H), 8.63 (d, J 

= 2.7 Hz, 1H), 8.65 (t, J = 7.5 Hz, 2H), 8.68 (d, J = 2.1 Hz, 1H), 8.76 (t, J = 1.5 Hz, 1H), 

8.91 (d, J = 1.8 Hz, 2H); 13C NMR δ 28.5, 28.5, 31.3, 31.4, 34.8, 37.3, 45.4, 46.0, 47.8, 52.2, 

63.6, 81.6, 81.9, 97.2, 97.8, 113.3, 119.2, 123.3, 125.2, 126.6, 128.2, 128.3, 129.2, 129.4, 

131.0, 132.0, 132.6, 133.8, 133.8, 134.3, 134.4, 134.9, 135.3, 136.0, 136.3, 137.4, 138.6, 

139.0, 141.6, 155.3, 160.9, 165.8, 169.1, 169.6, 170.1, 171.3; MALDI-MS obsd 1210.9; ESI-

MS obsd 1208.5848, calcd 1208.5829 (C71H80N6O12); λabs (CH2Cl2) 366, 517, 730 nm.  

3,13-Bis(3,5-dicarboxyphenyl)-15-[3-(4-maleimidobutyramido)phenyl]-5-

methoxy-8,8,18,18-tetramethylbacteriochlorin (BC-16).  A solution of pro-BC-16 (26 mg, 

21 µmol) in CH2Cl2 (2.0 mL) at room temperature was stirred under argon for 2 min, 

followed by addition of TFA (0.5 mL).  After 2 h, the reaction mixture was diluted with ethyl 

acetate and washed with saturated NaHCO3, 2 N HCl solution and water.  The organic layer 
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was separated, dried (Na2SO4) and concentrated.  The resulting solid was treated with a 

mixture solvent of hexanes and CH2Cl2 (3:2), sonicated in a benchtop sonication bath, and 

centrifuged.  The supernatant was discarded to afford a green solid (17 mg, 82%): 1H NMR 

(DMSO-d6) δ –1.66 (s, 1H), –1.31 (s, 1H), 1.75 (s, 6H), 1.87 (s, 6H), 1.92 (s, 3H), 1.94 (s, 

3H), 2.23 (t, J = 7.2 Hz, 2H), 3.43 (t, J = 6.8 Hz, 2H), 3.58 (s, 3H), 3.78 (d, J = 16.8 Hz, 1H), 

4.09 (d, J = 16.8 Hz, 1H), 4.34 (s, 2H), 6.97–7.07 (m, 2H), 7.25–7.31 (m, 1H), 7.72 (s, 1H), 

7.84 (br, 1H), 8.27 (s, 1H), 8.69 (s, 1H), 8.85–8.97 (m, 5H), 9.97 (s,1H), 13.24 (br, 4H); 13C 

NMR (DMSO-d6) δ 24.5, 31.3, 31.4, 31.6, 34.2, 37.6, 45.3, 46.2, 47.5, 52.1, 63.7, 98.0, 98.4, 

114.1, 117.5, 124.2, 127.6, 127.8, 127.9, 128.2, 128.5, 129.4, 130.5, 131.6, 132.1, 133.8, 

134.1, 134.2, 135.2, 135.8, 135.9, 136.2, 138.5, 138.7, 139.5, 140.5, 155.5, 161.2, 164.2, 

167.6, 169.1, 169.6, 169.8, 170.7, 171.8; MALDI-MS obsd 982.8; ESI-MS obsd 985.3403, 

calcd 985.3403 [(M + H)+, M = C55H48N6O12]; λabs (CH3OH) 363, 514, 725 nm; λabs (100 

mM aqueous potassium phosphate buffer, pH 7.6) 360, 516, 729 nm; λabs (DMF) 367, 516, 

727 nm.  

(VI) Preparation of β(-14Cys)BC-16 

Stock solutions of DMF and Tris buffer (0.1 M, pH 8.6) were sonicated for 5 min, 

followed by bubbling with argon for 30 min to remove oxygen.  A sample of β(-14Cys) (2.5 

mg, 0.46 µmol) was dissolved in 92 µL of DMF, and 23 µL of Tris buffer (pH 8.6) was then 

added while the mixture was stirred under argon.  The protein appeared to readily dissolve in 

DMF and stay in solution when Tris buffer was added.  A sample of BC-16 (0.7 mg, 0.71 

µmol) was dissolved in 92 µL of DMF and 23 µL of Tris buffer.  The resulting BC-16 
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solution was then added dropwise to the β(-14Cys) solution under argon.  The reaction 

mixture was stirred in the dark at room temperature for 3 h.  The reaction mixture was treated 

with diethyl ether to cause precipitation.  The resulting suspension was sonicated (benchtop 

sonication bath) and centrifuged (3800 rpm).  The supernatant was discarded.  The procedure 

(ether addition, sonication and centrifugation) was performed two additional times.  The 

resulting greenish residue was dried under vacuum for 30 min.  Addition of 

hexafluoroacetone trihydrate (50 µL) to the greenish solid followed by sonication for 3 min 

completely dissolved the solid, affording a blue solution.  Addition of 150 µL of a solvent 

mixture that represented the initial HPLC eluant [composed of H2O (50%), isopropanol 

(33.3%), acetonitrile (17.6%) and TFA (0.1%)] caused a change from blue back to green.  

This mixture was centrifuged to remove (visibly evident) insoluble particles.  An aliquot (30 

µL) of the sample was injected into the HPLC instrument and a fraction at 15.5 min was 

collected.  The fraction contained the title conjugate as well as unreacted peptide as observed 

upon ESI-MS analysis.  The HPLC conditions are described in the Supplementary 

Information.  An aliquot of the HPLC fraction was reinjected to assess homogeneity,76 which 

showed the fraction to be essentially free of unreacted bacteriochlorin.  The total (isolated) 

yield was determined to be 52% on the basis of absorption spectroscopy of the conjugate 

(bacteriochlorin Qy band).76  The fraction from the analytical HPLC was concentrated under 

vacuum to dryness and subjected to ESI-MS, which gave m/z = 6410.0550 for the 

monoisotopic ion (calcd 6410.0241 for M+, M = C309H417N67O82S) and m/z = 6414.0708 for 

the most intense peak.  Such data can be compared with those for the peptide β(-14Cys), 
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which gave m/z = 5425.7052 for the monoisotopic ion (calcd 5425.6905 for M+, M = 

C254H369N61O70S) and  m/z = 5428.7056 for the most intense peak. 
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CHAPTER 4 

Evaluation of Motifs (Carboxylate, Phosphonate, Ammonium and PEG)  
for Water-Solubilization of Synthetic Bacteriochlorins 

 

Preamble.  A prior postdoctor from our group, Kanumuri Ramesh Reddy, synthesized 

bacteriochlorin BC1 and corresponding precursors.  

Introduction 

Methods for the synthesis of hydrophilic tetrapyrroles provide an entrée into diverse 

areas of scientific investigation ranging from energy sciences to photomedicine.  A generic 

design of hydrophilic tetrapyrroles is to introduce ionized groups (ammonium,1-7 sulfonate,8-

11 carboxylate12,13 or phosphonate14,15) or polar but nonionic groups (polyethylene glycol16-19 

or glycoside20,21) at synthetically accessible positions.  While there are numerous reports 

concerning the synthesis of hydrophilic tetrapyrroles and their use in aqueous media, as in 

photodynamic therapy or biomedical imaging, most such reports describe one or a few target 

compounds of similar structure.  Independent studies of water solubility are rarely performed, 

and the absence of comparative studies of distinct motifs across a common molecular 

architecture precludes meaningful conclusions about relative merits. 

Our interests in preparing hydrophilic tetrapyrroles stems from our objectives in 

energy sciences, where such macrocycles can be incorporated with peptides to give self-

assembled light-harvesting architectures.  We previously prepared a hydrophilic 

bacteriochlorin bearing a 3,5-dicarboxyphenyl motif at the 3,13-positions as well as a 

maleimide tether for attachment to a peptide (cmpd XII, Chart 4.1).22    
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Chart 4.1.  Representative hydrophilic bacteriochlorins I–XII.  
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A prevalent design element in the architectures displayed in Chart 4.2 entails 

positioning of the polar groups above and below the plane of the tetrapyrrole ring.  The 

conceptual underpinning of this design is to shield the intrinsically hydrophobic faces of the 

tetrapyrrole π system from aqueous solution, by dint of steric bulk and/or electrostatic 

repulsion, and thereby suppress aggregation.  To gain a better understanding of the virtues 

and limitations of the various types of solubilizing motifs, we prepared a set of 

bacteriochlorins (BC1–BC5) encompassing phosphonate (BC1), carboxylate (BC2), 

ammonium (for BC3 and BC4), or PEG (BC5) moieties (Chart 4.2).  Bacteriochlorins BC3 

and BC4 both bear four ammonium groups but differ in that the former is more compact and 

has benzylammonium units whereas the latter contains alkylammonium groups attached via 

ester moieties.  Bacteriochlorin BC2 was prepared previously.22  Each bacteriochlorin in the 

set contains a common scaffold and was derived by Suzuki coupling with 3,13-

dibromobacteriochlorin (BC-Br3,13).   

In this paper, we report the synthesis of the four new bacteriochlorins.  A 

comprehensive comparison among the five bacteriochlorins has been made, regarding the 

synthesis amenability, photophysical properties (full-width-at-half-maximum, fwhm of 

absorption and fluorescence emission spectra, and Φf value), stability and ease of 

derivatization.  The synthetic strategy, methods of evaluation, and results obtained should be 

applicable across the tetrapyrrole family of macrocycles. 
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Chart 4.2.  Bacteriochlorin scaffold and distinct water-solubilizing groups.  
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Results and discussion 

(I) Synthesis 

(A) Suzuki coupling partners. The synthesis of all the bacteriochlorins entails 

Suzuki coupling of the dibromobacteriochlorin BC-Br3,13  with an aryl boronate ester.  The 

synthesis of the phosphono Suzuki coupling partner is shown in Scheme 4.1.  1-Bromo-3,5-

dimethylbenzene was dibrominated with NBS to give the known 1-bromo-3,5-

bis(bromomethyl)benzene (1a),23 which was prepared here at 14-fold larger scale, isolated 

without chromatography, and fully characterized.  Treatment of 1a with triethyl phosphite in 

toluene afforded the corresponding phosphonate 1b in 41% yield.  Pd-mediated coupling of 2 

with bis(pinacolato)diboron gave diethyl phosphonate 1 in 56% yield.  
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Scheme 4.1.  Synthesis of diphosphono Suzuki coupling partner 1. 
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Scheme 4.2.  Synthesis of bis(aminomethyl)phenyl Suzuki coupling partner 2. 
 
 
 
Acylation of commercially available 5-bromoisophthalic acid (3a) with thionyl 
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Scheme 4.3.  Synthesis of Suzuki coupling partner 3. 
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water (Scheme 4.4).  In this manner, BC1 was obtained from the respective protected 

counterparts in 90% yield.  The chemoselectivity and essentially quantitative nature of the 

protecting group cleavage reactions enabled the resulting bacteriochlorin BC1 to be 

characterized and used directly without purification. 

 

 

 

Scheme 4.4.  Synthesis of phosphono bacteriochlorin BC1. 
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to (i) neutralize the protonated tetraamine derived from TFA, (ii) sponge up the byproduct HI, 

and (iii) facilitate of removal of its protonated form by washing with THF.  The removal of 

protonated Bu3N by washing with THF is easier than that of triethylamine.  PEGylation of 

BC3b with PEG4 NHS ester gave bacteriochlorin BC5 in 80% yield. 

 

 

 

Scheme 4.5.  Synthesis of ammoniobacteriochlorin BC3 and PEGylated bacteriochlorin BC5. 
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Scheme 4.6.  Synthesis of bacteriochlorin BC4. 
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either MALDI/ESI-MS analysis.  BC2 and BC5 each displayed a mono-cationic species 

upon both MALDI-MS and ESI-MS analysis.  BC3 and BC4 are permanently charged 

(tetraammonio) and no signal was obtained upon MALDI-MS analysis using various 

matrices (POPOP, CHCA and sinapic acid).  On the other hand, a quadruply charged species 

(m/z = obsd 210.1528 for BC3 and 268.1584 for BC4, respectively, where z = 4) was 

observed upon ESI-MS analysis.  

 

 
Table 4.1.  Detected charge states of BC1–BC5 upon MALDI- and ESI-MS analysis.  

Compound 
MALDI-MS 
charge state 

ESI-MS 
charge state 

BC1 N.O.a N.O. 

BC2 +1 +1 

BC3 N.O. +4 

BC4 N.O. +4 

BC5 +1 +1 
aNot observed. 

 
 
 
(II) Photophysical properties 

(A) Absorption and emission spectra. The absorption and emission spectra were 

collected in N,N-dimethylformamide (DMF), aqueous potassium phosphate buffer (0.5 M, 

pH 7.0), and in one case,  water.  The parameters of interest include (1) the position of the 

long-wavelength absorption (Qy) band, (2) the position of the fluorescence emission band, (3) 

the sharpness of the absorption Qy band and fluorescence emission band, measured by the 

fwhm, and (4) the fluorescence quantum yield (Φf).  All of these parameters are listed in 
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Table 4.1.  All five bacteriochlorins exhibit similar absorption and emission patterns, hence 

the spectrum of only one representative bacteriochlorin (BC3, in phosphate buffer) is 

displayed in Figure 4.1.   

 
 

 

Figure 4.1.  Normalized absorption spectra (solid) and emission spectra (dashed) of BC3 in 
aqueous potassium phosphate buffer (0.5 M, pH 7.0) at room temperature.  Spectral 
parameters are given in Table 4.2. 
 
 
 

The key findings are as follows: (1) all bacteriochlorins exhibit characteristic absorption 

peaks of the bacteriochlorin chromophores: strong Soret bands in the UV region, modest Qx band in 

the green-yellow region, and intense Qy band in the NIR region; (2) all bacteriochlorins displayed 

sharp absorption and emission bands with fwhm 21–31 nm; (3) the hydrophilic bacteriochlorins and 
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the corresponding precursors exhibited similar Ff values in DMF, indicating that the introduction of 

the water-solubilizing motifs to bacteriochlorins do not impart a significant adverse effect on the 

excited-state properties; while the Ff values of the hydrophilic bacteriochlorins in aqueous solutions 

decrease to ~30–90% of the same compounds in DMF. A similar diminution upon examination in 

aqueous solution was observed with hydrophilic chlorins236 and bacteriochlorins.312   

(B) Effect of concentration on spectral properties. Absorption versus concentration 

studies were conducted to assess the aqueous solution properties of the bacteriochlorins over 

a concentration range of 1000-fold (~200–600 µM to ~0.2–0.6 µM).  This type of study has 

been explained in detail,22 and the same approach was adopted herein.  The experimental 

approach entails reciprocal variation of concentration and cuvette pathlength (0.1 – 10 cm) 

upon absorption spectroscopy, as outlined in Figure 4.2.  Aqueous potassium phosphate 

buffer (0.5 M, pH 7.0) was used for BC1–BC4, and neat water was used for BC5.  The initial 

dissolution was facilitated by use of 5% DMSO.  The co-solvent was not needed in all cases, 

but was included in each sample for consistency. 
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Table 4.2.  Absorption and fluorescence properties of bacteriochlorins.a 

reference Compound Solvent λabs, nm 

FWHM 

nm 

(Abs) 

λem, nm 

FWHM 

nm 

(Flu) 

Φf 

here BC1a DMF 729 21 736 23 0.20 

here BC1b Pi bufferc 730 29 735 28 0.060 

312 BC2a DMF 731 24 738 25 0.18 

312 BC2 DMF 729 22 735 23 0.19 

312 BC2 Pi bufferc 730 26 736 26 0.078 

here BC3a DMF 729 21 734 23 0.20 

here BC3 DMF 731 23 737 24 0.17 

here BC3 Pi bufferc 732 25 739 26 0.11 

here BC4a DMF 730 23 738 23 0.19 

here BC4 DMF 732 23 738 24 0.16 

here BC4 Pi bufferc 731 31 738 24 0.053 

here BC5 DMF 729 22 736 23 0.16 

here BC5 Water 728 23 733 23 0.14 

aEach sample in aqueous solution contains 1% DMF to facilitate initial dissolution.  bBC1 
does not dissolve in DMF, so no data were collected in DMF.  cPi buffer: 0.5 M potassium 
phosphate pH 7.0.  
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Figure 4.2.  Flowchart for absorption versus concentration study (panel A).  Absorption 
versus concentration of BC1–BC5 each over a range of 1000-fold (panels B–F).  All spectra 
were normalized at the Qy band.  The concentration was calculated based on absorption in the 
1-cm cuvette, assuming ε(Qy) = 120,000 M-1cm-1.   
 
 
 

The spectra for each bacteriochlorin are shown in Figure 4.2.  While BC2 and BC4 

displayed obvious band broadening showing some degree of aggregation, BC1, BC3 and 

BC5 exhibited almost unchanged spectroscopic properties though the concentration changes 
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over a range of 1000-fold.  At all concentrations for all five bacteriochlorins, the samples 

remained clear upon visual inspection indicating the absence of precipitates.  

(III) 15-Bromination study 

A potential application of the hydrophilic bacteriochlorins entails the introduction of 

a conjugatable tether for attachment to proteins or surfaces.  One strategy in this regard relies 

on bromination at the 15-position of the macrocycle,27 which is known to occur with a high 

degree of regioselectivity for many but not all 5-methoxybacteriochlorins.  The known 

examples of 15-bromination of 5-methoxybacteriochlorins bearing diverse substituents at the 

β-positions (2, 12, 3, 13 positions) have been summarized.22  In this regard, the 5-

methoxybacteriochlorin bearing phenyl groups at the 3,13-positions underwent bromination 

at the 15-position to give the corresponding bromobacteriochlorin in 54% yield.22  BC2a 

similarly gave the 15-brominated bacteriochlorin in 70% yield.22  These examples and the 

results with the three other bacteriochlorin precursors are shown in Scheme 4.7. 
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Scheme 4.7.  15-Bromination of bacteriochlorin precursors BC1a–BC4a.  
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(IV) Comparison 

The suitability of the solubilization motifs incorporated in BC1–BC5 for 

bioconjugation studies depends on a host of factors including synthetic accessibility and 

photophysical parameters.  Six features were considered in this regard.  The features include 

(1) synthesis yield from the common precursor BC-Br3,13, (2) ease of 15-bromination, (3) 

fwhm of the long-wavelength (Qy) absorption band, (4) Φf in aqueous solution, (5) stability 

upon standing, and (6) ease of purification of the target compound.  Synthesis amenability is 

measured here by the total yield beginning with the Suzuki coupling reaction of the 3,13-

dibromobacteriochlorin and all subsequent steps.  The rationale for emphasis on the 15-

bromination is because low yields in this step present a difficult separation problem; hence, 

15-bromination can be a key bottleneck in preparation of bioconjugatable analogues.  

Bacteriochlorin stability is measured by the extent of bacteriochlorin (%) remaining after 

standing for 48 h at 4 °C in the dark, determined by the Qy absorption intensity.  Methods for 

purification of hydrophilic compounds BC1–BC5 vary with the distinct solubilization motifs. 

The results for the five bacteriochlorins assessed against these criteria are listed in 

Table 4.3.  Little distinction was observed for synthesis yields, with the range of 51-73% 

likely subject to improvement for any of the bacteriochlorins via further optimization.  BC1 

shows a relatively broad Qy band, low Φf value, and the least stability of the set, but most 

importantly, the precursor of BC1 is the only bacteriochlorin examined herein that could not 

be brominated.  Until methods of 15-bromination or alternative strategies for incorporation of 

a bioconjugatable tether are identified, this latter result at present disqualified the 

phosphonate motif for a variety of applications.  BC2 and BC4 gave high stability, and their 
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precursors (an aryldiester) gave facile 15-bromination, yet both gave lower Φf values.  BC3 

and BC5 gave the narrowest band shape and the highest Φf values.  BC3 and BC5 also share 

a common precursor (BC3a), which upon 15-bromination yielded a mixture of starting 

material and the desired product.  

The purification procedures for the final compounds vary considerably.  The final 

step in the synthesis of BC1 entailed TMS-Br-mediated cleavage of the ethyl phosphonate 

protecting groups.  BC1 was purified by deprotonation of the phosphonic acid with sodium 

hydroxide solution (so as to make the compound more polar) followed by reversed phase 

column chromatography (C18, 5-cm length and 1-cm diameter) using H2O/MeOH (from 99:1 

to 99:5) as the co-eluent.  The final step in the synthesis of BC2 entailed TFA-mediated 

cleavage of the tert-butyl carboxylate protecting groups.  BC2 was purified by partitioning 

into the organic phase (from aqueous acid) followed by washing the solid with 

hexanes/methanol (49:1).22  The final step in the syntheses of ammonium bacteriochlorins 

BC3 and BC4 does not entail deprotection but rather quaternization of the free amines with 

methyl iodide.  BC3 and BC4 were purified by addition of ether/THF (1:1) followed by 

sonication, centrifugation and decanting of the supernatant to remove excessive methyl 

iodide and protonated tributylamine.  The final step in the synthesis of BC5 also does not 

entail deprotection, but rather amidation of the free amines with the PEG-NHS ester.  

Purification was achieved first by washing with aqueous NaHCO3 solution to remove DMF, 

followed by washing the residue with hexanes/CH2Cl2 (19:1) to remove excessive PEG4-

NHS ester or the hydrolyzed product PEG4 carboxylic acid.  
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Table 4.3.  Properties of hydrophilic bacteriochlorins BC1–BC5.  

Cmpd 
Synthesis 

yield 

Derivatizationb 

(15-

bromination) 

fwhm 

nm 

(Flu)a 

Φf
a Stability 

Purification 

methods 

BC1 73% No 29 0.060 85% 
C18 

chromatography 

BC2 55% Yes 26 0.078 96% 

Ppt, washing with 

hexanes/methanol 

(49:1) 

BC3 54% Yes, mixture 25 0.11 82% Ppt, washing with 

ether/THF (1:1) BC4 51% Yes 31 0.053 96% 

BC5 53% Yes, mixture 23 0.14 95% 

Ppt, washing with 

hexanes/CH2Cl2 

(19:1) 
aData collected from samples in potassium phosphate buffer (0.5 M, pH 7.0).  
bBromination was conducted on the relevant precursors (BC1a, BC2a, BC3a, BC4a).  

 
 
 

In summary, the ammonium-, carboxylate-, and PEG-substituted bacteriochlorins all 

appear suitable for use with bioconjugatable tethers.   The particular choice depends, of 

course, on application.  For applications where fluorescence (Φf, sharpness of emission) is an 

important parameter, the nonionic yet polar PEG-bacteriochlorin appears superior, with the 

incomplete 15-bromination as the only drawback if this route is employed to install a 

bioconjugatable tether. 
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Experimental section 

(I) General methods 

1H NMR and 13C NMR spectroscopies were performed at room temperature.  31P (162 

MHz) chemical shifts are reported versus the resonance of phosphoric acid (H3PO4) as an 

external reference (insert tube).  Tetramethylsilane was used as internal reference for CDCl3. 

In 13C NMR spectroscopy of selected compounds, not all quaternary carbons were observed.  

MALDI-MS was performed with the matrix 1,4-bis(5-phenyl-2-oxaxol-2-yl)benzene 

(POPOP) for bacteriochlorins,28 except that α-cyano-4-hydroxycinnamic acid (CHCA) was 

used for BC5.  Electrospray ionization mass spectrometry (ESI-MS) data are reported for the 

molecular ion.  Silica gel (40 µm average particle size) was used for column chromatography.  

All solvents were reagent grade and were used as received unless noted otherwise.  THF was 

freshly distilled from sodium/benzophenone ketyl.  CHCl3 was stabilized with amylenes (≤ 

1%).  Known compounds 1a,23 2a,24 BC-Br3,13,29 BC2a,22 and BC222 were prepared 

following literature procedures.  All other compounds were used as received from 

commercial sources.  For ammoniobacteriochlorins BC3 and BC4, yield calculations were 

carried on the assumption of the presence of the tetraiodide salt. 

(II) Synthesis 

1-Bromo-3,5-bis(bromomethyl)benzene (1a).  Following a general procedure,23 a 

mixture of 1-bromo-3,5-dimethylbenzene (14.8 g, 80.0 mmol), NBS (28.5 g, 160 mmol), and 

AIBN (0.657 g, 4.00 mmol, 5 mol%) in acetonitrile (400 mL) was refluxed under argon for 5 

h.  The mixture was concentrated.  CCl4 (75.0 mL) was added with heating to dissolve the 

crude product.  The reaction mixture was allowed to cool and then filtered to remove any 
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undissolved succinimide.  The filtrate was concentrated to afford the crude product, which 

upon crystallization from ethanol afforded white crystals (10.5 g, 38%): mp 91–93 °C; 1H 

NMR (300 MHz, CDCl3) δ 4.40 (s, 4H), 7.32–7.35 (m, 1H), 7.47 (d, J = 1.8 Hz, 2H); 13C 

NMR δ 31.7, 122.9, 128.5, 132.2, 140.5; Anal. Calcd. C, 28.03; H, 2.06.  Found C, 28.03; H, 

1.98.  

1-Bromo-3,5-bis(diethylphosphonomethyl)benzene (1b).  Following a general 

procedure,23 a solution of 1a (19.0 g, 55.0 mmol) and triethyl phosphite (18.6 g, 100 mmol) 

in toluene (30.0 mL) was refluxed under argon for 5 h.  The reaction mixture was allowed to 

cool to room temperature whereupon toluene was removed by rotary evaporation.  The 

resulting oily liquid was dissolved in CHCl3, washed with water, dried (Na2SO4), 

concentrated and purified by a short chromatography column [silica, ethyl acetate/hexanes 

(1:1)] to obtain a colorless liquid (10.5 g, 41%): 1H NMR (300 MHz, CDCl3) δ 1.27 (t, J = 

7.2 Hz, 12H), 3.09 (t, J = 22.2 Hz, 4H), 3.94–4.10 (m, 8H), 7.14–7.18 (m, 1H), 7.33–7.37 (m, 

2H); 13C NMR δ 16.5–16.6 [m, (this multiplet contains three peaks at δ 16.51, 16.53, 16.56, 

which may stem from merging of a doublet of doublets)], 33.4 (d, J = 138 Hz), 62.4–62.5 [m 

(this multiplet contains three peaks at δ 62.42, 62.46, 62.49, which may stem from merging 

of a doublet of doublets)], 122.5, 130.0–130.3 [m, (this multiplet contains three peaks at δ 

130.04, 130.10, 130.17, may be because of merging doublet of doublet)], 131.2–131.5 [m, 

(this multiplet contains three peaks at δ 131.38, 131.44, 131.48, which may stem from 

merging of a doublet of doublets)], 134.0–134.4 [m, (which may stem from merging of a 

doublet of doublets)]; 31P NMR δ 25.86; ESI-MS obsd 457.0540, calcd 457.0539 [(M + H)+, 

M = C16H27BrO6P2].  
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2-[3,5-Bis(diethylphosphonomethyl)phenyl]-3,3,4,4-tetramethyl-1,3,2-

dioxaborolane (1).  Following a general procedure,30 a mixture of Pd(dppf)Cl2 (0.132 g, 

0.180 mmol, 3 mol%), KOAc (1.76 g, 18.0 mmol) and bis(pinacolato)diboron (1.67 g, 6.60 

mmol) in a Schlenk flask was deareated under high vacuum for 20 min.  Then, a solution of 

DMSO (18 mL) containing 1b (2.74 g, 6.00 mmol) (degassed for 10 min) was added under 

argon, and the reaction mixture was degassed by three freeze–pump–thaw cycles.  The 

mixture was stirred at 80 °C for 2 h.  The starting material and product co-chromatograph 

upon TLC analysis (silica, ethyl acetate/hexanes (1:1)].  Hence, progress of the reaction 

mixture was monitored by 1H NMR spectroscopy (the aromatic protons of the product are 

deshielded compared with those of the starting material) whereupon a new peak was 

observed at δ 1.33 ppm.  The reaction mixture was allowed to cool to room temperature.  The 

mixture was diluted with ethyl acetate, washed with water, dried (Na2SO4), and concentrated.  

The resulting residue was purified by column chromatography [silica, ethyl acetate/hexanes 

(1:1)] to obtain a light brown liquid (1.7 g, 56%): 1H NMR (300 MHz, CDCl3) δ 1.22–1.29 

(m, 12H), 1.33 (s, 12H), 3.14 (d, J = 21.6 Hz, 4H) 3.95–4.10 (m, 8H), 7.34–7.38 (m, 1H), 

7.58–7.64 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 16.5 (d, J = 6.8 Hz), 25.0, 33.6 (d, J = 

137.2 Hz), 62.3 (d, J = 6.8 Hz), 84.0, 131.5, 133.8–134.2 [m, (this multiplet contains three 

peaks at δ 133.97, 134.03, 134.09, perhaps due to merging of a doublet of doublets)], 134.8–

135.1 [m, (this multiplet contains three peaks at δ 134.92, 134.97, 135.02, perhaps due to 

merging of a doublet of doublets)]; 31P NMR, δ 26.91; ESI-MS obsd 505.2288, calcd 

505.2286 [(M + H)+, M = C22H39BO8P2].  
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2-[3,5-Bis(tert-butoxycarbonamidomethyl)phenyl]-3,3,4,4-tetramethyl-1,3,2-

dioxaborolane (2).  Following a general procedure,30 samples of 2a (1.25 g, 3.00 mmol), 

bis(pinacolato)diboron (761 mg, 3.00 mmol), Pd(dppf)Cl2 (65.9 mg, 90.0 µmol), KOAc (883 

mg, 9.00 mmol), and DMSO (20.0 mL, deaerated by bubbling with argon for 30 min) were 

added to a Schlenk flask.  The reaction mixture was deaerated by three freeze-pump-thaw 

cycles.  The reaction mixture was stirred at 80 °C under argon for 16 h.  The reaction mixture 

was cooled to room temperature, diluted with ethyl acetate and washed with brine.  The 

organic layer was separated, dried (Na2SO4) and concentrated.  Column chromatography 

[silica, hexanes/CH2Cl2 (3:2)] provided a viscous liquid (1.10 g, 79%): 1H NMR (400 MHz, 

CDCl3) δ 1.34 (s, 12H), 1.46 (s, 18H), 4.32 (d, J = 5.2 Hz, 4H), 4.82 (br, 2H), 7.31 (s, 1H), 

7.61 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 25.1, 28.6, 44.8, 84.2, 129.8, 133.0, 138.8, 

156.1; ESI-MS obsd 485.2792, calcd 485.2793 [(M + Na)+, M = C24H39BN2O6].  

Bis[2-(tert-butoxycarbonamido)ethyl] 5-bromoisophthalate (3b).  A sample of 5-

bromoisophthalic acid (3a, 490 mg, 2.00 mmol) in SOCl2 (5.00 mL) was stirred under argon 

at 65 °C for 16 h. The solvent was removed under vacuum.  The residue was slowly treated 

with a solution of N-(tert-butoxycarbonyl)ethanolamine (800 mg, 5.00 mmol) in pyridine 

(4.50 mL) in an ice bath.  The reaction mixture was stirred under argon at room temperature 

for 16 h.   The reaction mixture was diluted with ethyl acetate, and then washed with 1 N 

HCl solution and brine.  The aqueous solution was extracted three times with ethyl acetate.  

The combined organic extract was dried (Na2SO4), concentrated and chromatographed [silica, 

CH2Cl2/ethyl acetate (9:1)] to afford a white sticky solid (882 mg, 83%): 1H NMR (400 MHz, 

CDCl3) δ 1.44 (s, 18H), 3.53–3.59 (m, 4H), 4.42 (t, J = 5.2 Hz, 4H), 5.20 (br, 2H), 8.32 (d, J 
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= 1.6 Hz, 2H), 8.58 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 28.6, 39.8, 65.4, 79.8, 122.8, 

129.6, 132.3, 136.9, 156.1, 164.6; ESI-MS obsd 553.1148, calcd 553.1156 [(M + Na)+, M = 

C22H31O8N2Br]. 

Bis[2-(tert-butoxycarbonamido)ethyl] 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)isophthalate (3).  Following a general procedure,30 samples of 3b (0.593 g, 1.12 mmol), 

bis(pinacolato)diboron ( 283 mg, 1.116 mmol), Pd(pddf)Cl2 (40.8 mg, 55.8 µmol), KOAc 

(329 mg, 3.35 mmol), and DMSO (5.6 mL, deaerated by bubbling with argon for 30 min) 

were added to a Schlenk flask.  The reaction mixture was deaerated by three freeze-pump-

thaw cycles.  The reaction mixture was stirred at 80 °C for 4 h.  The reaction mixture was 

cooled to room temperature, diluted with ethyl acetate and washed with brine.  The organic 

layer was separated, dried (Na2SO4) and concentrated.  Column chromatography [silica, 

CH2Cl2/ethyl acetate (17:3)] provided a white sticky solid (548 mg, 85%): 1H NMR (400 

MHz, CDCl3) δ 1.34 (s, 12H), 1.43 (s, 18H), 3.58 (m, 4H), 4.45 (t, J = 5.2 Hz, 4H), 5.42 (s, 

2H), 8.61 (d, J = 2.0 Hz, 2H), 8.74 (t, J = 2.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 25.0, 

28.5, 39.8, 64.9, 79.5, 84.6, 130.0, 133.6, 140.2, 156.1, 165.9; ESI-MS obsd 601.2908, calcd 

601.2903 [(M + Na)+, M = C28H43BN2O10].  

3,13-Bis[3,5-bis(diethylphosphonomethyl)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (BC1a).  Following a general procedure,31 samples of BC-

Br3,13 (45 mg, 80 µmol), Pd(PPh3)4 (28 mg, 24 µmol) and anhydrous K2CO3 (0.13 g, 0.96 

mmol) were placed in a Schlenk flask and dried under high vacuum for 1 h.  Toluene/DMF 

[8.0 mL (2:1), degassed by bubbling with argon for 10 min] was added along with 1 (0.12 g, 

0.24 mmol), and the resulting reaction mixture was degassed by three freeze–pump–thaw 
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cycles.  The reaction mixture was heated at 90 °C for 18 h.  After allowing to cool to room 

temperature, the toluene was removed by rotary evaporation.  The resulting residue was 

diluted with CH2Cl2, and the resulting solution was washed with aqueous NaHCO3 solution.  

The organic layer was separated, dried (Na2SO4) and concentrated.  The residue was purified 

by column chromatography [silica, MeOH/CH2Cl2 (1:24)] to afford a green solid (75 mg, 

81%): 1H NMR (400 MHz, CDCl3) δ –1.93 (brs, 1H), –1.67 (brs, 1H), 1.30–1.40 (m, 24H), 

1.95 (s, 6H), 1.97 (s, 6H), 3.37 (d, J = 15.2 Hz, 4H), 3.42 (d, J = 15.6 Hz, 4H), 3.66 (s, 3H), 

4.04–4.24 (m, 16H), 4.35 (s, 2H), 4.39 (s, 2H), 7.43 (s, 1H), 7.48 (s, 1H), 7.94 (d, J = 1.6 Hz, 

2H), 8.02 (s, 2H), 8.58 (d, J = 2.0 Hz, 1H), 8.61 (s, 1H), 8.64 (s, 1H), 8.76 (d, J = 2.0 Hz, 

1H), 8.80 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 16.7 (d, J = 3.0 Hz), 31.3, 31.4, 34.0 (dd, J 

= 138.2 Hz &14.5 Hz), 45.7, 45.8, 47.8, 52.1, 62.4 (dd, J = 16.0 Hz & 6.8 Hz), 63.3, 96.9, 

122.3, 122.6, 127.4, 129.9, 130.5, 131.2, 131.5, 132.9 (d, J = 11. 3 Hz), 133.3, 134.0, 135.2, 

135.5, 135.8, 136.3, 137.0, 138.8, 154.0, 160.6, 169.1, 169.72, 31P NMR δ 26.9, 27.1; 

MALDI-MS obsd 1153.2964; ESI-MS obsd 577.2407, calcd 577.2409 [(M + 2H)2+, M = 

C57H80N4O13P4], λabs (CH2Cl2) 363, 510, 730 nm. 

2,12-Bis[3,5-bis(phosphonomethyl)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (BC1).  Following a reported procedure,29 a solution of BC1a 

(3.1 mg, 2.7 µmol) in anhydrous CHCl3 (0.14 mL) was treated with TMSBr (29 µL, 0.22 

mmol, 80 equiv) under argon, and the reaction mixture was stirred in the dark for 16 h.  

Methanol (0.30 mL) was then added, and the mixture was stirred for 3 h.  The solvent was 

removed by rotary evaporation, and the residue was dried under high vacuum for 1 h.  A 

solution of 0.25 M NaOH (1.0 mL) was added to the dried reaction mixture to give a 
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greenish solution.  The solution was concentrated to dryness.  The residue was dissolved in a 

minimum amount of water and chromatographed [C18 silica, H2O/MeOH (from 99:1 to 

99:5)] to afford a dark greenish solid (2.5 mg, 90%): 1H NMR [300 MHz, CDCl3/CD3OD 

(1:1), two pyrrolic protons were not observed] δ 1.81 (s, 6H), 1.87 (s, 6H), 2.96–3.06 (m, 8H), 

3.63 (s, 3H), 4.32 (s, 2H), 4.51 (s, 2H), 7.41 (s, 1H), 7.47 (s, 1H), 7.73 (s, 2H), 7.93 (s, 2H), 

8.69 (s, 1H), 8.73 (s, 1H), 8.75 (s, 1H), 8.85 (s, 1H), 8.95 (s, 1H); λabs (0.5 M phosphate 

buffer, pH 7.0) 353, 508, 730 nm.  

3,13-Bis[3,5-bis(tert-butoxycarbonamidomethyl)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (BC3a).  Following a general procedure,32 samples of BC-

Br3,13 (44.6 mg, 80.0 µmol), 2 (81.4 mg, 176 µmol), Pd(PPh3)4 (55.6 mg, 48.1 µmol), 

Cs2CO3 (156 mg, 480 µmol) and toluene/DMF [4.00 mL (2:1), deaerated by bubbling with 

argon for 45 min] were added to a Schlenk flask.  The mixture was deaerated by three freeze-

pump-thaw cycles.  The reaction mixture was stirred at 90 °C for 18 h.  The reaction mixture 

was cooled to room temperature, concentrated to dryness, diluted with CH2Cl2 and washed 

with saturated aqueous NaHCO3.  The organic layer was separated, dried (Na2SO4), 

concentrated and chromatographed [silica, CH2Cl2/ethyl acetate (4:1)]. The resulting solid 

was treated with hexanes/ethyl acetate (4:1), sonicated in a benchtop sonication bath and 

centrifuged.  The supernatant was discarded to afford a greenish solid (72.7 mg, 85%): 1H 

NMR (300 MHz, CDCl3) δ –1.92 (s, 1H), –1.66 (s, 1H), 1.50 (s, 36H), 1.95 (s, 6H), 1.97 (s, 

6H), 3.62 (s, 3H), 4.37 (s, 2H), 4.39 (s, 2H), 4.54–4.61 (m, 8H), 5.05 (br, 4H), 7.38 (s, 1H), 

7.44 (s, 1H), 7.94 (s, 2H), 7.98 (s, 2H), 8.59–8.64 (m, 3H), 8.73 (d, J = 5.7 Hz, 2H); 13C 

NMR (100 MHz, CDCl3) δ 28.70, 28.76, 31.33, 31.41, 44.67, 44.79, 45.00, 45.09, 45.76, 
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45.90, 47.9, 52.2, 63.4, 79.75, 79.82, 79.95, 84.2, 97.0, 113.6, 117.7, 122.45, 122.53, 125.2, 

125.5, 125.7, 127.5, 128.4, 129.2, 129.5, 130.2, 130.8, 133.6, 134.1, 134.86, 134.92, 134.98, 

135.26, 135.32, 135.39, 135.6, 136.2, 136.4, 137.3, 138.8, 139.1, 140.2, 140.4, 140.9, 150.0, 

141.7, 154.2, 156.30, 156.40, 156.47, 157.6, 160.8, 169.2, 169.9; MALDI-MS obsd 

1070.7317; ESI-MS obsd 1068.6043, calcd 1068.6043 (M+, M = C61H80N8O9); λabs (CH2Cl2) 

363, 510, 729 nm.  

3,13-Bis[3,5-bis(aminomethyl)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (BC3b).  A solution of BC3a (20.4 mg, 19.1 µmol) in CH2Cl2 

(1.15 mL) was stirred under argon for 2 min, followed by addition of TFA (768 µL).  After 

20 min, the reaction mixture was diluted with CHCl3 and dried under an argon flow.  

Tributylamine (77.8 mg, 0.420 mmol) was added to the solid residue, and the mixture was 

sonicated for 3 min in a benchtop sonication bath.  A mixture of THF and hexanes (1:1) was 

then added and the resulting suspension was sonicated for 5 min followed by centrifugation.  

The supernatant was discarded to afford a green solid (9.9 mg, 78%): 1H NMR (300 MHz, 

CD3OD, the four primary amino and two pyrrolic protons were not observed) δ 1.99 (s, 6H), 

2.01 (s, 6H), 3.70 (s, 3H), 4.40 (s, 2H), 4.41 (s, 4H), 4.45 (s, 2H), 4.47 (s, 4H), 7.72 (s, 1H), 

7.80 (s, 1H), 8.28 (d, J = 1.8 Hz, 2H), 8.34 (d, J = 1.8 Hz, 2H), 8.74 (s, 1H), 8.77 (s, 1H), 

8.83 (s, 1H), 8.87 (s, 1H), 8.99 (s, 1H); MALDI-MS obsd 668.6777; ESI-MS obsd 669.4026, 

calcd 669.4024 [(M + H)+, M = C41H48N8O]; λabs (methanol) 360, 507, 726 nm.  

3,13-Bis[3,5-bis(N,N,N-trimethylammoniomethyl)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin diiodide (BC3).  A mixture of BC3b (4.0 mg, 6.0 µmol) and 

tributylamine (44 mg, 0.24 mmol) in DMF (0.20 mL) was stirred under argon for 2 min, 
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followed by addition of iodomethane (45 µL, 0.72 mmol).  After 16 h, ether/THF (1:1) was 

added to the reaction mixture to precipitate the crude product.  The suspension was sonicated 

for 3 min on a benchtop sonication bath followed by centrifugation.  The supernatant was 

discarded to afford a green solid.  This procedure (ether addition/sonication/centrifugation) 

was carried out three additional times to afford a green solid (6.5 mg, 81%): 1H NMR (300 

MHz, DMSO-d6, the 12 ammoniomethyl peaks were overlapped with the solvent peak) δ –

1.93 (s, 1H), –1.69 (s, 1H), 1.91 (s, 6H), 1.93 (s, 6H), 3.25 (s, 36H), 3.58 (s, 3H), 4.30 (s, 2H), 

4.37 (s, 2H), 4.81 (s, 4H), 4.87 (s, 4H), 7.84 (s, 1H), 7.90 (s, 1H), 8.40 (s, 2H), 8.56 (s, 2H), 

8.80 (s, 1H), 8.87–8.90 (m, 2H), 8.95 (s, 1H), 9.16 (s, 1H); obsd 210.1528, calcd 210.1530 

[(M – 4I)4+, M = C53H76I4N8O]; λabs (0.5 M phosphate buffer, pH 7.0) 363, 519, 731 nm.  

3,13-Bis[3,5-bis(2-(tert-butoxycarbonamido)ethoxycarbonyl)phenyl]-5-methoxy-

8,8,18,18-tetramethylbacteriochlorin (BC4a).  Following a general procedure,32 samples of 

BC-Br3,13 (44.6 mg, 80.0 µmol), 3 (44.5 mg, 134 µmol), Pd(PPh3)4 (12.4 mg, 10.7 µmol) and 

Cs2CO3 (34.9 mg, 107 µmol) were placed in a Schlenk flask and dried under high vacuum 

for 30 min.  Toluene/DMF [2.70 mL (2:1), deaerated by bubbling with argon for 45 min] was 

added to the Schlenk flask under argon and deaerated by three freeze-pump-thaw cycles.  

The reaction mixture was stirred at 90 °C for 13 h.  The reaction mixture was cooled to room 

temperature, concentrated to dryness, diluted with CH2Cl2 and washed with saturated 

aqueous NaHCO3.  The organic layer was separated, dried (Na2SO4), concentrated and 

chromatographed [silica, CH2Cl2/ethyl acetate (4:1)].  Treatment of the resulting solid with 

hexanes/CH2Cl2 (4:1) afforded a suspension, which was sonicated in a benchtop sonication 

bath followed by centrifugation.  The supernatant was discarded to afford a greenish solid 
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(82.3 mg, 79%): 1H NMR (300 MHz, CDCl3) δ –1.80 (s, 1H), –1.56 (s, 1H), 1.42 (s, 36H), 

1.96 (s, 6H), 1.98 (s, 6H), 3.62–3.66 (m, 11H), 4.38 (s, 2H), 4.40 (s, 2H), 4.50–4.60 (m, 8H), 

5.02–5.07 (m, 4H), 8.66 (s, 1H), 8.69 (s, 3H), 8.87 (s, 2H), 8.92 (s, 1H), 9.02–9.04 (m, 4H); 

13C NMR (100 MHz, CDCl3) δ 28.6, 31.30, 31.38, 40.0, 45.8, 46.0, 47.8, 52.2, 63.4, 65.21, 

65.32, 79.9, 96.6, 97.41, 97.49, 122.6, 123.1, 127.3, 128.3, 129.5, 129.9, 130.1, 131.44, 

131.46, 134.18, 134.23, 135.1, 135.6, 136.32, 136.39, 136.8, 137.6, 139.3, 154.6, 156.1, 

161.3, 166.1, 166.4, 169.8, 170.5; MALDI-MS obsd 1302.6920; ESI-MS obsd 1301.6335, 

calcd 1301.6340 [(M + H)+, M = C69H88N8O17]; λabs (CH2Cl2) 364, 511, 732 nm.  

3,13-Bis[3,5-bis(2-aminoethoxycarbonyl)phenyl]-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (BC4b).  A solution of BC4a (42.0 mg, 32.3 µmol) in CH2Cl2 

(1.94 mL) was stirred under argon for 2 min, followed by addition of TFA (1.29 mL).  After 

1 h, the reaction mixture was diluted with CHCl3 and dried under an argon flow.  

Tributylamine (300 µL) was added to the solid residue, and the resulting suspension was 

sonicated for 3 min in a benchtop sonication bath.  A mixture of THF and ether (1:1) was 

then added, and the resulting suspension was sonicated for 5 min followed by centrifugation.  

The supernatant was discarded to afford a green solid (25 mg, 86%): 1H NMR (300 MHz, 

CD3OD/CDCl3, the NH2 and pyrrolic protons were not observed) δ 1.98 (s, 6H), 2.01 (s, 6H), 

3.44–4.51 (m, 8H), 3.64 (s, 3H), 4.40 (s, 2H), 4.42 (s, 2H), 4.70–4.77 (m, 8H), 8.74 (s, 1H), 

8.80 (d, J = 2.7 Hz, 2H), 8.87 (s, 1H), 8.99 (t, J = 1.5 Hz, 1H), 9.03 (t, J = 1.5 Hz, 1H), 9.06 

(s, 1H), 9.10 (d, J = 1.5 Hz, 2H), 9.15 (d, J = 1.5 Hz, 2H); MALDI-MS obsd 900.3985; obsd 

301.1462, calcd 301.1463 [(M + 3H)3+, M = C49H56N8O9]; λabs (methanol) 361, 508, 727 nm.  
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3,13-Bis[3,5-bis(2-(N,N,N-trimethylammonio)ethoxycarbonyl)phenyl]-5-

methoxy-8,8,18,18-tetramethylbacteriochlorin diiodide (BC4).  A mixture of BC4b (6.2 

mg, 6.9 µmol) and tributylamine (51 mg, 0.28 mmol) in DMF (0.20 mL) was stirred under 

argon for 2 min, followed by addition of iodomethane (51 µL, 0.83 mmol).  After 16 h, 

ether/THF (1:1) was added to the reaction mixture to precipitate the crude product.  The 

suspension was sonicated for 3 min in a benchtop sonication bath followed by centrifugation.  

The supernatant was discarded to afford a green solid.  This procedure (ether 

addition/sonication/centrifugation) was carried out three more times to afford a green solid 

(8.2 mg, 75%): 1H NMR (300 MHz, DMSO-d6) δ –1.87 (s, 1H), –1.62 (s, 1H), 1.91 (s, 6H), 

1.95 (s, 6H), 3.25 (s, 36H), 3.54 (s, 3H), 3.91 (br, 8H), 4.29 (s, 2H), 4.34 (s, 2H), 4.86 (br, 

8H), 8.72–8.82 (m, 3H), 8.90 (s, 1H), 8.94–9.04 (m, 6H), 9.20 (s, 1H); obsd 268.1584, calcd 

268.1585 [(M – 4I)4+, M = C61H84I4N8O9]; λabs (0.5 M phosphate buffer, pH 7.0) 363, 519, 

731 nm. 

3,13-Bis[3,5-bis(2,5,8,11-tetraoxatetradecan-14-amido)phenyl]-5-methoxy-

8,8,18,18-tetramethylbacteriochlorin (BC5).  A mixture of BC3b (5.00 mg, 7.47 µmol) 

and PEG4 NHS ester (100 mg, 299 µmol) in DMF (100 µL) was stirred at room temperature 

under argon for 20 h.  The reaction mixture was diluted with CH2Cl2 and washed with 

saturated aqueous NaHCO3.  The combined organic extract was dried (Na2SO4) and 

concentrated.  A mixture of hexanes/CH2Cl2 (19:1) was added to the residue.  The resulting 

suspension was sonicated for 3 min on a benchtop sonication bath followed by centrifugation.  

The supernatant was discarded to afford a green solid.  This procedure (solvent 

addition/sonication/centrifugation) was carried out three more times to afford a green solid 
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(9.2 mg, 80%): 1H NMR (300 MHz, CDCl3) δ –1.94 (s, 1H), –1.69 (s, 1H), 1.95 (s, 6H), 1.97 

(s, 6H), 2.52–2.61 (m, 16H), 3.24 (s, 6H), 3.25 (s, 6H), 3.33–3.87 (m, 51H), 4.35 (s, 2H), 

4.39 (s, 2H), 4.67 (d, J = 6.0 Hz, 4H), 4.72 (d, J = 6.0 Hz, 4H), 7.13–7.15 (m, 4H), 7.38 (s, 

1H), 7.45 (s, 1H), 7.94 (s, 2H), 7.97 (s, 2H), 8.58–8.63 (m, 3H), 8.74–8.75 (m, 2H); MALDI-

MS obsd 1541.8276; ESI-MS obsd 1563.8470, calcd 1563.8460 [(M + Na)+, M = 

C81H120N8O21]; λabs (water) 359, 506, 728 nm.  

15-Bromo-3,13-bis[3,5-bis(2-(tert-butoxycarbonamido)ethoxycarbonyl)phenyl]-

5-methoxy-8,8,18,18-tetramethylbacteriochlorin (BC4a-Br).  Following a general 

procedure,32 a solution of BC4a (42.6 mg, 32.7 µmol) in THF (65.4 mL) was treated with 

NBS (5.80 mg, 32.7 µmol) in THF (327 µL) at room temperature for 15 min.  The reaction 

mixture was diluted with CH2Cl2 and washed with saturated aqueous NaHCO3.  The organic 

layer was dried (Na2SO4), concentrated and chromatographed [silica, CH2Cl2/ethyl acetate 

(7:3)] to afford a reddish solid (34.3 mg, 76%): 1H NMR (300 MHz, CDCl3) δ –1.63 (s, 1H), 

–1.33 (s, 1H), 1.40 (s, 18H), 1.42 (s, 18H), 1.96 (s, 6H), 1.97 (s, 6H), 3.57–3.64 (m, 11H), 

4.37 (s, 2H), 4.41 (s, 2H), 4.48-4.54 (m, 8H), 4.98 (br, 2H), 5.07 (br, 2H), 8.63 (s, 1H), 8.67 

(s, 1H), 8.69 (d, J = 2.4 Hz, 1H), 8.74–8.76 (m, 3H), 8.89 (t, J = 1.5 Hz, 2H), 8.89 (d, J = 1.5 

Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 28.63, 28.65, 31.5, 31.7, 40.1, 45.6, 45.9, 48.2, 54.8, 

63.7, 65.3, 79.9, 97.2, 97.5, 99.0, 125.1, 126.2, 129.4, 129.87, 129.97, 130.12, 130.3, 130.9, 

132.6, 133.6, 133.8, 135.4, 136.2, 136.7, 137.0, 138.6, 140.4, 156.2, 157.8, 160.3, 166.3, 

168.7, 172.0; ESI-MS obsd 1379.5458, calcd 1379.5445 [(M + H)+, M = C69H87BrN8O17]; 

MALDI-MS obsd 1382.5555; λabs (CH2Cl2) 368, 523, 729 nm.  
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(III) Absorption versus concentration study.  

For each bacteriochlorin, four different solutions (solution A, B, C and D) in aqueous 

potassium phosphate buffer (0.5 M, pH = 7.0) were prepared.  The concentration of the 

solution A (~500 µM) afforded absorbance (A) ~0.5 for the Qy transition measured with a 

0.01-cm pathlength cuvette.  Successive serial dilution (10 times each) with buffer gave 

bacteriochlorin concentrations as follows: [solution A] = 10 x [solution B] = 100 x [solution 

C] = 1000 x [solution D].   

A typical experiment proceeded as follows: a stock solution was prepared by adding a 

small amount of DMSO (12.5–37.5 µL, to facilitate dissolution) to bacteriochlorin (~0.1–0.3 

mg; ~0.1–0.3 µM) in a small vial followed by addition of aqueous potassium phosphate 

buffer (237.5–712.5 µL, 0.5 M, pH = 7.0).  The resulting sample was sonicated for one 

minute and then filtered (poly-vinylidene difluoride high-volume low pressure filter, pore 

size 0.45 µm) to obtain solution A (~500 µM).  The absorbance of solution A was measured 

in a 0.01-cm pathlength cuvette.  Solution B was obtained by mixing solution A (100–200 µL) 

with buffer (900–1800 µL) in a small vial.  The absorbance of solution B was measured in a 

0.1-cm pathlength cuvette.  For further dilution, solution B (300 µL) was mixed with buffer 

(2.70 mL) in a 1-cm pathlength cuvette to obtain solution C and the absorbance was 

measured.  Solution C (2.50 mL) was transferred into a 25 mL volumetric flask and made up 

to the mark with buffer.  The absorbance of the resulting solution D was measured in a 10-cm 

pathlength cuvette.  The procedure was followed for each bacteriochlorin BC1 – BC5.  Note 
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that the range of volumes employed depends on the initial quantity of bacteriochlorin, which 

was added to the initial vial without weighing. 

(IV) Fluorescence yield determinations 

The Φf values (in DMF, water, or aqueous potassium phosphate buffer) were 

determined relative to that of 5-methoxy-8,8,18,18-tetramethyl-2,12-di-p-tolylbacteriochlorin 

in toluene (Φf = 0.18)26 without correction for refractive index differences.  
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CHAPTER 5 

Polarity-Tunable and Wavelength-Tunable Bacteriochlorins Bearing a Single 
Carboxylic Acid or NHS Ester.  Use in a Protein Bioconjugation Model System 

 

Preamble.  The contents in this chapter have been published80 with contributions from the 

following individuals.  Chih-Yian Chen: bioconjugation and photophysical property study on 

conjugates (together with Jianbing).  Nuonuo Zhang: photophysical property study on 

bacteroichlorins (together with Jianbing).  Pothiappan Vairaprakash, together Jianbing, is 

involved for the molecular designs.  

Introduction 

 The conjugation of chromophores to biological molecules has a rich history both in 

methods and applications.1-9  Yet, a comparatively unexplored topic in this domain concerns 

the use of NIR-active chromophores.  The challenge to filling this lacuna entails synthetic 

tailoring of NIR-active chromophores to achieve the molecular design requirements.  The 

latter typically include polarity of the overall chromophore, tuning the wavelength of 

absorption/emission, and incorporation of a single bioconjugatable tether.  Examples of 

synthetic NIR chromophores range from long-chain cyanine dyes to quantum dots.10-13  

Nature’s NIR-active chromophores are built around the bacteriochlorin π-system (i.e., a 

trans-tetrahydroporphyrin), which provide the basis for bacterial photosynthesis (Bchl a, b 

and g)14 and unknown roles in other organisms (e.g., tolyporphins)15-21 (Chart 5.1).   

While natural bacteriochlorins are in principle available in large quantities, and 

semisynthesis therefrom has been a mainstay for tailoring bacteriochlorins,22,23 the presence 

of a number of substituents about the perimeter of the macrocycle limits synthetic 



 

 159 

manipulations particularly for wavelength tuning, polarity tuning, and installation of a single 

bioconjugatable tether.  Regardless of the synthetic challenges, a chief advantage of the 

tetrapyrrole family of compounds (porphyrin, chlorin, bacteriochlorin – and more broadly – 

the dipyrrins and phthalocyanines) is that the π-chromophoric system is neutral, whereas 

many pigment classes are intrinsically charged.24  The anionic fluorescein and the cationic 

cyanine dyes are archetypes in this regard.  A neutral non-polar chromophore can be used as 

is, or alternatively, derivatized to bear cationic or anionic charges, whereas chromophores 

that are intrinsically charged in principle can be rendered zwitterionic but are always 

intrinsically polar. 

 
 

 

Chart 5.1.  Representative bacteriochlorophylls and tolyporphins. 
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Methods to prepare synthetic bacteriochlorins are under active investigation25-45 and 

have been recently reviewed.46,47  Two approaches that likely define the range of such 

methods include (1) double addition to a porphyrin thereby converting two, opposite pyrrole 

rings to pyrroline rings, and (2) de novo synthesis wherein the pyrroline rings are 

incorporated as pre-made constituents upon macrocycle formation.  Only two de novo routes 

to bacteriochlorins are known: the total synthesis of tolyporphins by Kishi and coworkers,48-

51 and the route to gem-dimethyl-substituted bacteriochlorins developed in our group.41-45   

The synthetic simplicity of the porphyrin-modification approach is offset by the typical 

formation of isomeric mixtures and limited wavelength tuning, whereas the full scope of 

versatility offered by de novo synthesis is counterbalanced by the necessary synthetic 

investment in constructing the macrocycle.  Both approaches have merit, and indeed, 

bioconjugatable bacteriochlorins have been prepared by both approaches, as illustrated by the 

representative examples shown in Chart 5.2.  Bacteriochlorin I or II was prepared by OsO4 

treatment of a porphyrin,26,28 whereas the set of III-V were prepared by de novo synthesis.52-

56  Note the nature of the bioconjugatable groups [isothiocyanate (I), carboxylic acid (II), 

maleimide (III, IV), and NHS ester (V)] as well as the polarity: bacteriochlorin members of 

sets III and V are hydrophobic, whereas IV is hydrophilic. 
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Chart 5.2.  Representative bioconjugatable synthetic bacteriochlorins. 
 
 
 
The ability to tune the position of the long-wavelength absorption band (and hence 

the position of the fluorescence emission band) relies on introduction of auxochromes at the 

perimeter of the macrocycle.57  The long-wavelength absorption (Qy) band stems from a 

transition that is polarized along the long axis of the molecule, as shown in Figure 5.1.  

Accordingly, the introduction of substituents at the β-pyrrole positions (2, 3, 12, 13) or 
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For the members of set III, the Qy band ranges from 713 to 756 nm.52,54  Such 
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bacteriochlorins have been incorporated into light-harvesting architectures by bioconjugation 

to analogues of the native membrane-spanning peptides of the light-harvesting complexes of 

photosynthetic bacteria.  The resulting biohybrid light-harvesting architectures self-assemble 

in aqueous-detergent media.  The appended synthetic bacteriochlorins – attached via a 

maleimide-cysteinyl linkage – absorb NIR light and funnel the resulting excited-state energy 

to lower-energy-absorbing chromophores as part of the light-harvesting process.52,54,58 

 

 

 

Figure 5.1.  Molecular design features of synthetic bacteriochlorins. 
 
 
 
We set out to develop a more broadly viable set of wavelength-tunable and polarity-

tunable bacteriochlorins, with multiple objectives.  First, the reliance on a maleimide-

cysteinyl linkage to incorporate the bacteriochlorins was effective but also limiting, because 

the peptides examined contained only one cysteine.52,54,58  Given concerns about handling of 

peptides containing multiple cysteines (due to oxidative crosslinking), we sought a family of 

bacteriochlorins wherein each member contains a single carboxylic acid in lieu of a 

maleimide unit.  The carboxylic acid or NHS ester derived therefrom is readily conjugated 

with amines,59 which are more prevalent and manageable than cysteines.  To our knowledge, 
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the only bacteriochlorin-NHS esters prepared by de novo synthesis are Va and Vb of Chart 

5.2.  Second, for a long time we have been enamored of the work of Cellarius and Mauzerall, 

who employed polystyrene nanoparticles bearing surface-adsorbed pheophytins as 

prototypical photoreactors.60  Their ingenious strategy “combines the structural features of an 

interface with the simplicity of studying photochemistry in solution” and in particular 

enabled studies of pigment loading, pigment-pigment interactions, excited-state energy 

transfer, and perhaps exciton trapping.60  From the vantage of 50-years hence, the work was 

unavoidably limited by the polydispersity of the particles (24–260 nm diameter) and by the 

adsorption rather than covalent attachment of the tetrapyrrole chromophore.  Accordingly, 

we felt that a modern analogue of the pheophytin-on-polystyrene particles could be 

constructed of bioconjugatable bacteriochlorins covalently attached to a globular protein, 

with the latter providing a ‘particle’ with known surface derivatization sites and uniform 

nanoscale size (~5 nm diameter). 

We prepared two families of bacteriochlorins.  The first family (BC1–BC6) is 

lipophilic and includes five free-base bacteriochlorins and one zinc bacteriochlorin (Chart 

5.3).  On the basis of analogous bacteriochlorins (lacking a carboxylic acid tether), 

absorption in the NIR region (730–820 nm) is expected.  Metalation of the bacteriochlorin 

with zinc(II) imparts a bathochromic shift (12–16 nm) versus that of the free base 

bacteriochlorin.45  Moreover, insertion of the zinc does not significantly shorten the singlet 

excited-state lifetime, which enables ensuing photochemical processes.45  The second set 

(BC7–BC10) includes four hydrophilic bacteriochlorins.  Members of the set of 

bacteriochlorins are expected to provide absorption covering the near infrared (NIR) region 
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(726–823 nm) and thereby find diverse use in the construction of novel light-harvesting 

architectures.  

 

 

 

Chart 5.3.  Structures of six lipophilic monocarboxy-bacteriochlorins (top) and four 
hydrophilic tetracarboxy-bacteriochlorins bearing an NHS ester (below). 
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In this paper, we report the synthesis of the 10 bacteriochlorins along with their 

absorption and fluroescence properties in DMF and/or aqueous solution.  We have employed 

Mb as a globular protein for bioconjugation with selected hydrophilic bacteriochlorins.  The 

absorption and fluorescence properties of the resulting Mb–bacteriochlorin conjugates have 

been examined in aqueous solution in the presence or absence of the heme ligand.  Taken 

together, the studies afford a new set of stable, synthetic bacteriochlorins for use in cases 

where aqueous or membrane solubility is sought; where wavelength tunability (726 to 823 

nm) is sought; and where bioconjugation via one of the simplest joining reactions (amidation) 

is desired. 

Results and discussion 

(I) Synthesis 

(A) Lipophilic bacteriochlorins.  The six monocarboxy-bacteriochlorins (BC1–BC6) 

were derivatized from three known bacteriochlorin building blocks (BC11,52 BC12,43 

BC1354) bearing distinct substituents at the 2,3,12,13,15 positions for wavelength tailoring 

and derivatization (Chart 5.4).  Three distinct methods were employed to introduce the 

carboxylic acid group.  (1) For bacteriochlorins with a 3-aminophenyl group, nucleophilic 

ring-opening of succinic anhydride gave the carboxylic acid group directly (BC1, BC4 and 

BC5).  (2) For 15-brominated bacteriochlorins, Suzuki coupling with compounds bearing a 

protected carboxylic acid group, followed by deprotection with trifluoroacetic acid (TFA) 

unveiled the carboxylic acid group (BC2 and BC3).  (3) Pd-mediated carbonylation with a 

BOC-protected amine formed the bacteriochlorin–imide, followed by TFA deprotection 
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unveiled the carboxylic acid group (BC6).  All of these methods proceeded smoothly to 

afford the monocarboxy-bacteriochlorins in good to excellent yields.  

Reaction of aminophenylbacteriochlorin BC11 with succinic anhydride in CHCl3 

afforded BC1 in 67% yield (Scheme 5.1).  Metalation45 of bacteriochlorin BC11 with zinc 

triflate in the presence of sodium hydride afforded BC14 in 52% yield.  Reaction of BC14 

with succinic anhydride gave the carboxy-bacteriochlorin BC4 in 62% yield.  In a similar 

manner to that of BC1 and BC4, treatment of bacteriochlorin BC13 with succinic anhydride 

afforded BC5 in 71% yield.  

 
 

 

Chart 5.4.  Three known bacteriochlorin building blocks. 
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Scheme 5.1.  Synthesis of monocarboxy-bacteriochlorins BC1, BC4 and BC5.  
 
 
 
Suzuki coupling of bacteriochlorin BC12 with compound 1 failed to give the desired 

carboxy-bacteriochlorin BC2, presumably because of the presence of the free carboxy group 

of 1 (Scheme 5.2).  Alternatively, the free carboxylic acid group of 1 was protected with tert-

butyl group.  Treatment of 1 with di-tert-butyl dicarbonate [(Boc)2O] in the presence of 

MgCl2
61 afforded the tert-butyl ester 2 in 60% yield.  Suzuki coupling of bacteriochlorin 

BC12 with 2 gave pro-BC2 in excellent yield (93%).  Cleavage of the tert-butyl protecting 

group in 20% TFA gave BC2 in 74% yield.53 
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Scheme 5.2.  Synthesis of monocarboxy-bacteriochlorin BC2.  
 
 
 
BC3 was obtained in a similar manner as for BC2, using the known Suzuki coupling 

partner 342 (Scheme 5.3). 
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Scheme 5.3.  Synthesis of monocarboxy-bacteriochlorin BC3.  
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given that the long-wavelength absorption maximum is at 726 nm (BC12), 798 nm (BC15) 

and 820 nm (BC16).  Removal of the 5-methoxy group thus provides a convenient means to 

impart a bathochromic shift of the long-wavelength absorption band of the bacteriochlorin. 

 

 

 

Scheme 5.4.  Demethoxylation upon imide formation (see text). 
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Scheme 5.5.  Synthesis of monocarboxy-bacteriochlorin BC6. 
 
 
 
(B) Hydrophilic bacteriochlorin. The generic route for the synthesis of the four 
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bis(3,5-di-tert-butoxycarbonylphenyl) groups;53 (3) regioselective bromination at the 15-
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selective cleavage of the tert-butyl groups to give tetracarboxy-bacteriochlorin bearing a 

single NHS ester. 

 

 

 

Scheme 5.6.  Synthesis of tetracarboxy-bacteriochlorin-NHS esters BC7 and BC8. 
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The synthesis of the bacteriochlorin-NHS esters BC7 and BC8 are shown in Scheme 

5.6.  BC18 and BC19 were reported in our previous paper,53 and are presented here for 

comparison.  Suzuki coupling reaction of bacteriochlorin BC18 with p-anilinoboronic ester 

(4) afforded BC20 in 71% yield.  Treatment of BC19 or BC20 with succinic anhydride in 

CHCl3 afforded the intermediate 15-carboxybacteriochlorin, which was partially purified by 

column chromatography, and used directly in the next step.  Esterification of each crude 

bacteriochlorin with HOSu in the presence of DCC gave pro-BC8 or pro-BC9 in 52% or 53% 

yield (for two steps), respectively.  Treatment of pro-BC8 or pro-BC9 with 20% TFA in 

CH2Cl2 unveiled the four carboxylic acid groups in 76% or 71% yield, respectively, while 

keeping the bacteriochlorin chromophore and NHS ester intact. 

Treatment of bacteriochlorin BC2153 with N-bromosuccinimide (NBS) in THF 

afforded the 15-brominated product BC22 in 42% yield.  The presence of the 3,13-aryldiester 

substituents on the bacteriochlorin ring caused a slightly adverse effect given that the yield 

was lower than that of bacteriochlorin BC18 (70%).53  The copper-free Sonogashira 

reaction62,63 of BC22 and 6-heptynoic acid (5) was carried out in toluene/triethylamine (TEA, 

2:1) containing Pd2(dba)3 and P(o-tol)3 at 70 °C (Scheme 5.7).  The resulting monocarboxy-

bacteriochlorin was esterified to afford the bacteriochlorin-NHS ester pro-BC9 in 19% yield 

for two steps.  The low yield could be attributed to two factors: (1) the presence of the free 

carboxylic acid on 5 was deprotonated under the basic reaction conditions, which would 

result in low solubility; and (2) bacteriochlorin pro-BC9 was purified by preparative TLC 

(instead of column chromatography), from which recovery was poor.  Finally, cleavage of 

the tert-butyl ester with 20% TFA in CH2Cl2 give the final bacteriochlorin BC9 in 82% yield.   
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Scheme 5.7.  Synthesis of tetracarboxy-bacteriochlorin-NHS ester BC9. 
 
 
 
Pd-mediated carbonylation of 15-bromobacteriochlorin BC22 with 3-aminopropanoic 

acid in toluene afforded the bacteriochlorin–imide, which was purified by column 

chromatography and used directly in the next step.  Treatment with HOSu/EDC and 4-

dimethylaminopyridine (DMAP) gave the bacteriochlorin-NHS ester pro-BC10 in 22% yield 
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for two steps (Scheme 5.8).  Cleavage of the protecting group with TFA gave the free 

tetracarboxy-bacteriochlorin BC10 in 94% yield. 

 

 

 

Scheme 5.8.  Synthesis of the tetracarboxy-bacteriochlorin–imide bearing an NHS ester. 
 
 
 
The bacteriochlorins BC1–BC10 and precursors typically were characterized by 

absorption and fluorescence spectroscopy, 1H NMR spectroscopy, 13C NMR spectroscopy 

(where quantity and solubility allowed), MALDI mass spectrometry, and ESI mass 

spectrometry.   

(II) Photophysical properties 

The parameters of interest include (1) the position of the long-wavelength (Qy) 

absorption band, (2) the position of the fluorescence emission band, and (3) the sharpness of 
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maximum (fwhm).  The absorption and emission spectra of the lipophilic bacteriochlorins 

were collected in N,N-dimethylformamide (DMF) (Figure 5.2).  All of these parameters, 

including the Φf values, are listed in Table 5.1.  Each bacteriochlorin gave characteristic 

absorption and fluorescence spectra,64 indicating the absence of any adverse effect due to the 

presence of the bioconjugatable tether.  The set of six carboxy-bacteriochlorins exhibits long-

wavelength absorption band (Qy) in the NIR region, ranging from 730–820 nm.  As expected, 

an increase in the number of electron-withdrawing groups (e.g., ester or imide moieties) 

along the y-axis of the bacteriochlorin caused a bathochromatic shift in the absorption and 

emission spectra.  

 

 

 

Figure 5.2.  Normalized absorption spectra in DMF at room temperature.  Spectral 
parameters are given in Table 5.1. 
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Table 5.1.  Absorption and fluorescence properties of lipophilic bacteriochlorins BC1–BC6.a 

Compounds λabs, nm fwhm   
nm (Abs) λem, nm fwhm  

nm (Flu) Φf 

BC1 727 21 733 24 0.18 

BC2 728 20 734 24 0.18 

BC3 727 19 733 24 0.19 

BC4 737 24 745 39 0.14 

BC5 754 28 764 27 0.18 

BC6 816 30 822 27 0.037 
aAll spectra were recorded in DMF at room temperature.   

 
 
 

 
Figure 5.3.  Normalized absorption and fluorescent spectra in potassium phosphate buffer 
(0.5 M, pH 7, for BC7-9) and DMF (for BC10) at room temperature.   
 
 
 

The absorption and emission spectra of the hydrophilic bacteriochlorins were 

collected in DMF and in aqueous potassium phosphate buffer (Figure 5.3).  The 

spectroscopic parametersare listed in Table 5.2.   
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Chart 5.5.  Parent bacteriochlorins lacking bioconjugatable tethers.  
 
 
 
Table 5.2.  Absorption and fluorescence properties of bacteriochlorins.a  

Compounds solvent λabs, 
nm 

fwhm nm 
(Abs) λem, nm fwhm nm 

(Flu) Φf 

BC23b DMF 729 22 735 23 0.19 

BC23b buffer 730 26 736 26 0.078 

BC24b DMF 746 31 753 23 0.16 

BC24b buffer 749 35 758 37 0.11 

BC7 DMF 727 23 732 24 0.17 

BC7 buffer 729 24 735 26 0.12 

BC8 DMF 727 21 733 24 0.19 

BC8 buffer 729 23 736 26 0.13 

BC9 DMF 754 26 760 24 0.133 

BC9 buffer 757 27 765 27 0.13 

BC10 DMF 808 35 818 33 0.037 

BC10 buffer 823 50 829 N/Ac 0.0011 
aEach sample contains 1% DMF to facilitate initial dissolution. The buffer is potassium 
phosphate (0.5 M, pH 7.0).  bData reported in Ref 53.  cLow signal-to-noise ratio 
precluded the determination of the fwhm value. 
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Each bacteriochlorin exhibited absorption and fluorescence in DMF characteristic of 

the bacteriochlorin chromophore: a strong B band in the UV region, modest Qx band in the 

green-yellow region, and intense Qy band in the NIR region.  BC7–BC9 gave similar spectra 

in aqueous phosphate buffer, whereas that of BC10 was significantly broadened 

characteristic of aggregation.  Other than this lone exception, all bacteriochlorins displayed 

sharp absorption and emission bands with fwhm 22–35 nm.  As with the lipophilic 

bacteriochlorins, introduction of the bioconjugatable tether in BC7 and BC8 caused little 

absorption or emission shift (by comparison with the parent compound BC23), while the 

ethynyl group in BC9 and the 13,15-imide moiety in BC10 gave the expected bathochromic 

shift (in comparison with BC24).  The Φf values ranged from 0.037–0.19, with exception for 

(aggregated) BC10 in buffer, which gave 0.0011.  It is noteworthy that the Φf values in 

aqueous medium were diminished versus those in organic media, as observed previously for 

chlorins.65 

(III) Bioconjugation study 

We examined bioconjugation of selected hydrophilic bacteriochlorins with the protein 

Mb.  The specific goals of this investigation include (1) quantitative analysis of the 

bacteriochlorin/Mb ratios, and (2) comparison of the spectral properties (absorption, 

fluorescence, Φf) of the bacteriochlorins bound to Mb with those for the bacteriochlorins free 

in solution.  More broadly, we felt preparation of bacteriochlorin–Mb conjugates could 

provide a more exacting analogue of the pheophytin-on-particles system of Cellarius and 

Mauzerall,60 and their spectroscopic examination could provide a testbed that is more simple 
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and controlled than those in typical fluorophore–protein conjugation studies.  The latter range 

from the widespread conjugation of fluorophores to antibodies66-70 to our own use of 

biomimetic light-harvesting peptides.52,54,58  For these experiments we chiefly examined 

bacteriochlorin BC7 but also looked briefly at BC8.   

Mb was selected for the bioconjugation for the following reasons: (1) Mb is a water-

soluble globular protein (diameter ~50 Å) containing 19 lysine residues,71 of which six are 

involved in stabilizing electrostatic interactions (Lys16-Asp122, Lys47-Asp44, Lys56-Glu52, 

Lys77-Glu18, Lys79-Glu4 and Lys133-Glu6).72,73  The remaining 14 primary amines (13 Lys 

residues and 1 N-terminus amine) are considered accessible for the amine-NHS ester ligation.  

(2) The heme chromophore absorbs strongly at 408 nm (ε = 188,000 M-1cm-1).74  The heme 

absorption is a better reference peak for calculation of intensely absorbing 

chromophore/protein ratios than the frequently used, weaker, broad (often non-descript) 

protein absorption at 280 nm (for apomyoglobin (apoMb), ε280 nm = 15,900 M-1cm-1),75 a 

wavelength where solvent, impurities, and even the chromophore typically also absorb.  A 

diarylbacteriochlorin41 (e.g., BC7–BC10), for example, exhibits ε280 nm = 52,900 M-1cm-1, 

which dwarfs that of Mb even for a 1:1 loading.  (3) The heme ligand can be removed from 

the protein binding pocket as needed by organic (2-butanone) extraction.  (4) Mb can be 

purchased at low price in large quantity (hundreds of mgs) and with high purity (95-100%).  

We chose Mb from equine skeletal muscle for bioconjugation studies, although Mbs from 

different organisms have similar primary, secondary (helicity, 8 helical segments) and 

tertiary structures.80 
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The rationale for focus on Mb versus the more prevalent use of antibodies for 

fluorophore conjugation warrants emphasis: Mb is more compact (~17 kDa versus ~150 

kDa); Mb is abundantly available as a pure compound; Mb and conjugates thereof readily 

afford MALDI-MS data; and the presence of the heme provides a convenient (removable) 

absorption spectrometric internal calibrant.  The attachment of fluorophores to antibodies is 

an essential step for use in flow cytometry or cellular staining,66,68,69 for example, yet for 

fundamental spectroscopic and photochemical studies, a small globular protein such as Mb 

(or apoMb) affords distinct advantages, as described below. 

In one study, the bioconjugation of BC7 was carried out at room temperature with 2, 

10, or 50 equiv of the bacteriochlorin-NHS ester versus Mb.  Purification by PD-10 gel 

permeation chromatography (GPC) with potassium phosphate buffer (0.5 M, pH 7.0) caused 

elution of the conjugate as a clear dark green band, while the free bacteriochlorin (unreacted 

or hydrolyzed bacteriochlorin-NHS ester) remained on top of the column.  The resultant 

conjugate solution was subjected to centrifugal Amicon filtration, and the absence of the 

bacteriochlorin absorption of the filtrates indicated the thorough removal of the free 

bacteriochlorin.   

The absorption spectrum in potassium phosphate buffer of the Mb–bacteriochlorin 

conjugate Mb-BC7 closely resembled the sum of the component parts in each case (2, 10 or 

50 equiv) although a small amount of tailing (to long wavelength) of the bacteriochlorin Qy 

band was observed.  The spectrum of the conjugate prepared with 50 equiv is shown in 

Figure 5.4 (panel A) along with that of Mb and BC7.80  
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Figure 5.4.  (A). Absorption spectra of Mb, BC7 and conjugate Mb-BC7 in potassium 
phosphate buffer (0.5 M, pH 7.0). The concentration of each component is chosen arbitrarily.  
(B). The normalized experimental (blue), reconstructed (cyan) absorption, and emission 
(magenta, dashed) spectra of conjugate Mb-BC7.  Spectral parameters are given in Table 5.3. 
 
 
 

Multicomponent analysis (using the known absorption spectrum of Mb and of BC7) 

in each case was carried out using PhotochemCAD76,77 to assess the bacteriochlorin/Mb ratio.  

The characteristic absorption peaks of Mb (408 nm) and bacteriochlorins (362, 516, 729 nm) 

were selected for the calculation.  Reconstruction of the absorption of the conjugate versus 

the experimental absorption visually shows the accuracy of the absorption deconvolution for 

calculation of the bacteriochlorin/Mb ratio (Figure 5.4, panel B).  The results are listed in 
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Table 5.3.  The use of 2, 10, and 50 equiv of BC7 resulted in 0.62, 1.6, and 7.1 

bacteriochlorins per Mb.  

 
 
Table 5.3.  Absorption and fluorescence properties of conjugate Mb-BC7 with different 
equivalents of BC7 input.a  

Compound Degree of 
loadingb λabs, nm fwhm   

nm (Abs) λem, nm fwhm  
nm (Flu) Φf 

Mb-BC7 

(2 equiv) 
0.62 

729 27 735 26 0.019 

apoMb-BC7 

(2 equiv) 
726 23 730 23 0.091 

Mb-BC7 

(10 equiv) 
1.6 

728 26 734 27 0.020 

apoMb-BC7 

(10 equiv) 
726 24 732 24 0.071 

Mb-BC7 

(50 equiv) 
7.1 

726 27 735 27 0.018 

apoMb-BC7 

(50 equiv) 
721 30 731 27 0.023 

aAll data determined in potassium phosphate buffer (0.5 M, pH 7.0) at room temperature.   
bThe ratio of BC7 to Mb, determined by multicomponent absorption spectral analysis.  

 
 
 

The same three conjugates were examined by MALDI-MS using α-cyano-4-

hydroxycinnamic acid (CHCA) as matrix.  The data are shown in Figure 5.5.  The increase in 

loading with number of equivalents of BC7 was clearly seen, with a distribution of peaks 

separated by Δm = 920 Da, which corresponds to BC7 minus the NHS moiety.  The 
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distribution shifts to higher mass with increasing number of equivalents.  For the conjugate 

prepared with 50 equiv of BC7, which gave an average loading of 7.1 (by absorption 

spectroscopy), individual peaks in the progression of 0–9 were clearly observed.  Since 

ionization efficiencies may vary with different amounts of chromophores attached, the 

MALDI-MS results, while insightful, are not reliable for calculations of bacteriochlorin/Mb 

ratios.  Yet the minimum conclusion is that the distribution is narrow for 10 equiv (1.6 

loading) yet quite broad for 50 equiv (7.1 loading).  In a separate experiment, BC7 and BC8 

were conjugated at 60 equiv relative to Mb, affording conjugates that also were quite soluble 

in aqueous solution.  In both cases, the resulting loading was 9 and 12, respectively.  The 

shift of the peaks in the distribution to higher mass was readily observed upon MALDI-MS 

analysis.80 
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Figure 5.5.  The MALDI spectra of the conjugate samples of Mb to (A) 0, (B) 2, (C) 10, and 
(D) 50 equiv of BC7.  Peaks that match the mass of labeled Mb were marked by Mb-(BC7)x, 
where x indicates the number of the bacteriochlorins attached. 
 
 
 

The fluorescence properties of the Mb-BC7 conjugates were examined.  The 

spectrum for the conjugate derived from 50 equiv of BC7 is shown in Figure 5.4 (panel B).  

The Φf value upon attachment to the protein was decreased to ~0.02, to be compared with the 

value of 0.12 for BC7 in aqueous solution.  The Φf value was essentially indifferent to the 

level of loading.  To distinguish possible effects of heme as a quencher, the heme was 
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removed by extraction with 2-butanone,78 to afford the corresponding apoMb conjugates.  In 

each case, the resulting apoMb-BC7 conjugate (derived from 2, 10 or 50 equiv of BC7) gave 

a characteristic bacteriochlorin absorption spectrum.80  Indeed, no trace of tailing of the long-

wavelength, Qy absorption band was observed.  Unlike for Mb-BC7, however, the Φf values 

now were a function of loading (i.e., BC7/Mb ratio).  The results are illustrated in Figure 5.6.  

The Φf value for the lowest-loading conjugate (2 equiv of BC7, average 0.62 

bacteriochlorins/Mb) was 0.091, only decreased by 25% from that of the parent BC7 

monomer.  On the other hand, the decline with loading (to 0.023 for 50 equiv, average 7.1 

bacteriochlorins/Mb) is attributed to self-quenching of the bacteriochlorins on the protein.  

Thus, a distinction between quenching due to the presence of heme versus quenching due to 

bacteriochlorin self-interactions is clearly obtained.   

 

 

 

Figure 5.6.  Fluorescence quantum yield values as a function of loading and ± heme. 
 
 
 

The origin of self-quenching is unclear.  The absorption spectra and the emission 

spectra of the apoMb-BC7 conjugates were essentially identical to those of the monomeric 

BC7.  Calculations of the Förster through-space energy transfer (using PhotochemCad76,77) 
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showed that the self-exchange process for bacteriochlorin–bacteriochlorin energy transfer 

exhibits R0 = 59 Å.  Given the diameter of Mb is ~50 Å from most distant points, a 

considerable degree of energy transfer between bacteriochlorins attached to Mb is expected 

to be permissible.  Hence, any excited-state trapping site(s) at/near the protein are likely to be 

encountered upon successive transfer steps. 

Outlook 

The ability to synthesize hydrophilic/hydrophobic bacteriochlorins with some degree 

of wavelength tunability and that bear a single carboxylic acid (or NHS-ester) opens the door 

to a wide variety of studies, particularly upon bioconjugation to proteins.  The lipophilic 

bacteriochlorins will be used for attachment to the hydrophobic region of membrane-

spanning light-harvesting peptides to give rise to self-assembled artificial photosynthetic 

architectures.  The attachment of a hydrophilic bacteriochlorin to Mb affords a water-soluble 

NIR-active protein architecture that is likely a more exacting and versatile analogue of the 

Cellarius-Mauzerall use of pheophytin-on-polystyrene particles first reported nearly 50 years 

ago.  The bioconjugation of bacteriochlorins to Mb described herein also affords several 

attractive attributes as a testbed for attachment of chromophores to proteins: (1) the presence 

of heme provides a convenient absorption calibration standard for determining average 

loading of intensely absorbing chromophores, which often is difficult when relying solely on 

the weakly absorbing 280-nm band of proteins; (2) mass spectrometry of the Mb-

chromophore conjugate provides a more granular view of the loading distribution; and (3) 

heme can be readily removed following loading determination to assess spectral properties in 

the resulting apoMb, including absorption and fluorescence spectra as well as Φf values. 
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Experimental section. 

(I) General methods.  

1H NMR and 13C NMR spectroscopies were performed at room temperature.  

Tetramethylsilane was used as internal reference for CDCl3.  MALDI-MS was performed 

with the matrix 1,4-bis(5-phenyl-2-oxaxol-2-yl)benzene for bacteriochlorins,79 and α-cyano-

4-hydroxycinnamic acid (CHCA) for Mb and conjugates.  Electrospray ionization mass 

spectrometry (ESI-MS) data are reported for the molecular ion.  Silica gel (40 µm average 

particle size) was used for column chromatography.  All solvents were reagent grade and 

were used as received unless noted otherwise.  THF was freshly distilled from 

sodium/benzophenone ketyl.  CHCl3 was stabilized with amylenes (≤ 1%).  Compounds 1, 2, 

4 and 5 were obtained from commercial sources.  Known compound 342 and bacteriochlorins 

BC11,52 BC12,43 BC13,54 BC14,53 BC18,53 and BC1953 were prepared following literature 

procedures.  Equine Mb was obtained in 95-100% purity and used as received. 

(II) Synthesis 

2-[4-(2-(tert-Butoxycarbonyl)ethyl)phenyl]-3,3,4,4-tetramethyl-1,3,2-

dioxaborolane (2).  Following a general procedure,61 a mixture of 1 (0.28 g, 1.0 mmol), di-

tert-butyl dicarbonate (0.28 g, 1.3 mmol) and MgCl2 (9.5 mg, 0.10 mmol) in tert-butyl 

alcohol (0.49 mL) and acetonitrile (0.15 mL) was stirred under argon for 16 h.  The crude 

reaction mixture was diluted with water (10 mL) and extracted with ethyl acetate (3 x 10 mL).  

The combined extract was dried (Na2SO4), concentrated and chromatographed [silica, 

hexanes/ethyl acetate (9:1)] to afford a viscous colorless liquid (0.20 g, 60%): 1H NMR (300 

MHz, CDCl3) δ 1.33 (s, 12H), 1.41 (s, 9H), 2.53 (t, J = 7.5 Hz, 2H), 2.92 (t, J = 7.5 Hz, 2H), 
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7.21 (d, J = 7.8 Hz, 2H), 7.73 (d, J = 7.8 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 25.1, 28.3, 

31.5, 37.1, 80.6, 83.9, 100.3, 128.0, 135.2, 144.4, 172.3; ESI-MS obsd 354.2083, calcd 

354.2087 [(M + Na)+, M = C19H29BO4]. 

15-[3-(3-Carboxypropionylamino)phenyl]-3,13-bis(ethoxycarbonyl)-2,12-diethyl-

8,8,18,18-tetramethylbacteriochlorin (BC1).  Following a general procedure,52 a solution 

of BC11 (9.8 mg, 14 µmol) in CHCl3 (0.60 mL) was treated with succinic anhydride (1.7 mg, 

21 µmol) and stirred for 4 h at room temperature.  2 N HCl solution (~20 mL) was added to 

the reaction mixture, which then was extracted twice with CH2Cl2.  The extract was dried 

(Na2SO4), concentrated and chromatographed (silica, ethyl acetate) to afford a greenish solid 

(7.5 mg, 67%): 1H NMR (300 MHz, DMSO-d6) δ –1.99 (s, 1H), –1.69 (s, 1H), 1.20 (t, J = 

6.9 Hz, 3H), 1.19 (t, J = 7.2 Hz, 3H), 1.78 (d, J = 5.1 Hz, 6H), 1.82 (s, 6H), 1.94 (d, J = 4.8 

Hz, 6H), 2.09 (d, J = 3.3 Hz, 6H), 2.21 (s, 3H), 2.49 (s, 3H), 2.87 (m, 4H), 3.65 (s, 3H), 3.68 

(s 2H), 4.24 (d, J = 2.4 Hz, 2H), 4.32 (q, J = 7.2 Hz, 2H), 4.42 (q, J = 7.2 Hz, 2H), 6.56 (s, 

1H), 6.64 (s, 1H), 7.08–7.15 (m, 4H), 7.34 (s, 1H), 7.39 (s, 1H), 7.47 (d, J = 7.2 Hz, 1H), 

7.70 (d, J = 8.7 Hz, 2H), 7.79 (d, J = 8.1 Hz, 2H), 8.58 (br, 1H), 9.61 (s, 1H), 9.63(s, 1H), 

9.87 (s, 1H); MALDI-MS obsd 791.7302; ESI-MS obsd 792.3957, calcd 792.3967 [(M + H)+, 

M = C45H53N5O8]; λabs (CH2Cl2) 356, 375, 515, 727 nm. 

15-[4-(2-(tert-Butoxycarbonyl)ethyl)phenyl]-3,13-bis(ethoxycarbonyl)-2,12-

diethyl-8,8,18,18-tetramethylbacteriochlorin (pro-BC2).  Following a general procedure,52 

samples of BC12 (34.0 mg, 50.0 µmol), 2 (49.8 mg, 150 µmol), Pd(PPh3)4 (17.3 mg, 15.0 

µmol), and K2CO3 (83.0 mg, 600 µmol) were placed in a Schlenk flask which was then 

pump-purged three times with argon.  DMF/toluene [5.0 mL, (1:2), degassed by bubbling 
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with argon for 30 min] was added to the Schlenk flask, and the reaction mixture was stirred 

at 90 °C for 18 h.  The reaction mixture was cooled to room temperature, concentrated to 

dryness, and diluted with CH2Cl2.  The resulting solution was washed with aqueous NaHCO3.  

The organic layer was separated, dried (Na2SO4), concentrated and chromatographed [silica, 

CH2Cl2/ethyl acetate (49:1)] to obtain a greenish solid (37.6 mg, 93%): 1H NMR (400 MHz, 

CDCl3) δ –1.81 (brs, 1H), –1.51 (brs, 1H), 1.29 (t, J = 7.2 Hz, 3H), 1.55 (s, 9H), 1.63–1.70 

(m, 6H), 1.77 (t, J = 8.0 Hz, 3H), 1.83 (s, 6H), 1.95 (s, 6H), 2.77 (t, J = 7.6 Hz, 2H), 3.16 (t, J 

= 7.6 Hz, 2H), 3.79 (q, J = 7.6 Hz, 2H), 3.83–3.89 (m, 6H), 4.27 (s, 3H), 4.38 (s, 2H), 4.80 (q, 

J = 7.2 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H), 8.57 (s, 1H), 8.61 (s, 1H); 

13C NMR (75 MHz, CDCl3) δ 14.4, 14.9, 17.8, 20.2, 20.3, 28.5, 31.2, 31.3, 31.4, 37.4, 45.2, 

46.3, 47.5, 52.3, 61.4, 62.0, 64.4, 80.8, 94.5, 94.7, 112.9, 123.2, 126.2, 127.7, 127.8, 132.4, 

132.6, 133.4, 135.0, 138.6, 139.7, 140.2, 154.7, 161.0, 168.1, 168.5, 169.2, 172.7; MALDI-

MS obsd 804.6556; ESI-MS obsd 805.4520, calcd 805.4535 [(M + H)+, M = C48H60N4O7]; 

λabs (CH2Cl2) 356, 365, 376, 515, 729 nm. 

15-[4-(2-Carboxyethyl)phenyl]-3,13-bis(ethoxycarbonyl)-2,12-diethyl-8,8,18,18-

tetramethylbacteriochlorin (BC2).  Following a general procedure,53 a sample of pro-BC2 

(9.0 mg, 11 µmol) in CH2Cl2 (2.0 mL) was stirred under argon for 2 min, followed by 

addition of TFA (0.40 mL).  After 1 h, the reaction mixture was washed with saturated 

aqueous NaHCO3, 2 N HCl, and water.  The organic layer was separated, dried (Na2SO4) and 

concentrated.  The resulting solid was treated with hexanes, sonicated in a benchtop 

sonication bath, centrifuged, and the supernatant was discarded to afford a reddish solid (6.2 

mg, 74%): 1H NMR (400 MHz, DMSO-d6) δ –1.97 (brs, 1H), –1.67 (brs, 1H), 1.17 (t, J = 7.2 
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Hz, 3H), 1.50–1.56 (m, 6H), 1.63 (t, J = 7.6 Hz, 3H), 1.77 (s, 6H), 1.90 (s, 6H), 2.73 (t, J = 

7.2 Hz, 2H), 3.03 (t, J = 7.2 Hz, 2H), 3.68–3.81 (m, 8H), 4.17 (s, 3H), 4.31 (s, 2H), 4.66 (q, J 

= 7.6 Hz, 2H), 7.45 (d, J = 7.6 Hz, 2H), 7.73 (d, J = 7.6 Hz, 2H), 8.67 (s, 1H), 8.72 (s, 1H), 

12.30 (br, 1H); MALDI-MS obsd 747.9117; ESI-MS obsd 749.3912, calcd 749.3909 [(M + 

H)+, M = C44H52N4O7]; λabs (CH2Cl2) 356, 365, 376, 515, 729 nm. 

15-[4-(tert-Butoxycarbonylmethoxy)phenyl]-3,13-bis(ethoxycarbonyl)-2,12-

diethyl-8,8,18,18-tetramethylbacteriochlorin  (pro-BC3).  Following a general 

procedure,52 samples of BC12 (34 mg, 50 µmol), 3 (50 mg, 0.15 mmol), Pd(PPh3)4 (17 mg, 

15 µmol), and K2CO3 (83 mg, 0.60 µmol) were placed in a Schlenk flask which was then 

pump-purged three times with argon.  DMF/toluene [5.0 mL, (1:2), degassed by bubbling 

with argon for 30 min] was added to the Schlenk flask, and the reaction mixture was stirred 

at 90 °C for 18 h.  The reaction mixture was cooled to room temperature, concentrated to 

dryness, diluted with CH2Cl2 and washed with aqueous NaHCO3.  The organic layer was 

separated, dried (Na2SO4) and concentrated. Column chromatography [silica, CH2Cl2/ethyl 

acetate (49:1)] provided a greenish solid (29 mg, 73%): 1H NMR (400 MHz, CDCl3) δ –1.83 

(brs, 1H), –1.53 (brs, 1H), 1.30 (t, J = 7.2 Hz, 3H), 1.59 (s, 9H), 1.62–1.69 (m, 6H), 1.76 (t, J 

= 7.6 Hz, 3H), 1.82 (s, 6H), 1.94 (s, 6H), 3.76 (q, J = 8.0 Hz, 2H), 3.82–3.89 (m, 4H), 3.95 (q, 

J = 7.2 Hz, 2H), 4.26 (s, 3H), 4.36 (s, 2H), 4.72 (s, 2), 4.78 (q, J = 7.2 Hz, 2H), 7.14 (d, J = 

8.4 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 8.56 (s, 1H), 8.60 (s, 1H); 13C NMR (75 MHz, CDCl3) 

δ 14.5, 14.9, 17.9, 20.2, 20.3, 28.4, 31.2, 31.4, 45.2, 46.3, 47.6, 52.3, 61.6, 62.0, 64.4, 66.1, 

82.8, 94.5, 94.7, 112.4, 113.9, 123.2, 126.4, 127.7, 132.4, 132.5, 132.8, 134.4, 135.0, 135.1, 

135.2, 138.5, 154.7, 157.7, 161.3, 168.2, 168.4, 168.6, 169.3; MALDI-MS obsd 806.6729; 
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ESI-MS obsd 807.4323, calcd 807.4327 [(M + H)+, M = C47H58N4O8]; λabs (CH2Cl2) 356, 

364, 376, 515, 729 nm. 

15-[4-(Carboxymethoxy)phenyl]-3,13-bis(ethoxycarbonyl)-2,12-diethyl-8,8,18,18-

tetramethylbacteriochlorin (BC3).  Following a general procedure,53 a sample of pro-BC3 

(14 mg, 17 µmol) in CH2Cl2 (3.1 mL) was stirred under argon for 2 min, followed by 

addition of TFA (0.62 mL).  After 1 h, the reaction mixture was washed with saturated 

aqueous NaHCO3, 2 N HCl, and water. The organic layer was separated, dried (Na2SO4) and 

concentrated.  The resulting solid was treated with hexanes.  The resulting suspension was 

sonicated in a benchtop sonication bath and centrifuged.  The supernatant was discarded to 

afford a reddish solid (9.2 mg, 71%): 1H NMR (400 MHz, DMSO-d6) δ –1.97 (brs, 1H), –

1.67 (brs, 1H), 1.22 (t, J = 7.2 Hz, 3H), 1.51–1.59 (m, 6H), 1.65 (t, J = 7.6 Hz, 3H), 1.80 (s, 

6H), 1.92 (s, 6H), 3.70–3.88 (m, 8H), 4.19 (s, 3H), 4.32 (s, 2H), 4.68 (q, J = 8.0 Hz, 2H), 

4.87 (s, 2H), 7.15 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 8.4 Hz, 2H), 8.69 (s, 1H), 8.74 (s, 1H), 

13.13 (br, 1H); MALDI-MS obsd 750.5661; ESI-MS obsd 751.3706, calcd 751.3701 [(M + 

H)+, M = C43H50N4O8]; λabs (CH2Cl2) 357, 365, 375, 515, 728 nm. 

Zn(II)-15-[3-(3-Carboxypropionylamino)phenyl]-3,13-bis(ethoxycarbonyl)-2,12-

diethyl-8,8,18,18-tetramethylbacteriochlorin (BC4).  Following a general procedure,52 a 

solution of BC14 (14.3 mg, 18.9 µmol) in CHCl3 (1.00 mL) was treated with succinic 

anhydride (2.50 mg, 25.0 µmol) and stirred at room temperature for 4 h.  The resulting 

mixture was chromatographed (silica, ethyl acetate) to afford a reddish solid (10.0 mg, 62%): 

1H NMR (300 MHz, THF-d8) δ 1.21 (t, J = 6.9 Hz, 3H), 1.51–1.69 (m, 9H), 1.82 (s, 3H), 

1.83 (s, 3H), 1.95 (s, 6H), 2.61–2.63 (m, 4H), 3.61–3.84 (m, 8H), 3.97 (s, 1H), 4.14 (s, 3H), 
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4.38 (s, 2H), 4.61 (t, J = 7.2 Hz, 2H), 7.35–7.43 (m, 2H), 7.61 (s, 1H), 8.14 (d, J = 7.5 Hz, 

1H), 8.46 (s, 1H), 8.450 (s, 1H), 9.28 (s, 1H); MALDI-MS obsd 853.40; ESI-MS obsd 

854.3029, calcd 854.3107 [(M + H)+, M = C45H51N5O8Zn]; λabs (CH2Cl2) 353, 384, 551, 735 

nm. 

15-[3-(3-Carboxypropionylamino)phenyl]-3,13-bis(ethoxycarbonyl)-2,12-

dimesityl-8,8,18,18-tetramethylbacteriochlorin (BC5).  Following a general procedure,52 a 

solution of BC13 (14.2 mg, 16.3 µmol) in CHCl3 (652 µL) was treated with succinic 

anhydride (8.10 mg, 81.4 µmol) and stirred for 1 h at room temperature.  The reaction 

mixture was dried and chromatographed [silica, CH2Cl2/ethyl acetate (9:1) to 

CH2Cl2/methanol (4:1)] to yield a greenish solid (11.2 mg, 71%): 1H NMR (400 MHz, THF-

d8, the CO2H proton was not observed) δ –0.80 (s, 1H), –0.47 (s, 1H), 0.97 (t, J = 7.2 Hz, 

3H), 1.09 (t, J = 7.2 Hz, 3H), 1.77 (s, 3H), 1.81 (s, 3H), 1.83 (s, 3H), 1.87 (s, 3H), 1.93 (s, 

6H), 2.07 (s, 3H), 2.09 (s, 3H), 2.24 (s, 3H), 2.47 (s, 3H), 2.59–2.67 (m, 4H), 3.63 (s, 3H), 

3.75 (d, J = 2.4 Hz, 2H), 4.20–4.27 (m, 4H), 4.31 (t, J = 7.2 Hz, 2H), 6.45 (s, 1H), 6.72 (s, 

1H), 6.97–7.04 (m, 2H), 7.10 (s, 2H), 7.54 (d, J = 8.0 Hz, 1H), 7.65 (s, 1H), 8.94 (s, 1H), 

9.68 (s, 1H), 9.72 (s, 1H); 13C NMR (100 MHz, THF-d8) δ16.9, 17.0, 24.2, 24.4, 24.7, 32.3, 

34.0, 34.1, 34.2, 35.2, 48.9, 49.6, 50.7, 55.7, 63.59, 63.65, 65.8, 119.0, 121.1, 124.4, 124.8, 

128.2, 129.1, 130.8, 131.09, 131.16, 131.20, 131.7, 136.1, 137.5, 138.1, 138.6, 138.8, 139.7, 

139.9, 140.4, 140.5, 140.6, 141.2, 141.9, 144.1, 160.1, 166.3, 169.08, 169.18, 172.9, 173.8, 

174.7, 177.2; MALDI-MS obsd 971.0664; ESI-MS obsd 972.4897, calcd 972.4906 [(M + 

H)+, M = C59H65N5O8]; λabs (CH2Cl2) 364, 543, 756 nm. 
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152-[N-(3-(tert-Butoxycarbonyl)propyl]-3-ethoxycarbonyl-2,12-diethyl-8,8,18,18-

tetramethylbacteriochlorin-13,15-dicarboximide (pro-BC6).  Following a reported 

procedure,44 a mixture of BC12 (19.0 mg, 28.0 µmol), Pd(PPh3)4 (51.7 mg, 44.7 µmol), 

Cs2CO3 (137 mg, 419 µmol) and tert-butyl 4-aminobutyrate (22.0 mg, 112 µmol) was placed 

in a Schlenk flask, and deaerated under high vacuum for 40 min.  The flask was then filled 

with CO and toluene (3.0 mL, deaerated by bubbling with argon for 30 min, and then with 

CO for 30 min).  The reaction mixture was stirred at 90 °C for 14 h under a CO atmosphere 

at ambient pressure.  The reaction mixture was cooled to room temperature, dried and 

washed (saturated aqueous NaHCO3 solution).  The combined organic layer was dried 

(Na2SO4), concentrated and chromatographed [silica, CH2Cl2/ethyl acetate (22:3)].  The 

resulting solid was extracted with hexanes, sonicated in a benchtop sonication bath and 

centrifuged.  The supernatant was discarded to afford a reddish solid (13.0 mg, 65%): 1H 

NMR (400 MHz, CDCl3) δ –0.72 (s, 1H), –0.51 (s, 1H), 1.47 (s, 9H), 1.68–1.78 (m, 9H), 

1.92 (s, 6H), 1.93 (s, 6H), 2.25–2.32 (m, 2H), 2.54 (t, J = 8.4 Hz, 2H), 4.08 (q, J = 7.2 Hz, 

2H), 4.21 (q, J = 7.2 Hz, 2H), 4.33 (s, 2H), 4.50 (t, J = 7.2 Hz, 2H), 4.73 (s, 2H), 4.77 (q, J = 

7.2 Hz, 2H), 8.57 (s, 1H), 8.70 (s, 1H), 9.55 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 14.8, 

17.4, 17.6, 20.1, 20.9, 24.7, 28.4, 30.0, 31.2, 31.6, 33.8, 39.6, 45.7, 46.1, 52.1, 53.3, 61.5, 

80.4, 94.7, 99.2, 99.5, 102.0, 115.0, 122.1, 133.4, 134.6, 136.2, 136.9, 140.3, 144.4, 162.8, 

163.3, 165.9, 168.3, 168.5, 170.4, 172.9, 176.2; MALDI-MS obsd 709.4791; ESI-MS obsd 

710.3921, calcd 710.3912 [(M + H)+, M = C41H51N5O6]; λabs (CH2Cl2) 358, 408, 544, 819 nm. 

152-[N-(3-(Carboxypropyl]-3-ethoxycarbonyl-2,12-diethyl-8,8,18,18-

tetramethylbacteriochlorin-13,15-dicarboximide (BC6).  Following a general procedure,53 
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a solution of pro-BC6 (14.5 mg, 20.0 µmol) in CH2Cl2 (1.60 mL) was stirred under argon for 

2 min, followed by addition of TFA (400 µL).  After 30 min, the reaction mixture was 

diluted with ethyl acetate and then washed with saturated aqueous NaHCO3.  The organic 

layer was separated, dried (Na2SO4) and concentrated.  The resulting solid was treated with 

hexanes, sonicated in a benchtop sonication bath and centrifuged.  The supernatant was 

discarded to afford a reddish solid (12.0 mg, 90%): 1H NMR (400 MHz, CDCl3, the COOH 

proton was not observed) δ –0.70 (s, 1H), –0.50 (s, 1H), 1.64–1.75 (m, 9H), 1.90 (s, 12H), 

2.23–2.27 (m, 2H), 2.54 (t, J = 7.2 Hz, 2H), 4.03 (q, J = 7.2 Hz, 2H), 4.17 (q, J = 7.2 Hz, 2H), 

4.30 (s, 2H), 4.42 (t, J = 7.2 Hz, 2H), 4.68 (s, 2H), 4.77 (q, J = 7.2 Hz, 2H), 8.53 (s, 1H), 8.66 

(s, 1H), 9.52 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 14.8, 17.4, 17.5, 20.1, 20.9, 24.3, 31.1, 

31.5, 32.1, 39.3, 45.6, 46.2, 52.1, 53.3, 61.5, 94.7, 99.1, 99.6, 102.0, 114.6, 122.2, 133.3, 

134.5, 136.3, 137.1, 140.2, 144.5, 162.8, 163.4, 165.8, 168.46, 168.49, 170.4, 176.5, 178.3; 

MALDI-MS obsd 654.1035; ESI-MS obsd 654.329, calcd 654.3286 [(M + H)+, M ＝ 

C37H43N5O6]; λabs (CH2Cl2) 357, 408, 544, 819 nm. 

3,13-Bis[3,5-bis(tert-butoxycarbonyl)phenyl]-5-methoxy-15-[3-(4-(N-

succinimidooxy)-1,4-dioxobutylamino)phenyl]-8,8,18,18-tetramethylbacteriochlorin 

(pro-BC7).  Following a general procedure,52 a solution of BC16 (14.7 mg, 14.0 µmol) in 

CHCl3 (560 µL) was treated with succinic anhydride (2.80 mg, 27.8 µmol) and stirred for 2 h 

at room temperature.  The crude reaction mixture was chromatographed [silica, CH2Cl2/ethyl 

acetate (23:2)] to afford a greenish solid, which was used directly in the next step.  The 

greenish solid was dissolved in CH2Cl2 (1.23 mL) followed by addition of DCC (38.1 mg, 
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0.185 mmol).  The mixture was stirred under argon for 3 min.  Then HOSu (21.3 mg, 0.185 

mmol) was added.  The resulting mixture was stirred for 40 min and then filtered to remove 

insoluble material.  The filtrate was concentrated and chromatographed [silica, CH2Cl2/ethyl 

acetate (9:1)] to yield a greenish solid (9.0 mg, 40%): 1H NMR (300 MHz, CDCl3) δ –1.59 (s, 

1H), –1.21 (s, 1H), 1.64 (s, 18H), 1.69 (s, 18H), 1.90 (s, 6H), 2.00 (s, 6H), 2.74–2.81 (m, 6H), 

3.06 (t, J = 7.5 Hz, 2H), 3.70 (s, 3H), 3.91–4.18 (m, 2H), 4.38 (s, 2H), 7.14 (t, J = 7.8 Hz, 

1H), 7.38 (d, J =5.4 Hz, 1H), 7.41–7.43 (m, 3H), 7.58 (s, 1H), 7.96 (s, 1H), 8.18 (s, 1H), 8.38 

(s, 1H), 8.66 (t, J = 9.9 Hz, 2H), 8.76 (s, 1H), 8.91 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 

14.4, 22.9, 25.2, 25.78, 25.81, 26.9, 28.48, 28.54, 31.4, 34.2, 45.4, 46.0, 47.8, 49.4, 52.1, 63.6, 

81.9, 97.3, 97.8, 113.2, 119.6, 123.4, 125.5, 126.6, 128.16, 128.27, 128.31, 129.2, 129.6, 

132.0, 132.6, 133.71, 133.75, 134.3, 134.9, 135.2, 136.0, 136.3, 137.1, 138.6, 139.0, 141.6, 

155.4, 157.0, 160.8, 165.8, 168.20, 168.37, 169.1, 169.2, 169.7; MALDI-MS obsd 1242.5563; 

ESI-MS obsd 1241.5811, calcd 1241.5811 [(M + H)+, M = C61H71BrN4O13]; λabs (CH2Cl2) 

366, 517, 730 nm. 

3,13-Bis(3,5-dicarboxyphenyl)-5-methoxy-15-[3-(4-(N-succinimidooxy)-1,4-

dioxobutylamino)phenyl]-8,8,18,18-tetramethylbacteriochlorin (BC7).  Following a 

general procedure,53 a solution of pro-BC7 (32.2 mg, 26.0 µmol) in CH2Cl2 (4.00 mL) was 

stirred under argon for 2 min, followed by addition of TFA (1.00 mL).  After 2 h, the reaction 

mixture was diluted with ethyl acetate and then washed with brine until the aqueous phase 

was neutral (pH paper).  The organic layer was separated, dried (Na2SO4) and concentrated.  

The resulting solid was treated with CH2Cl2, sonicated in a benchtop sonication bath and 

centrifuged.  The supernatant was discarded to afford a green solid (20.0 mg, 76%): 1H NMR 
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(300 MHz, DMSO-d6) δ –1.67 (s, 1H), –1.32 (s, 1H), 1.74 (s, 3H), 1.86 (s, 3H), 1.92 (s, 3H), 

1.94 (s, 3H), 2.67 (t, J = 5.1 Hz, 2H), 2.77 (s, 4H), 2.94 (t, J = 5.1 Hz, 2H), 3.58 (s, 3H), 3.80 

(d, J = 13.2 Hz, 1H), 4.06 (d, J = 13.2 Hz, 1H), 4.34 (s, 2H), 7.05 (t, J = 5.4 Hz, 1H), 7.26 (t, 

J = 8.1 Hz, 2H), 7.77 (s, 1H), 7.87 (s, 1H), 8.10 (s, 1H), 8.27 (d, J = 1.2 Hz, 1H), 8.69 (d, J = 

1.2 Hz, 1H), 8.85–8.97 (m, 6H), 9.88 (s, 1H), 13.4–13.6 (br, 4H); MALDI-MS obsd 

1015.4610; ESI-MS obsd 1017.3289, calcd 1017.3301 [(M + H)+, M = C55H48N6O14]; λabs 

(0.5 M potassium phosphate buffer, pH 7.0) 362, 516, 729 nm. 

3,13-Bis[3,5-bis(tert-butoxycarbonyl)phenyl]-5-methoxy-15-[4-(4-(N-

succinimidooxy)-1,4-dioxobutylamino)phenyl]-8,8,18,18-tetramethylbacteriochlorin 

(pro-BC8).  Following a general procedure,52 a solution of BC20 (18 mg, 17 µmol) in CHCl3 

(0.63 mL) was treated with succinic anhydride (6.2 mg, 62 µmol) and stirred for 1 h at room 

temperature.  The crude reaction mixture was chromatographed (silica, ethyl acetate) to 

afford a greenish solid (14 mg), which was used directly in the next step.  The resulting 

greenish solid (8.0 mg) was dissolved in CH2Cl2 (0.70 mL) followed by the addition of DCC 

(14 mg, 70 µmol), and the mixture was stirred under argon for 3 min.  HOSu (8.1 mg, 70 

µmol) was then added.  The resulting mixture was stirred for 40 min and then filtered to 

remove insoluble material.  The filtrate was concentrated and chromatographed [silica, 

CH2Cl2/ethyl acetate (4:1)].  The resulting solid was treated with hexanes/CH2Cl2 (9:1), 

sonicated in a benchtop sonication bath and centrifuged.  The supernatant was discarded to 

afford a green solid (6.5 mg, 53%): 1H NMR (300 MHz, CDCl3, the NH proton peaks were 

not observed) δ –1.58 (s, 1H), –1.20 (s, 1H), 1.63 (s, 18H), 1.69 (s, 18H), 1.84 (s, 6H), 1.98 
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(s, 6H), 2.85–2.90 (m, 6H), 3.15 (t, J = 6.6 Hz, 2H), 3.68 (s, 3H), 3.95 (s, 2H), 4.38 (s, 2H), 

7.25–7.27 (m, 1H), 7.41–7.46 (m, 3H), 8.01(d, J = 1.8 Hz, 2H), 8.40 (s, 1H), 8.66–8.69 (m, 

4H), 8.76 (t, J = 1.8 Hz, 1H), 8.91 (d, J = 1.8 Hz, 2H); MALDI-MS 1240.4706; ESI-MS obsd 

1241.5795, calcd 1241.5805 [(M + H)+, M = C71H80N6O14]; λabs (CH2Cl2) 366, 518, 730 nm. 

3,13-Bis(3,5-dicarboxyphenyl)-5-methoxy-15-[4-(4-(N-succinimidooxy)-1,4-

dioxobutylamino)phenyl]-8,8,18,18-tetramethylbacteriochlorin (BC8).  Following a 

general procedure,53 a solution of pro-BC8 (6.5 mg, 5.2 µmol) in CH2Cl2 (0.42 mL) was 

stirred under argon for 2 min, followed by addition of TFA (0.11 mL).  After 1.5 h, the 

reaction mixture was diluted with ethyl acetate and then washed with brine until the aqueous 

phase was neutral (pH paper).  The organic layer was separated, dried (Na2SO4) and 

concentrated.  The resulting solid was treated with CH2Cl2, sonicated in a benchtop 

sonication bath, and centrifuged.  The supernatant was discarded to afford a green solid (3.8 

mg, 71%): 1H NMR (300 MHz, CD3OD/CDCl3, the COOH and NH proton peaks were not 

observed) δ 1.87 (s, 6H), 2.01 (s, 6H), 2.88–2.92 (m, 6H), 3.14 (t, J = 7.2 Hz, 2H), 3.68 (s, 

3H), 3.97 (s, 2H), 4.40 (s, 2H), 7.37–7.45 (m, 4H), 8.15 (d, J = 1.5 Hz, 2H), 8.52 (s, 1H), 

8.73–8.76 (m, 4H), 8.91 (s, 1H), 9.02 (d, J = 1.5 Hz, 2H); MALDI-MS obsd 1016.2656; ESI-

MS obsd 1017.3289, calcd 1017.3301 [(M + H)+, M = C55H48N6O14]; λabs (0.5 M potassium 

phosphate buffer, pH 7.0) 362, 516, 729 nm. 

2,12-Bis[3,5-bis(tert-butoxycarbonyl)phenyl]-3,13-bis(methoxycarbonyl)-5-

methoxy-15-[7-(N-succinimidooxy)-7-oxohept-1-ynyl]-8,8,18,18-

tetramethylbacteriochlorin (pro-BC9).  Following a general procedure42 for copper-free 

Sonogashira reaction,62,63 a mixture of BC22 (26 mg, 23 µmol), 6-heptynoic acid (5, 15 µL, 
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0.12 mmol), Pd2(dba)3 (6.2 mg, 6.7 µmol), and P(o-tol)3 (11 mg, 35 µmol) were placed in a 

Schlenk flask and dried under high vacuum for 30 min.  Toluene/TEA [2.4 mL, (2:1), 

deaerated by bubbling with argon for 30 min] was added to the Schlenk flask under argon 

and deaerated by three freeze-pump-thaw cycles.  The reaction mixture was stirred at 70 °C 

for 18 h.  The reaction mixture was cooled to room temperature, concentrated to dryness, 

diluted with CH2Cl2 and washed (saturated aqueous NaHCO3 solution).  The organic layer 

was separated, dried (Na2SO4) and concentrated.  Column chromatography [silica, 

CH2Cl2/EtOAc (19:1) to CH2Cl2/CH3OH (19:1)] provided a reddish solid (8.0 mg, total yield 

is given below): MALDI-MS obsd 1192.7728; ESI-MS obsd 1193.5701, calcd 1193.5693 

[(M + H)+, M = C68H80N4O15]; λabs (CH2Cl2) 382, 547, 756 nm.  Half of the product (4.0 mg), 

DCC (6.9 mg, 34 µmol) and HOSu (3.9 mg, 34 µmol) was stirred in CH2Cl2 (0.34 mL) under 

argon at room temperature for 40 min.  The resulting mixture was filtered to remove 

insoluble material.  The filtrate was concentrated and separated by preparative TLC [silica, 

CH2Cl2/methanol (99:1)] to yield a reddish solid (2.8 mg, 19%): 1H NMR (300 MHz, CDCl3) 

δ –1.22 (s, 1H), –0.97 (s, 1H), 1.54–1.58 (m, 2H), 1.66 (s, 36H), 1.82 (s, 6H), 1.83 (s, 6H), 

2.22–2.28 (m, 2H), 2.78–2.91 (m, 8H), 4.12 (s, 3H), 4.17 (s, 3H), 4.26 (s, 3H), 4.32 (s, 2H), 

4.42 (s, 2H), 8.45 (s, 1H), 8.49 (s, 1H), 8.82 (s, 1H), 8.83 (s, 1H), 8.86–8.87 (m, 4H); 

MALDI-MS 1289.4308; ESI-MS obsd 1290.5865, calcd 1290.5857 [(M + H)+, M = 

C72H83N5O17]; λabs (CH2Cl2) 381, 547, 756 nm. 

2,12-Bis(3,5-dicarboxyphenyl)-3,13-bis(methoxycarbonyl)-5-methoxy-15-[7-(N-

succinimidooxy)-7-oxohept-1-ynyl]-8,8,18,18-tetramethylbacteriochlorin (BC9). 

Following a general procedure,53 a solution of pro-BC9 (3.4 mg, 2.6 µmol) in CH2Cl2 (0.22 
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mL) was stirred under argon for 2 min, followed by addition of TFA (44 µL).  After 1.5 h, 

the reaction mixture was diluted with ethyl acetate and then washed with brine until the 

aqueous phase was neutral (checked by pH paper).  The organic layer was separated, dried 

(Na2SO4) and concentrated.  The resulting solid was treated with CH2Cl2, sonicated in a 

benchtop sonication bath and centrifuged.  The supernatant was discarded to afford a reddish 

solid (2.3 mg, 82%): 1H NMR (300 MHz, CD3OD/CDCl3, the COOH and NH proton peaks 

were not observed) δ 1.26–1.30 (m, 2H), 1.85 (s, 12H), 2.02–2.22 (m, 2H), 2.78–2.93 (m, 

8H), 4.14 (s, 3H), 4.18 (s, 3H), 4.29 (s, 3H), 4.42 (s, 2H), 4.55 (s, 2H), 8.50 (s, 1H), 8.53 (s, 

1H), 8.95 (s, 1H), 8.96 (s, 1H), 8.99–9.01 (m, 4H); MALDI-MS obsd 1068.5653; ESI-MS 

obsd 1066.3371, calcd 1066.3353 [(M + H)+, M = C56H51N5O17]; λabs (0.5 M potassium 

phosphate buffer, pH 7.0) 378, 546, 757 nm. 

152-N-(3-Succinimidooxypropyl)-3-methoxycarbonyl-2,12-bis[3,5-bis(tert-

butoxycarbonyl)phenyl]-8,8,18,18-tetramethylbacteriochlorin-13,15-dicarboximide 

(pro-BC10).  Following a reported procedure,44 a mixture of BC22 (12 mg, 10 µmol), 

Pd(PPh3)4 (12 mg, 10 µmol), Cs2CO3 (10 mg, 30 µmol) and 3-aminopropanoic acid (4.0 mg, 

40 µmol) was placed in a Schlenk flask, and deaerated under high vacuum for 40 min.  The 

flask was then filled with CO and toluene (1.0 mL, deaerated by bubbling with argon for 30 

min, and then with CO for 30 min).  The reaction mixture was stirred at 80 °C for 18 h under 

a CO atmosphere at ambient pressure.  The reaction mixture was cooled to room temperature, 

dried and washed (saturated aqueous NaHCO3 solution).  The combined organic layer was 

dried (Na2SO4), concentrated and chromatographed [silica, CH2Cl2/methanol (4:1)].  The 

resulting solid was mixed with EDC (9.6 mg 50 µmol), DMAP (0.20 mg, 2.0 µmol) and 
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HOSu (5.7 mg, 50 µmol) in CH2Cl2 (0.20 mL) and stirred under argon for 3 h.  The reaction 

residue was chromatographed [silica, CH2Cl2/ethyl acetate (19:1 to 4:1)] to afford a reddish 

solid (2.7 mg, 22%): 1H NMR (300 MHz, CDCl3) δ –0.43 (s, 1H), 0.09 (s, 1H), 1.66 (s, 18H), 

1.67 (s, 18H), 1.79 (s, 6H), 1.82 (s, 6H), 2.83 (s, 4H), 3.31 (t, J = 6.6 Hz, 2H), 4.18 (s, 3H), 

4.25 (s, 2H), 4.27 (s, 3H), 4.70 (s, 2H), 4.83 (t, J = 6.6 Hz, 2H), 8.38 (s, 1H), 8.45 (s, 1H), 

8.83 (d, J = 2.1 Hz, 2H), 8.84 (d, J = 2.1 Hz, 2H), 8.89 (t, J = 1.5 Hz, 2H); MALDI-MS obsd 

1248.9579; ESI-MS obsd 1249.5371, calcd 1249.5340 [(M + H)+, M = C68H76N6O17]; λabs 

(CH2Cl2) 377, 564, 811 nm. 

152-N-(3-Succinimidooxypropyl)-3-methoxycarbonyl-2,12-bis(3,5-

dicarbonylphenyl)-8,8,18,18-tetramethylbacteriochlorin-13,15-dicarboximide (BC10).  

Following a general procedure,53 a solution of pro-BC10 (2.6 mg, 2.1 µmol) in CH2Cl2 (0.12 

mL) was stirred under argon for 2 min, followed by addition of TFA (92 µL).  After 1 h, the 

reaction mixture was diluted with ethyl acetate and then washed with brine until the aqueous 

phase was neutral (checked by pH paper).  The organic layer was separated, dried (Na2SO4) 

and concentrated.  The resulting solid was treated with CH2Cl2, sonicated in a benchtop 

sonication bath and centrifuged.  The supernatant was discarded to afford a reddish solid (2.0 

mg, 94%): 1H NMR (300 MHz, THF-d8, four CO2H protons were not observed) δ –0.24 (s, 

1H), 0.29 (s, 1H), 1.99 (s, 6H), 2.01 (s, 6H), 2.93 (s, 4H), 3.43 (t, J = 7.2 Hz, 2H), 4.28 (s, 

3H), 4.46 (s, 3H), 4.50 (s, 2H), 4.90–4.93 (m, 4H), 8.70 (s, 1H), 8.74 (s, 1H), 9.12–9.15 (m, 

6H); MALDI-MS obsd 1025.4487; ESI-MS obsd 1025.2875, calcd 1025.2836 [(M + H)+, M 

= C52H44N6O17]; λabs (0.5 M potassium phosphate buffer, pH 7.0) 377, 570, 824 nm. 
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Zn(II)-15-(3-Aminophenyl)-3,13-bis(ethoxycarbonyl)-2,12-diethyl-5-methoxy-

8,8,18,18-tetramethylbacteriochlorin (BC14).  Following a general procedure,45 a mixture 

of BC11 (16.0 mg, 23.1 µmol) and NaH (16.6 mg, 1.20 mmol, 30.0 equiv) was added to 

DMSO (2.30 mL) under argon and stirred for 5 min.  Zn(OTf)2 (252 mg, 694 µmol, 30.0 

equiv) was then added, and the suspension was stirred for 16 h in an oil bath at 80 °C. The 

crude mixture was washed with water and extracted with ethyl acetate. The combined extract 

was dried (Na2SO4), concentrated and chromatographed [silica, CH2Cl2/ethyl acetate (9:1)] to 

afford a reddish solid (9.1 mg, 52%): 1H NMR (300 MHz, THF-d8) δ 1.25 (t, J = 7.2 Hz, 3H), 

1.51–1.69 (m, 9H), 1.81 (s, 3H), 1.83 (s, 3H), 1.94 (s, 6H), 3.61–3.76 (m, 4H), 3.89–4.02 (m, 

4H), 4.13 (s, 3H), 4.37 (s, 2H), 4.55 (s, 2H), 4.61 (t, J = 7.5 Hz, 2H), 6.71–6.74 (m, 1H), 

6.92–6.94 (m, 2H), 7.17 (t, J = 7.8 Hz, 1H), 8.44 (s, 1H), 8.48 (s, 1H); MALDI-MS obsd 

753.39; ESI-MS obsd 754.2917, calcd 754.2947 [(M + H)+, M = C41H47N5O5Zn]; λabs 

(CH2Cl2) 355, 385, 553, 738 nm. 

152-N-Butyl-3-ethoxycarbonyl-2,12-diethyl-8,8,18,18-tetramethylbacteriochlorin-

13,15-dicarboximide (BC17).  Following a reported procedure,44 a mixture of BC12 (25.0 

mg, 36.8 µmol), Pd(PPh3)4 (68.0 mg, 58.9 µmol), Cs2CO3 (180 mg, 552 µmol) and n-

butylamine (18.0 µL, 184 µmol) was placed in a Schlenk flask, and deaerated under high 

vacuum for 40 min.  The flask was then filled with CO and toluene (4.0 mL, deaerated by 

bubbling with argon for 30 min, and then with CO for 30 min).  The reaction mixture was 

stirred at 90 °C for 18 h under a CO atmosphere at ambient pressure.  The reaction mixture 

was cooled to room temperature, dried and washed with saturated aqueous NaHCO3 solution.  

The combined organic layer was dried (Na2SO4), concentrated and chromatographed [silica, 
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hexanes/CH2Cl2 (5:5 to 3:7)] to afford a reddish solid (11.9 mg, 52%): 1H NMR (400 MHz, 

CDCl3) δ –0.74 (s, 1H), –0.54 (s, 1H), 1.10 (t, J = 7.2 Hz, 3H), 1.62–1.79 (m, 13H), 1.92 (s, 

6H), 1.93 (s, 6H), 4.08 (q, J = 7.2 Hz, 2H), 4.22 (q, J = 7.2 Hz, 2H), 4.33 (s, 2H), 4.44 (t, J = 

8.0 Hz, 2H), 4.74 (s, 2H), 4.78 (q, J = 7.2 Hz, 2H), 8.58 (s, 1H), 8.71 (s, 1H), 9.56 (s, 1H); 

13C NMR (100 MHz, CDCl3) δ 14.3, 14.8, 17.4, 17.6, 20.1, 20.9, 21.0, 30.0, 31.2, 31.3, 31.6, 

40.4, 45.7, 46.1, 52.1, 53.36, 53.45, 61.5, 94.7, 99.4, 99.5, 101.9, 115.2, 122.0, 133.5, 134.6, 

136.2, 136.8, 140.3, 144.3, 162.6, 163.4, 165.9, 168.2, 168.5, 170.5, 176.0; MALDI-MS obsd 

622.9292; ESI-MS obsd 624.3532, calcd 624.3544 [(M + H)+, M = C37H45N5O4]; λabs 

(CH2Cl2) 357, 408, 543, 818 nm. 

15-(4-Aminophenyl)-3,13-bis[3,5-bis(tert-butoxycarbonyl)phenyl]-5-methoxy-

8,8,18,18-tetramethylbacteriochlorin (BC20).  Following a general procedure,52 samples of 

bacteriochlorin BC18 (53.0 mg, 51.4 µmol), 4 (56.3 mg, 0.257 mmol), Pd(PPh3)4 (23.7 mg, 

20.6 µmol), and Cs2CO3 (101 mg, 0.308 mmol) were placed in a Schlenk flask and dried 

under high vacuum for 30 min.  Toluene/DMF [5.1 mL, (2:1), deaerated by bubbling with 

argon for 30 min] was added to the Schlenk flask under argon and deaerated by three freeze-

pump-thaw cycles. The reaction mixture was stirred at 90 °C for 18 h.  The reaction mixture 

was cooled to room temperature, concentrated to dryness, diluted with CH2Cl2 and washed 

with saturated aqueous NaHCO3.  The organic layer was separated, dried (Na2SO4), 

concentrated and chromatographed [silica, CH2Cl2/ethyl acetate (23:2)] to provide a greenish 

solid (38.0 mg, 71%): 1H NMR (300 MHz, CDCl3) δ –1.52 (s, 1H), –1.18 (s, 1H), 1.65 (s, 

18H), 1.69 (s, 18H), 1.85 (s, 6H), 1.98 (s, 6H), 3.60 (s, 2H), 3.68 (s, 3H), 4.00 (s, 2H), 4.38 (s, 

2H), 6.41 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.1 Hz, 1H), 7.26 (s, 1H), 7.62 (d, J = 8.1 Hz, 1H), 
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8.48 (t, J = 1.5 Hz, 1H), 8.64–8.67 (m, 4H), 8.76 (t, J = 1.5 Hz, 1H), 8.91 (d, J = 1.5 Hz, 1H) 

(two anilino NH protons were not observed); 13C NMR (100 MHz, CDCl3) δ 25.1, 28.5, 

31.27, 31.38, 45.1, 46.0, 47.7, 52.4, 63.5, 81.4, 81.8, 83.5, 97.31, 97.37, 114.1, 114.3, 122.9, 

127.0, 127.5, 128.0, 129.1, 131.07, 131.12, 131.9, 132.1, 133.9, 134.1, 134.2, 134.8, 136.0, 

136.2, 136.6, 138.7, 138.9, 145.5, 154.8, 161.9, 165.6, 165.8, 169.06, 169.22; MALDI-MS 

1043.6068; ESI-MS obsd 1044.5475, calcd 1044.5481 [(M + H)+, M = C63H73N5O9]; λabs 

(CH2Cl2) 366, 520, 729 nm.  

15-Bromo-2,12-bis[3,5-bis(tert-butoxycarbonyl)phenyl]-3,13-dimethoxycarbonyl-

5-methoxy-8,8,18,18-tetramethylbacteriochlorin (BC22). Following a general procedure,43 

a solution of bacteriochlorin BC21 (44 mg, 41 µmol) in THF (8.3 mL) was treated with NBS 

(7.3 mg, 41 µmol) in THF (0.41 mL) at room temperature for 1.5 h.  The reaction mixture 

was diluted with CH2Cl2 and washed with saturated aqueous NaHCO3.  The organic layer 

was dried (Na2SO4), concentrated and chromatographed [silica, CH2Cl2/ethyl acetate (19:1)] 

to afford a reddish solid (20 mg, 42%): 1H NMR (300 MHz, CDCl3) δ –1.52 (s, 1H), –1.25 (s, 

1H), 1.66 (s, 36H), 1.83 (s, 6H), 1.86 (s, 6H), 4.16 (s, 3H), 4.20 (s, 3H), 4.28 (s, 3H), 4.37 (s, 

2H), 4.44 (s, 2H), 8.50 (s, 2H), 8.83–8.85 (m, 2H), 8.87–8.88 (m, 4H); 13C NMR (100 MHz) 

δ 14.4, 28.5, 29.9, 31.0, 31.3, 46.0, 47.9, 53.27, 53.39, 54.7, 64.6, 82.04, 82.10, 94.6, 96.7, 

97.1, 98.2, 125.2, 126.0, 129.2, 130.0, 130.4, 131.5, 132.8, 133.1, 133.4, 133.7, 133.9, 134.4, 

134.5, 136.3, 136.6, 158.2, 160.8, 165.08, 165.14, 168.6, 168.8, 169.2, 173.4; ESI-MS obsd 

1147.4245, calcd 1147.4274 [(M + H)+, M = C61H71BrN4O13]; λabs (CH2Cl2) 375, 531, 740 

nm.  
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(III) Protocol for preparation of Mb conjugate   

The following procedure pertains to the use of 60 equiv of bacteriochlorin/Mb.  A 

sample of equine Mb (0.57 mg, 33 nmol) was dissolved in potassium phosphate buffer (0.1 

M, pH 8.3, 0.17 mL).  In a separate vial, bacteriochlorin BC7 or BC8 (2.0 mg, 2.0 µmol, 60 

equiv) was initially dissolved in DMSO (33 µL) and then 137 µL of the same phosphate 

buffer was added with stirring to make a homogeneous bacteriochlorin solution.  The 

resulting bacteriochlorin solution was then transferred to the Mb solution, and incubated in 

the dark for 3 h at room temperature (~23 °C).  The final concentration of Mb was 0.1 mM, 

in which DMSO accounts for 10% by volume.  

The crude bacteriochlorin–Mb conjugate Mb-BC7 or Mb-BC8 was purified by 

passage (gravity-elution) over a PD-10 GPC column (Sephadex G-25 medium, bed 

dimension: 14.5 x 50 mm) with potassium phosphate buffer (0.5 M, pH 7.0) as eluent.  The 

conjugate eluted as a clear dark green band, while free bacteriochlorin (unreacted or 

hydrolyzed bacteriochlorin-NHS ester) remained on top of the column.  The resultant 

conjugate solution was subjected to centrifugal Amicon® Ultra-4 filtration (regenerated 

cellulose, molecular weight cutoff = 10K) for 30 min.  The resulting filtrate lacked 

bacteriochlorin absorption, consistent with the thorough removal of any unconjugated 

bacteriochlorin.  The solution that did not pass through the filter constituted the purified 

bacteriochlorin–Mb conjugate.  MALDI-MS for Mb-BC7: m/z = 198812, 20695, 21509, 

22484 (most intense), 23401, and 24319.  MALDI-MS for Mb-BC8: m/z = 21589, 22509, 

23432 (most intense), 24354 and 25330.  Further data are provided in the ref  80. 
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The following protocol describes the use of 2, 10, or 50 equiv of bacteriochlorin/Mb.  

A sample of Mb (0.52 mg, 30 nmol) was dissolved in potassium phosphate buffer (0.1 M, pH 

8.3, 0.15 mL).  In a separate vial, bacteriochlorin BC7 (60 µg, 60 nmol, 2 equiv or 0.30 mg, 

0.30 µmol, 10 equiv, or 1.5 mg, 1.5 µmol, 50 equiv) was initially dissolved in DMSO (30 µL) 

and then 120 µL of the same phosphate buffer was added with stirring to make a 

homogeneous bacteriochlorin solution.  The resulting bacteriochlorin solution was then 

pipetted into the Mb solution, and incubated in the dark for 3 h at room temperature (~23 °C).  

The final concentration of Mb was 0.1 mM, and DMSO accounts for 10% by volume.  The 

remainder of the protocol is identical for that above with 60 equiv of bacteriochlorin/Mb.  

The characterization data are provided in the body of the paper. 

(IV) Heme-removal protocol 

Following a general procedure,78 the Mb-BC7 conjugate (2, 10, or 50 equiv of BC7) 

in potassium phosphate buffer (100 mM, pH 8.3) was diluted with 2 N HCl to adjust to pH~2 

(pH paper).  An equal volume of 2-butanone was added.  The mixture was shaken gently and 

allowed to stand for 10 min.  The organic layer was discarded.  This procedure (2-butanone 

addition/phase separation/2-butanone removal) was repeated three times (total of four 

extractions).  The aqueous phase containing the resulting apoMb–BC7 conjugate was titrated 

with 2 M NaOH to adjust to pH ~8 (pH paper) for subsequent spectroscopic studies.  The 

characterization data are provided in the body of the paper. 

(V) Fluorescence quantum yield measurements 

The Φf values were determined by excitation into the bacteriochlorin Qx band (511–

570 nm) with emission integrated from 650–850 nm.   Samples were examined in a 1-cm 
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pathlength cuvette at room temperature with absorption of the Qx band of ~0.02–0.03.  The 

absorption of the corresponding Qy band was typically ≤0.1 thereby avoiding the inner filter 

effect.  The yields were determined in the standard manner (with corrected spectra) by 

ratioing to 3,13-bis(3,5-dicarboxyphenyl)-5-methoxy-8,8,18,18-tetramethylbacteriochlorin 

(Φf = 0.078) for studies in aqueous solution,53 or to 2,12-di-p-tolyl-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (Φf = 0.18 in toluene) for studies in DMF.41  

(VI) Förster energy-transfer calculations.   

The following parameters were utilized in the calculation:76,77 dielectric constant n = 

1.33; orientation factor κ2 = 0.67; assumed ε = 120,000 M-1cm-1 for BC7 at 728 nm; Φf = 

0.12 for BC7.  The calculated R0 was 59 Å for BC7-BC7. 
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CHAPTER 6 

Amphiphilic, Hydrophilic, or Hydrophobic Synthetic Bacteriochlorins in 
Biohybrid Light-Harvesting Architectures. Consideration of Molecular Designs 

 

Preamble.  The contents in this chapter have been published58 with contributions from the 

following individuals/groups.  Kanumuri Ramesh Reddy: synthesis of B1 and corresponding 

precursors.  M. Phani Pavan and Elisa Lubian, together with Kanumuri Ramesh Reddy, are 

involved in the bacteriochlorin molecular design.  Michelle A. Harris and Christine Kirmaier 

(the Holten group): Photophysical property studies on dyads.  Jieying Jiao (the Bocian group): 

FT-IR for the peptide-chromophore conjugates.  

Introduction 

Facile access to light-harvesting antennas – designed from first principles and created 

from simple materials – would enrich our fundamental understanding of photosynthetic light 

capture and may prove useful for applications in solar-energy conversion.  While absorption 

of light, the first act in photosynthesis, is ostensibly simple, photosynthetic systems deploy 

100s to 1000s of pigments in elaborate architectures to capture sunlight that is dilute (low 

flux) and spectrally rich (~300 to ~1000 nm); the resulting energy is funneled in sub-

nanoseconds to reaction centers where the processes of energy transduction and ultimate 

storage begins.  Photosynthesis in all of its diverse formats provides a deep knowledge base 

for molecular-based solar-energy conversion, yet earnest efforts over several decades to 

recreate photosynthetic-like light-harvesting processes by purely chemical means have fallen 

far short of the efficiency and versatility of the natural systems.1-4  Chief challenges stem 

from the diverse spectral range of incoming solar radiation, the ephemeral nature of the 
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singlet excited state derived from photon absorption, the sensitivity of highly energetic 

excited states and energy funneling processes to 3-dimensional organization, and the 

requirement to deploy large numbers of chromophores over mesoscale dimensions while 

retaining exacting architectural control at the atomic and sub-nanoscale level.  

A central objective is to create a ‘science of design’ that fulfills such daunting 

objectives, wherein from first principles and readily accessible constituents, mesoscale 

antennas can be created with tailorable performance specifications with regards to spectral 

coverage, absorbance intensity, and efficiency of excitation delivery and transduction.  In a 

preceding paper in this journal, we described our ongoing studies in the development of 

biohybrid antennas.5  Such antennas are comprised of peptides derived from photosynthetic 

bacteria (or synthetic peptide analogues), bacteriochlorophyll a (BChl a) and synthetic 

chromophores.  The general strategy relies on the self-assembly of the photosynthetic 

peptides (α and β) and BChl a to form a dyad composed of two peptides and two BChl a 

molecules (Figure 6.1A); the resulting αβ-dyad then self-associates to give (αβ)n-cyclic 

oligomers that resemble the native light-harvesting antennas LH1 or LH2.  The two-tier 

assembly process is accompanied by a shift in the long-wavelength (Qy) absorption band 

from ~780 nm for the BChl-a monomer to ~820 nm for BChl-a pair in the αβ-dyad, and to 

~875 nm for the BChl-a array in the (αβ)n-oligomer (Figure 6.1B).  The synthetic 

chromophores are covalently attached to one or both of the peptides and then are 

piggybacked into the cyclic oligomers via the two-tiered self-assembly process.  To date, 

synthetic chromophores have been attached covalently to β-peptide analogues at positions –

34, –21, –17, –14, –10, –6, –2 (Figure 6.1A).5-8  The use of appropriately chosen synthetic 
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chromophores enables the spectral coverage of the resulting antenna to be broadened beyond 

that provided by the native antenna. 

 
 

 
Figure 6.1.  (A) αβ-subunit of the LH2 (B800−850) antenna of Phaeospirillum (Phs.) 
molischianum, showing sites used previously for conjugation of synthetic chromophores on 
the presumed equivalent structure in the Rb. sphaeroides LH1 β-peptide.  Coordinating 
histidines are illustrated (black).  (B) Absorption spectra of BChl a in 0.90% octG (mauve), 
αβ-dyad (which contains the BChl-a pair B820) reconstituted from native Rb. sphaeroides α- 
and β-polypeptides and BChl a (gold) in 0.66% octG, and LH1-type (αβ)n-oligomers (which 
contain the BChl-a array B870) formed from subunits (αβ-dyads) by overnight chilling at 
6 °C (blue). 
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The biohybrid approach (1) integrates the blueprint of biological photosynthesis with 

the malleability imparted by synthetic chemistry, (2) employs semisynthesis to combine 

photosynthetic constituents with compounds produced by the exquisite control of modern 

synthetic chemistry, (3) exploits the two-tiered self-assembly process of the natural system to 

convert synthetically tailorable modular constituents into functional mesoscale antennas, and 

(4) enables designer antennas to be rapidly fabricated with features for use in solutions, 

patterned surfaces, and films.  A considerable virtue of the biohybrid antenna approach 

versus that of total (i.e., de novo) chemical synthesis is the reliance on molecules and designs 

that have been selected by the “fine comb of evolution”9,10 and the ensuing self-assembly 

processes to readily form mesoscale constructs.  Few if any de novo synthetic routes are 

available that afford the requisite control over 3-dimensional molecular structure, organize a 

large number of non-identical pigments (with energy gradients in some cases), and achieve 

facile scaling by stitching together readily available small molecules to reach the mesoscale 

size.  The inherent semisynthetic nature of the biohybrid approach fulfills such criteria and 

thereby offers atomic-level control of a mesoscale architecture.  

Our work to date on biohybrid antennas5-8 has given rise to the question “how many 

synthetic chromophores can be attached to the peptides while retaining the requisite features 

for dyad/oligomer self-assembly processes?”  To complement the absorption provided by the 

native array of BChl a molecules in an oligomer antenna, we have to date attached (1) two 

identical synthetic chromophores to a given peptide to enhance the absorption at select 

wavelengths compared to a single unit, or (2) two different chromophores to further expand 

the solar coverage and to make more efficient use of distant sites via two-step relay energy 
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transfer.  This work has so far identified seven distinct sites (Figure 6.1A) on the β-peptide 

that can be used individually or in combinations to afford self-assembly of the resulting 

chromophore–peptide conjugate with the α-peptide and BChl a to give the corresponding 

(αβ)n-oligomer.   

A subsidiary design feature not yet explored concerns the molecular polarity of the 

appended chromophore.  The photosynthetic antenna peptides assemble in the native system 

in bilayer lipid membranes.  Accordingly, the biohybrid antennas are assembled in an 

aqueous detergent medium.  The detergent employed to date is the nonionic surfactant n-

octyl β-D-glucoside (octG), which affords micelles under the assembly conditions employed.  

The synthetic chromophores examined to date include rather hydrophobic molecules such as 

a coumarin11 or bacteriochlorin6-8,12, or somewhat polar xanthenes such as Oregon Green and 

Rhodamine Red.6,8,11  As a prelude to addressing the aforementioned question of loading, we 

sought to examine whether the use of polar chromophores offered any advantage in the 

assembly process.  Although the assembly is carried out in a micellar milieu, a very real 

concern was that the use of three, four or more hydrophobic synthetic chromophores would 

result in precipitation thereby thwarting assembly.  An examination of the question of 

polarity must employ a neutral chromophore that can be tailored with polar groups; such a 

requirement eliminates most synthetic dyes, which are intrinsically charged.13  Hence we 

have turned to derivatization of synthetic bioconjugatable bacteriochlorins to systematically 

examine this aspect of molecular design.  

In the work reported herein, a new amphiphilic bioconjugatable bacteriochlorin (B1, 

vide infra) has been synthesized.  The bacteriochlorin is attached to a native (full-length) β-
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peptide analogue that contains a single cysteine in lieu of a methionine at a position near the 

middle of the main, α-helical region of the β-peptide.  The resulting conjugate is combined 

with BChl a to give the corresponding ββ-dyad (a homo dimer), which cannot self-associate 

to give βn-oligomers.13,14  An analogous hydrophilic bioconjugatable bacteriochlorin (B2) 

was similarly employed to prepare a ββ-dyad.  Static fluorescence and time-resolved 

absorption spectroscopies were utilized to assess the efficiency of energy transfer from the 

synthetic bacteriochlorin to the pair of BChl a molecules embedded in the core of the peptide 

dyad.  The results are compared with those found previously using hydrophobic 

bioconjugatable bacteriochlorins (e.g., B3).  Collectively, the results are valuable in guiding 

the design of more elaborate biohybrid antennas.   

Results and discussion 

(I) Synthetic bioconjugatable bacteriochlorins 

 (A) Reconnaissance. Recent advances in synthesis have afforded access to analogues 

of natural bacteriochlorophylls,19-21 bacteriochlorins derived from porphyrins,22-28 and de 

novo synthesized bacteriochlorins.29-34  The synthetic methodology we have developed to 

access bacteriochlorins is distinguished by (1) incorporation of geminal dimethyl groups at 

the 8 and 18 positions to secure the chromophore from oxidative dehydrogenation leading to 

chlorins or porphyrins, (2) scalability, and (3) amenability to diverse reaction conditions.  

The bacteriochlorins shown in Chart 6.1 exemplify three distinct polarity classes, as B1 

(newly described here) is amphiphilic, B2 is hydrophilic,12 and B3 is hydrophobic.7  Each 

bears a maleimido group for bioconjugation.   
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Chart 6.1.  Amphiphilic (B1), hydrophilic (B2) and hydrophobic (B3) bioconjugatable 
bacteriochlorins. 
 

 

 
A sizable family of “hydrophobic, bioconjugatable, wavelength-tunable 

bacteriochlorins” (including B3) has been prepared and members therein have been 

incorporated in biohybrid antennas.6-8  Members of the general family of “hydrophilic, 
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bioconjugatable, bacteriochlorins” have been created previously.35,36  The first example with 

geminal-dimethyl substituents, B2, was conjugated to a light-harvesting peptide in a proof-

of-principle experiment12 but the corresponding biohybrid antennas were not previously 

investigated.  The development of amphiphilic bacteriochlorins requires tailoring such that 

one side of the molecule is polar and the other is nonpolar.37  The design of the “amphiphilic, 

bioconjugatable bacteriochlorin” B1 shown in Chart 6.1 includes a charged, 

trimethylanilinium as the polar unit, and the bioconjugatable tether as the nonpolar moiety on 

the opposite side of the molecule.  Synthetic access to such Janus-like molecules is made 

possible by recent advances in synthesis, as described in the next section. 

(B) Synthesis of amphiphilic bacteriochlorin B1. A 3,13-dibromo-5-

methoxybacteriochlorin (I, Scheme 6.1) was subjected to selective Sonogashira coupling 

reaction to give B1a,17 which provided a route to bioconjugatable bacteriochlorins for use in 

biomedical imaging studies.38,39  The selectivity of coupling (13-position then 3-position) 

accrued from the steric hindrance imparted by the 5-methoxy group.  To introduce a 

bioconjugatable group, we treated B1a to a Suzuki coupling with boronate 1, which afforded 

the multifunctional bacteriochlorin B1b in 87% yield (Scheme 6.1).  Coupling with 4-

maleimidobutyric acid (2) mediated by N,N-dicyclohexylcarbodiimide (DCC) gave 

bacteriochlorin B1c in 48% yield.  Subsequent quaternization with methyl iodide provided 

the bacteriochlorin B1 in 75% yield.  Bacteriochlorin B1 was characterized by 1H NMR 

spectroscopy, MALDI-MS and ESI-MS, absorption spectroscopy, and fluorescence 

spectroscopy.  The bacteriochlorin exhibited absorption spectral features characteristic of 

bacteriochlorins including native bacteriochlorophylls.40 
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Scheme 6.1.  Synthesis of amphiphilic bioconjugatable bacteriochlorin B1.  
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(II) Bacteriochlorin–peptide conjugate 

(A) Peptide choice. We have employed the native β-peptide analogue β(–14Cys) to 

form ββ-dyads for the following reasons:  (1) the β-peptide dimerizes in the presence of 

BChl a to form ββ-dyads, yet such dyads do not continue to form βn-oligomers;13,14 (2) the β-

peptide can be readily customized and obtained commercially in ample quantities (>50 mg), 

(3) the composition of the ββ-dyad is well defined as are the conditions for its formation, (4) 

an equilibrium is established during formation of the ββ-dyad, hence thermodynamic 

properties may be determined.  By contrast, the native α-peptide from Rb. sphaeroides LH1 

alone with BChl a does not form dyads or oligomers.  On the other hand, ββ-dyads are less 

stable than LH1-type antennas so that care must be taken to measure their energy-transfer 

properties promptly at low temperature (10 °C employed herein). 

(B) Bioconjugate formation and characterization. The bioconjugation reaction was 

carried out with β(–14Cys) at 2 mM and a 50% excess of B1 (3 mM) in a 1:4 solvent 

mixture of Tris buffer (pH 8.6) and N,N-dimethylformamide (DMF) at room temperature for 

3 hours.  The resulting conjugate is hereafter simply denoted β-B1.  The desired conjugate 

was obtained in 57% yield following reverse-phase HPLC purification and exhibited the 

expected peaks upon mass spectrometric analysis.58  The absorption spectrum of the purified 

conjugate β-B1 showed bands due to the peptide in the ultraviolet region (283 nm) and the 

bacteriochlorin in the near-ultraviolet Soret (By, Bx) region (365 nm), visible Qx region (519 

nm), and near-infrared Qy region (748 nm).   
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The fluorescence quantum yield (Φf) for conjugate β-B1 in aqueous buffered 

detergent solution is 0.13, compared to 0.09 for β-B212and 0.15 for β-B38 (Table 6.1).  The 

fluorescence properties of the conjugates can be compared with those of the monomeric 

bacteriochlorins.  Bacteriochlorin B1 showed a Φf of 0.092 in DMF and Φf = 0.023 in the 

mixed solvent of 80% water and 20% DMF.  A diminished fluorescence yield in aqueous 

media is often found for bacteriochlorins.12  For example, the Φf for B2 is 0.16 in DMF and 

0.074 in aqueous buffer.12  In comparison, the average Φf for about three-dozen hydrophobic 

bacteriochlorins in nonpolar media (e.g. toluene) is 0.15 ± 0.03.41,42 

FTIR spectra of peptide–bacteriochlorin conjugates β-B1, β-B2 and β-B3 are shown 

in ref 58.  The spectra are compared with that of peptide β(–14Cys) to which the 

bacteriochlorins are conjugated and to that of the native β-peptide.  All of the spectra show 

the amide I and amide II vibrations at 1546 and 1664 cm−
1, respectively, that are 

characteristic of α-helical peptides.  The similarity of the spectra indicates that replacement 

of the native methionine at the –14-position with Cys and subsequent conjugation of a 

synthetic bacteriochlorin at this site do not compromise the α-helical structure of the peptide.  
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Table 6.1. Energy-Transfer Parameters for Dyadsa  

Parameters 
ββ-dyad formed from conjugate listed 

β-B1 β-B2 β-B3 β-OGR 

Experimental ΦEET 0.85 0.40 0.85 0.50 

Chromophore Donor Φf
b 0.13 0.090 0.15 0.30 

Chromophore Donor λem (nm) 751 732 717 524 

B820 Acceptor ε (M−
1cm−

1) 172,000 172,000 172,000 172,000 

J (x10−
13) (cm6) 6.4 4.0 3.6 0.59 

R0 (Å) 50 43 46 37 

Calculated ΦEET (@ R = 29Å) 0.96 0.92 0.94  0.85  

Calculated ΦEET (@ R = 41Å) 0.77 0.59 0.68 0.41  
aThe calculations use the “R0 method” in which R0 is the distance at which ΦEET = 0.5, 

and thus ΦET = R0
6/(R0

6 + R6), where R0
6 = (8.8 x1023) κ2 Φf J n-4.  Here, J is the spectral 

overlap integral, n is the refractive index (1.333), and κ2 is the orientation factor 
(dynamically averaged value of 2/3).  The fluorescence quantum yield of the donor 
chromophore in the absence of energy transfer was measured for the peptide–chromophore 
conjugate in aqueous phosphate buffer (pH 7.6) containing 0.66% octG using as a reference 
5-methoxy-2,12-di-p-tolylbacteriochlorin (Φf = 0.18 in deoxygenated toluene) and/or free 
base meso-tetraphenylporphyrin (Φf = 0.069 in non-deoxygenated toluene) at room 
temperature.  cThe molar absorptivity (ε) of the acceptor B820 (BChl pair) at the Qy 
maximum is twice the value per BChl for an αβ-dyad determined in ref 43.  The Förster 
energy-transfer efficiencies were calculated using approximate minimum and maximum 
distances between the attached donor chromophore and B820 obtained from molecular 
modeling.  The efficiencies listed in the last two rows correspond to the values at those two 
distances. 

 

 

 
(C) Comparison of hydrophilic, hydrophobic or amphiphilic bacteriochlorins. 

We have previously employed hydrophobic maleimido–bacteriochlorins for attachment to 

peptides analogous to those found in the natural light-harvesting antennas of bacterial 

photosynthesis.6-8,12  The resulting conjugates were then examined in aqueous detergent 
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(micellar) solutions.  The native peptide is very hydrophobic whereas bacteriochlorin B1 

(amphiphilic) and B2 (hydrophilic) are more polar.  Each conjugate herein dissolved well in 

the solvent hexafluoroacetone-trihydrate/acetonitrile/isopropanol (50:17:33) for HPLC 

analysis.  The total isolated yields [including reaction, work-up and HPLC purification] of 57% 

and 50%12 for peptide conjugate β-B1 and β-B2, respectively, are far higher than our 

previous yield (17%) for a hydrophobic chromophore–peptide.7  Accordingly, the 

introduction of hydrophilic/amphiphilic bacteriochlorin to the hydrophobic β-peptide appears 

to facilitate handling and purification.   

(III) ββ-Dyads 

(A) Formation.  Procedures for the formation of bb-dyads were described 

previously6,7,14 and are provided in the Experimental section for completeness.  The 

procedures are analogous to those used for the formation of αβ-dyads.5,8,43-47  Dyad 

formation is a self-assembly process that is sensitive to the composition of the medium, in 

particular the nature and concentration of micelles.  The dependency of octG micelle 

formation in water exhibits a steep and negative temperature dependence over the range 5–

40 °C;48 accordingly, a decrease in temperature increases the critical micelle concentration 

(CMC) of octG (i.e., decreases the concentration of octG micelles).  The association of α- 

and β- (or β- and β-) peptides with each other and BChl a to give dyads can be promoted by 

(1) decreasing the concentration of octG (i.e., by simply adding phosphate buffer to the 

aqueous detergent solution), or (2) keeping the concentration of octG fixed but lowering the 

temperature.  The diminished micelle concentration forces interaction between the 
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hydrophobic surfaces of the conjugates, thereby driving assembly.5  The experimental 

processes are illustrated in Figure 6.2. 

 
 

 

Figure 6.2.  Dyad formation as a function of concentration of octG and temperature.  The 
black squares show the temperature dependence of the CMC.48  The formation of ββ-dyads 
occurs at room temperature by dilution with buffer to bring the detergent concentration 
below the CMC (red circles and arrows) or by chilling the sample to raise the CMC to above 
the given detergent concentration (blue triangle and arrow). 
 
 
 

The peptide for forming dyads was initially contained in an aqueous solution 

containing octG at 30.8 mM (~0.90%), whereupon BChl a was added as well as phosphate 

buffer solution (100 mM, pH 7.6, lacking octG).  The peptide–pigment conjugates examined 

in this manner include β-B1, β-B2, β-B3, as well as the conjugate with Oregon Green (β-

OGR).  When the octG concentration declined to 22.6 mM (~0.66%) by addition of aqueous 

phosphate buffer, dyad formation was noticeable.  Dyad formation reached completion upon 

further dilution [for β-B2 only] of octG to 11.3 mM as shown in the red (vertical) arrow of 

Figure 6.2.  Alternatively, dyad formation also could be induced by chilling the solution at 
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5 °C for 1 h as shown by the blue (horizontal) arrow of Figure 6.2.  The latter process was 

explored with all four of the peptide–chromophore conjugates.  Spectra that illustrate dyad 

formation for β-B1, β-B3 and β-OGR are shown for β-B2 in Figure 6.3.  

In summary, the formation of ββ-dyads entails assembly of four constituents: 2 β-

peptides and two Bchl a molecules.  As such, a priori one expects that the extent of 

association at equilibrium should increase with an increase in concentration of reactants.  The 

paradoxical increase in extent of association upon dilution of reactants is attributed to the 

decrease in concentration of the detergent octG in micelles, which in turn promotes 

hydrophobic interactions of the dyad constituents. 
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Figure 6.3.  Absorption spectra for formation of dyads from β-B2 signaled by the peak at 
823 nm.  (A) Titration of β-B2 at 30.8 mM octG with no BChl a (black) with aliquots of 
BChl a (red, blue, cyan) followed by decreasing concentrations of octG (magenta, dark 
yellow); in total 12 µL of BChl a was added.  (B) Samples at 22.6 mM octG with 12 µL total 
of BChl a before (black) and after 1 h (blue) and 2 h (red) chilling at 5 °C.  (C) Samples at 
22.6 mM with 12 µL total of BChl a before (black) and after dilution of octG concentration 
to 11.3 mM for 0 (blue), 1 (red) and 2 (green) hours.  The spectra were corrected for dilution, 
so that each sample would have the same concentration as the initial sample before dilution.  
The initial sample (30.8 mM octG) prior to addition of BChl a (in panel A) gave an 
absorbance at 727 nm of 0.22 in a 1-cm cuvette.  In panel C, a lamp artifact at 655 nm was 
manually smoothed. 
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(B) Quantitation of assembly.  A quantitative estimate of the extent of dyad 

formation was assessed by multicomponent analysis of the absorption spectrum, making use 

of the known spectra of the BChl a monomer and the BChl a pair B820 in aqueous buffered 

octG solutions, which have Qy peak molar absorptivities of 55,000 M−
1 cm−

1 and 172,000 M−
1 

cm−
1.43  A set of concentrations of 30.8, 25.7, 22.6 and 11.3 mM was examined for (β-

B2/BChl)2 at room temperature.  A simple statement of the reaction equilibrium is given by 

eq 1, where two molecules of free bacteriochlorin–peptide conjugate and two molecules of 

BChl a assemble to give the dyad, denoted generically (β-Z/BChl)2.  Eqs 1 and 2 have been 

regarded as incomplete because the interactive role of detergent is not taken into account.47  

Regardless, the relevant species are free bacteriochlorin–peptide conjugate, free BChl a, and 

dyad.  The percentage of association to give dyad is given by eq 3, where [β-Z]0 denotes the 

initial concentration of the bacteriochlorin–peptide conjugate. 

 
 

 

 
 
 

Multicomponent analysis of the absorption spectra for the room-temperature samples 

in the Qy region determines the concentrations of the dyad, free bacteriochlorin–peptide 

2 β-Z + 2 BChl (β-Z/BChl)2

Kassoc =
[(β-Z/BChl)2]
[β-Z]2 · [BChl]2

Equation 6.1

Equation 6.2

A% =
2 · [(β-Z/BChl)2]

[β-Z]0
Equation 6.3

Z = B1, B2, B3  or OGR



 

 232 

conjugate, and free BChl a.  For the case of the amphiphilic bacteriochlorin–peptide 

conjugate, the concentration of dyad (β-B1/BChl)2, free conjugate β-B1 and free BChl a at 

0.75% was found to be 0.85, 0.16 and 2.18 µM, respectively (note that BChl a was used in 

excess).  The resulting Kassoc was calculated to be 700 × 1016 M3 on the basis of eq 2.  This 

value can be compared with the reported value of ≥ 300 × 1016 M3 under the same conditions 

for native dyads without any chromophores attached.49  The percentage of association is 

calculated to be 94%, on the basis of eq 3, where [β-BC]0 is 1.8 µM for β-B1.  Similar 

analysis on the other chromophore–peptide conjugates was conducted and results are shown 

in ref 58.  

(C) Equilibrium study.  The reversibility of dyad formation was examined by a 

variable-temperature study.  A solution containing the dyad (β-B2/BChl)2 and excess BChl a 

at 22.6 mM octG was examined in a 1-cm pathlength cuvette.  The temperature was varied 

over the range 15–35 °C with a 5 °C increment, with no sample addition or withdrawal from 

the solution during the study.  The constant absorbance at 516 and 728 nm indicates that the 

volume change induced by the temperature change is negligible.  Two cycles (each cycle is 

25→20→15→20→25→30→35→30→25 °C) were conducted.  The results from the first 

cycle are shown in Figure 6.4.  A decrease from 25 to 15 °C induced the formation of dyad, 

and a subsequent increase from 15 to 35 °C caused the dyad to dissociate, as shown by the 

decrease in the 823-nm absorbance of the dyad and the increase in absorbance of the 779-nm 

absorbance of free BChl a.  A subsequent decrease from 35 to 25 °C gave the same dyad 

concentration as the initial state.  An isosbestic peak at 800 nm is consistent with a two-state 

process of BChl a that is free in the monomer form versus paired in the dyad.  This study 
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unambiguously shows that the dyad formation process is reversible as the temperature is 

varied.   

 
 

 

Figure 6.4.  Variable-temperature study of (β-B2/BChl)2 dyad assembly/disassembly at 22.6 
mM octG in aqueous phosphate buffer.  (A) The absorbance at 728 nm is from the synthetic 
bacteriochlorin, at 779 nm is from the free BChl a, and at 823 nm is from the BChl a in the 
dyad.  (B) The absorbance of dyad at 823 nm at various temperatures. 

 
 
 
(D) Energy-transfer studies. The efficiency of excitation energy transfer (ΦEET) 

from the attached chromophore (B1, B2, B3, OGR) to the BChl-a pair (B820) in each ββ-

dyad was determined by static and time-resolved optical studies.  The most straightforward 

measurement is to compare the excitation spectrum of the B820 fluorescence and the 
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absorptance (1 − T) spectrum (where T is transmittance).  Representative results are shown in 

Figure 6.5.  The ΦEET obtained from these studies for the ββ-dyad containing the respective 

attached chromophore is 0.85 (B1), 0.40 (B2), 0.85 (B3) or 0.40 (OGR).  

 

 

 

Figure 6.5. Absorptance (1 − transmittance) spectrum (red) versus fluorescence excitation 
spectrum (blue) at 10 °C using (λdet = 835−840 nm for ββ-dyads (β-B1/BChl)2 (A), (β-
B2/BChl)2 (B), (β-B3/BChl)2 (C) and (β-OGR/BChl)2 (D).  
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Our experience5-8 is that the ΦEET value obtained from the absorptance versus 

excitation spectral analysis is typically near the mean of the values from the various other 

measurements performed, which include (1) the B820 fluorescence yield exciting the 

attached chromophore versus B820 directly, (2) the reduction of the chromophore 

fluorescence intensity and excited-state lifetime in the presence of B820 in the dyad versus in 

its absence in the peptide conjugate, and (3) the dynamics for formation (and decay) of 

excited B820 following excitation of the attached chromophore as probed by ultrafast 

transient absorption spectroscopy.  Such is the case here, and the average value (± 10%) from 

such studies for each ββ-dyad is listed in the top row of Table 6.1.  

Representative results from ultrafast transient absorption studies are shown in Figure 

6.6.  Panels A−D show the decay of the lowest singlet excited state of the chromophore (B1*, 

B2*, B3*, OGR*) as probed by decay of ground-state bleaching or excited-state absorption 

in a select wavelength region; similar decays are found across the visible and near-infrared 

regions and analyzed globally.   Panels A and C shows the first ~50 ps and panels B and D 

show a longer time scale (the data extend to ~8 ns).  Although the decays are all multi-

exponential, visual inspection shows that the excited-state decays are faster in the ββ-dyad 

versus the peptide–bacteriochlorin conjugate because energy transfer to B820 occurs in the 

former but not the latter.   
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Figure 6.6. Representative transient absorption kinetics obtained at 10 °C for chromophore–
peptide conjugates or dyads and probing the decay of the Qy bleaching of the chromophore 
(A−D) or the formation and decay of B820* in the dyad (E, F) using excitation of the 
attached chromophore [B1 (520 nm), B2 (520 nm), B3 (710 nm), OGR (480 nm)] or B820 
directly (590 nm) for dyad (β(–14Cys)/BChl)2, which lacks an attached chromophore.  The 
solid lines are fits to a function containing the instrument response function convolved with 
two or three exponentials plus a constant.  
 
 
 

For the B1 pair, the amplitude-weighted lifetime of ~ 3 ps for B1* in dyad (β-

B1/BChl)2 is substantially faster than that of ~700 ps in conjugate β-B1, consistent with the 

high ΦENT = 0.85 measured for this dyad by fluorescence-excitation versus 1 − T analysis.  

The analogous pairs of values for the other chromophores are ~400 ps versus ~1 ns for B2, 

~30 ps versus ~1 ns for B3, and ~100 ps versus ~1.8 ns for OGR.  The dyad versus conjugate 

difference for B2 is consistent with the modest ΦEET = 0.4 obtained from fluorescence-
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excitation versus 1 − T spectra, and that for B3 with the high ΦEET = 0.85 similarly derived.  

In the case of OGR, the lifetime pair indicates a larger ΦEET than 0.4 obtained from the 

fluorescence-excitation studies, contributing the average value of 0.5 (Table 6.1). 

There can be many reasons for the multi-exponential excited-state decays of the 

chromophore attached to the peptide or in the dyad.  These include multiple conformations, 

locations or orientations of the chromophore with respect to the peptide that afford a range of 

chromophore–peptide interactions that alter to varying degrees the inherent decay rate 

constants (fluorescence, internal conversion, intersystem crossing), provide electron-transfer 

quenching pathways, or give energy transfer to the BChl-a pair B820 with various rate 

constants in the case of the ββ-dyads.  Such effects may occur not only in a single unit (one 

conjugate or one dyad) but also in “aggregates” if formed to some extent, and this tendency 

may be affected by the inherent properties of the attached chromophore.   

If such effects on chromophore properties (other than energy transfer to B820) occur 

to different degrees in the dyad versus conjugate alone, then the extent to which the latter is a 

good benchmark for the former for deducing ΦEET may be compromised.  This latter point is 

an issue in deducing ΦEET from chromophore excited-state lifetime or fluorescence yield 

reduction, but not for the fluorescence-excitation versus absorptance studies because both 

types of spectra are run solely on the dyad with no conjugate control.  In the case of OGR, it 

is known that the nature of the medium and particularly the protonation state of the 

carboxylic acid in this dye (a fluorescein relative) can dramatically affect photophysical 

properties such as fluorescence yield and excited-state lifetime.8  The same may be true to 

some degree for hydrophilic bacteriochlorin B2, which contains four carboxylic acid groups 
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(Chart 6.1).  Such has been found for some (amphiphilic) chlorins and bacteriochlorins 

bearing carboxylic acid functionalities depending on aqueous (micellar) environment.37  Such 

properties may contribute to the multi-exponential excited-state decays and to the lower ΦEET 

of 0.4 or 0.5 in the dyad containing B2 or OGR compared to 0.85 for those housing B1 or B3. 

 Panels E and F in Figure 6.6 show the profiles for the formation and subsequent 

decay of the excited BChl-a pair (B820) in a set of ββ-dyads.  Panel C shows data for the 

first ~25 ps and panel D the next 600 ps (the data set extends to ~8 ns).  Dyad (β(–

14Cys)/BChl)2 (black traces) has the native sequence except for replacement of Met with 

Cys at the −14 position and has no attached chromophore.  Direct excitation of B820 at 590 

nm results in an instrument-limited rise in the combined Qy bleaching and B820* stimulated 

emission (Figure 6.6E), followed by essentially complete decay to the ground state with two 

components with time constants of 810 ps (53%) and 115 ps (40%), giving an amplitude-

weighted lifetime of ~480 ps (Figure 6.6F).   

In contrast, dyads (β-B1/BChl)2 (gold traces) and (β-B3/BChl)2  (mauve traces) 

show a detectable but short lag of 1-2 ps (Figure 6.6E) in the formation of the B820 

bleaching and B820* stimulated emission due to energy transfer from B1 or B3 to B820 

(ΦEET = 0.85).  In both cases, the rise is consistent with a short B1* or B3* lifetime 

component (Figure 6.6A,C).  As noted above, such fast B1* or B3* decay components 

compared to the nanosecond time-scale amplitude-weighted decay in the absence of energy 

transfer are also consistent with the high ΦEET (0.85) in these dyads.  The B820* decay for 

(β-B1/BChl)2 (gold trace in Figure 6.6F) has a mean time constant of ~400 ps that is similar 
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to that for the attached-chromophore-lacking dyad (β(–14Cys)/BChl)2 (black trace) but is 

weighted toward the shorter phases.  The decay of B820* for dyad (β-B3/BChl)2 is faster 

still (mauve trace) with an amplitude-weighted  lifetime of ~50 ps.  This faster decay could 

represent extended interactions between the BChl-a contributing to B820 if the attached 

highly hydrophobic B3 promotes the formation of aggregates or provides a quenching 

pathway for B820*.   

 In contrast, the apparent B820* decay for dyads (β-B2/BChl)2 (green trace) and (β-

OGR/BChl)2 (blue trace) both show considerably longer lags in the formation of B820* via 

energy transfer than for the dyads containing B1 and B3 (Figure 6.6E).  The lag for (β-

B2/BChl)2  is ~10 ps and that for (β-OGR/BChl)2 has two components with time constants 

of ~6 ps and ~26 ps with an amplitude-weighted value of 20 ps.  These lags are consistent 

with B2* and OGR* lifetime components in these time scales measured in the same dyads 

(Figure 6.6B,D).  Furthermore, the decay of B820* is slower in both of these dyads 

compared to the dyad (β(–14Cys)/BChl)2 that has no attached chromophore.  The amplitude-

weighted B820* decay time is ~600 ps for (β-B2/BChl)2  and ~850 ps for (β-OGR/BChl)2.  

The longer apparent B820* decays are due in part to contributions on top of the inherent 

B820* decay with a mean time constant of ~400 ps (found in the absence of attached 

chromophore).  Such contributions are limited by the slower components of the decay of B3* 

or OGR* (Figure 6.6A−D) that reflect the slow phases of B3* → B820 or OGR* → B820 

energy transfer and the modest ΦEET of 0.40 for (β-B2/BChl)2 and 0.50 for (β-OGR/BChl)2  

(Table 6.1).  Collectively, the time-resolved absorption data fully support the conclusions 
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derived from the static fluorescence measurements that the efficiency of energy transfer 

(ΦEET) from amphiphilic B1 and hydrophobic B3 to the BChl-a pair B820 in the ββ-dyads is 

about two-fold greater than for hydrophilic B2 and OGR. 

(E) Studies of multi-exponential decays in dyads.  The multi-exponential decay of 

B820* in the ββ-dyads even in the absence of a covalently attached chromophore could arise 

from a number of sources, as we have discussed previously for 31mer ββ-dyads and (ββ)n-

oligomers and full-length αβ-dyads and (αβ)n-oligomers.5-8  These possibilities include 

multiple conformers associated with different degrees of interactions between the two BChl-

a of a dyad, or a range of interactions between neighboring BChl-a pairs if dyads associate 

with one another and modify the inherent B820* decay properties.   

If such “aggregation” occurs and more than two BChl-a are interacting in a fraction 

of a sample, then that fraction would be more prone to the effects of exciton annihilation if 

the excitation intensity is too high.  The latter possibility was explored in Figure 6.7A, in 

which the decay of the combined B820 ground-state absorption bleaching and B820* 

stimulated emission decay was monitored as a function of the energy of the ~120 fs 

excitation pulse.  The lack of a laser energy (intensity) dependence indicates that exciton 

annihilation does not make a major contribution to the  ~115 ps and ~840 ps decay 

components for dyad (β(–14Cys)/BChl)2, which lacks attached chromophores.  (Studies of 

dyads and oligomers at higher intensities often show the development of faster components 

likely associated with annihilation.)  

The decay kinetics for the case of 1 µJ energy per pulse in Figure 6.7B shows the 

same ~120 ps and ~850 ps components with relative amplitudes of 0.51 and 0.39 found in 
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Figure 6.6D (black).  The long component is on the same order of that found for the B820* 

in αβ-dyads50 and B850* in LH2 rings.51,52  Shorter decays on the order of 30–300 ps also 

have been found in LH2 and attributed to exciton annihilation involving adjacent but 

interacting rings.53-54  In principle the same could occur for “aggregated” dyads, although a 

dependence on intensity is not obvious, at least for ββ-dyads in the absence of attached 

chromophores (Figure 6.7A).  As noted above, an alternative is that the inter-BChl-a 

interactions are not the same within each BChl-a pair (or with neighboring dyads) and thus 

have different degrees of reduction of the lifetime compared to monomeric BChl a, which is 

on the order of 2−4 ns.50,55 

 Förster calculations were performed to estimate the efficiency of energy transfer 

(ΦEET) from the attached chromophore (B1, B2, B3, OGR) to the BChl-a pair target site in 

the associated ββ-dyad.  The calculations were performed using PhotochemCAD.56  In prior 

papers5,6,8 where a larger number of cases (e.g., sites, attached chromophores, multiple 

chromophores) were explored, variations in the ΦEET generally were found to follow 

expectations based on the distance, spectral overlap, and donor photophysical properties that 

underpin the Förster through-space mechanism, despite limitations in knowledge of some 

parameters (e.g., precise distances and orientations.) 
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Figure 6.7. (A) Representative time profile for decay of B820 bleaching plus stimulated 
emission averaged for a ββ-dyad with native β-peptide sequence except for replacement of 
Met by Cys at the −14 position.  The signals were probed over the interval 825−835 nm 
following excitation with a ~100 fs flash at 590 nm using different excitation energies per 
pulse, for samples held at 10 °C.  (B) The decay profile obtained using 1 µJ per pulse along 
with a fit to a function consisting of the convolution of the instrument response and two-
exponentials plus a constant.  The components have time constants of 120 and 850 ps with 
amplitudes of 41% and 53%, with the other 6% due to the constant asymptote. 

 
 
 

 For each ββ-dyad studied here, calculations were performed using estimated 

maximum and minimum distances between the BChl-a acceptor and the attached 

chromophore, given the length and flexibility of the linker (Table 6.1).  The calculated values 

bracket the experimental values for the dyads containing amphiphilic B1 and hydrophobic B3.  

The yields are smaller than expected for hydrophilic B2, even though B2 has similar spectral 
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overlap that those operational for B1 and B3.  Similarly the measured yield for the dyad 

containing OGR is smaller than expected, although the apparent fluorescence yield of OGR 

appears medium dependent and the best choice of system (chromophore, conjugate, medium) 

for comparison is an issue.  The orientation factor is likely involved in these differences, but 

given the flexibility of the linkers, to do more than use an orientation-averaged value is 

beyond the current level of the calculations.  Regardless, the observed ΦEET value is less than 

that calculated for the closest expected interchromophore distance for each of the biohybrid 

antennas.  

Outlook 

The realization of a science of design that enables rapid de novo construction of 

tailor-made light-harvesting antennas remains a great challenge.  The work described herein 

is aimed at gaining a deeper understanding of the requisite polarity properties of the 

molecular constituents for use in the biohybrid approach toward such antennas.  While one or 

a few compounds does not provide the basis for far-reaching conclusions, the amphiphilic or 

hydrophilic bacteriochlorins afford ease of handling of the corresponding conjugate versus 

that of the hydrophobic conjugates.  Moreover, the amphiphilic bacteriochlorin–peptide 

conjugate gave a larger Kassoc for ββ-dyad formation and a higher yield of energy transfer 

versus those of the hydrophilic conjugate.   

Key molecular design issues concern whether amphiphilic character or merely a 

limited amount of polarity of the attached synthetic chromophore suffices to give rise to the 

observed effects, and whether the disparate results from the amphiphilic versus hydrophilic 

bacteriochlorins reflects the fact that the former is (singly) positively charged whereas the 
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latter has (up to four) negative charges.  Regardless, the present results indicate the viability 

of the biohybrid approach for the rapid construction of light-harvesting architectures.  The 

chromophores examined to date afford increased light-gathering capabilities to the resulting 

semisynthetic architectures by funneling energy to the native BChl a molecules.  A study 

wherein a very long-wavelength absorbing chromophore (a terrylene) was covalently 

attached to a chlorophyll–light-harvesting protein demonstrated energy flow from the 

chlorophyll to the synthetic chromophore.57  The access to diverse synthetic chromophores 

and synthetic peptides, in concert with the blueprint of native photosynthesis, augurs well for 

the systematic design of tailorable light-harvesting architectures for fundamental studies as 

well as applications in photonics and solar-energy conversion. 

Experimental section 

(I) General methods 

1H NMR (400 MHz) spectroscopy was performed at room temperature in CDCl3 

(with tetramethylsilane as internal reference) unless noted otherwise.  B1 and bacteriochlorin 

precursors typically exhibited insufficient solubility to be characterized by 13C NMR 

spectroscopy.  Silica gel (40 µm average particle size) was used for column chromatography.  

All solvents were reagent grade and were used as received unless noted otherwise.  THF was 

freshly distilled from sodium/benzophenone ketyl.  Matrix-assisted laser-desorption mass 

spectrometry (MALDI-MS) was performed with the matrix 1,4-bis(5-phenyl-2-oxaxol-2-

yl)benzene15 unless noted otherwise.  Electrospray ionization mass spectrometry (ESI-MS) 

data are reported for the molecular ion or quasimolecular ion.  The peptides employed herein 

were the native α-peptide and an analogue of the β-peptide from LH1 of Rb. sphaeroides.  
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The α-peptide was obtained as described previously.16  The  β-peptide analogue contains Cys 

in place of Met at position –14 (measured from the His at position 0):  

ADKSDLGYTGLTDEQAQELHSVYCSGLWLFSAVAIVAH0LAVYIWRPWF.   

The β-peptide analogue is termed β(–14Cys) and was purchased from Bio-Synthesis 

(Lewisville, Texas) in 90% purity.  BChl a that contains a phytyl esterifying alcohol was 

obtained from Sigma.  Known bacteriochlorin B1a was prepared following literature 

procedures.17  Conjugate β-B212 and β-B38 were prepared as described previously.  All other 

compounds were used as received from commercial sources. 

The variable temperature study of dyad assembly/disassembly was conducted on an 

Agilent 8453 UV-visible spectrophotometer, equipped with a Peltier (solid-state) temperature 

controller.  Real-time temperature was read with a thermocouple inserted into the cuvette.  

Mild magnetic stirring (200 rpm) was employed to ensure rapid and uniform heating/cooling 

processes. 

Static and time-resolved optical studies and single-reflection Fourier transform 

infrared (FTIR) measurements were performed as described.6-8  FTIR studies were performed 

on samples at room temperature.  Optical studies were conducted on samples at 10 °C, 

slightly higher than the temperature at which the dyads were prepared by chilling (and stored) 

to minimize water condensation on the optical cells.   

(II) Synthesis 

3-(5-Amino-3-pyridyl)-5-methoxy-8,8,18,18-tetramethyl-13[2-(4-N,N-dimethyl-

aminophenyl)ethynyl]bacteriochlorin (B1b).  Following a general procedure,7 a mixture of 

3-bromo-5-methoxy-8,8,18,18-tetramethyl-13-[2-(4-N,N-dimethylamino-
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phenyl)ethynyl]bacteriochlorin (B1a, 102 mg, 0.164 mmol), 4,4,5,5-tetramethyl-2-(5-amino-

3-pyridyl)-1,3,2-dioxaborolane (1, 108 mg, 0.492 mmol), Pd(PPh3)4 (57.0 mg, 49.0 µmol) 

and anhydrous K2CO3 (272 mg, 1.97 mmol) was dried in a Schlenk flask for 1 h.  

DMF/toluene [16.4 mL (1:2), degassed by bubbling argon for 30 min] was added, and the 

reaction mixture was deaerated by three “freeze–pump–thaw” cycles.  The reaction mixture 

was heated at 90 °C for 18 h.  After cooling to room temperature, the solvent was removed.  

The resulting solid was dissolved in CH2Cl2 and washed with saturated aqueous NaHCO3 

solution.  The organic layer was separated, dried (Na2SO4), and concentrated.  The residue 

was chromatographed [silica, ethyl acetate/triethylamine (5:1)] to afford a green solid that 

contained a small amount of triphenylphosphine oxide.  The triphenylphosphine oxide was 

removed by washing with Et2O/hexanes (3:2) to provide a green solid (90 mg, 87%): 1H 

NMR δ –1.80 (brs, 1H), –1.66 (brs, 1H), 1.95 (s, 12H), 3.09 (s, 6H), 3.69 (s, 3H), 3.88 (brs, 

2H), 4.33 (s, 2H), 4.43 (s, 2H), 6.82 (d, J = 9.2 Hz, 2H), 7.74–7.80 (m, 3H), 8.28 (d, J = 2.8 

Hz, 1H), 8.55 (s, 1H), 8.57–8.61 (m, 2H), 8.74–8.80 (m, 2H), 8.95 (s, 1H); MALDI-MS obsd 

635.3; ESI-MS obsd 636.3448; calcd 636.3445 [(M + H)+, M = C40H41N7O]; λabs (CH2Cl2) 

364, 517, 747 nm.  

3-[5-(4-Maleimidobutyramido)-3-pyridyl)-5-methoxy-8,8,18,18-tetramethyl-13-

[2-(4-(N,N-dimethylamino)phenyl)ethynyl]bacteriochlorin (B1c).  A mixture of B1b (10.0 

mg, 0.0157 mmol), 4-maleimidobutyric acid (2, 2.87 mg, 15.7 µmol) and DCC (3.20 mg, 

15.7 µmol) in CHCl3 (1.5 mL, 10 mM) was stirred at room temperature for 24 h.  Then the 

reaction mixture was washed with aqueous NaHCO3 solution, dried (Na2SO4), concentrated 

and chromatographed [silica, CH2Cl2/MeOH (1:1)] to provide a green solid (6.0 mg, 48% 
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yield, 95% purity): 1H NMR δ –1.66 (brs, 1H), –1.56 (brs, 1H), 1.94 (s, 12H), 2.08–2.16 (m, 

2H), 2.49 (t, J = 6.4 Hz, 2H), 3.09 (s, 6H), 3.64 (s, 3H), 3.71 (t, J = 6.4 Hz, 2H), 4.29 (brs, 

2H), 4.24 (s, 2H), 6.73 (s, 2H), 6.82 (d, J = 8.8 Hz, 2H), 7.76 (d, J = 8.8 Hz, 2H), 8.51 (s, 

1H), 8.56 (s, 1H), 8.60 (d, J = 2.4 Hz, 1H), 8.73 (d, J = 2.2 Hz, 2H), 8.92 (s, 2H), 9.06 (s, 

1H), 9.11 (s, 1H); MALDI-MS obsd 800.3; ESI-MS obsd 801.3860; calcd 801.3871 [(M + 

H)+, M = C48H48N8O4], λabs (CH2Cl2) 363, 517, 747 nm.   

3-[5-(4-Maleimidobutyramido)-3-pyridyl]-5-methoxy-8,8,18,18-tetramethyl-

13[2-(4-N,N,N-trimethylammoniophenyl)ethynyl]bacteriochlorin iodide (B1).  Following 

a general method for quaternization,18 a solution of B1c (6.0 mg, 7.5 µmol) in CHCl3 (1.0 

mL, stabilized with EtOH) was treated with MeI (37 µL, 0.60 mmol), and reaction mixture 

was stirred under argon for 24 h.  At this time a solid had settled on the walls and bottom of 

the vial.  Excess MeI was removed, and anhydrous Et2O (10 mL) was added.  The suspension 

was sonicated for 2 min and then centrifuged.  The supernatant was decanted.  The remaining 

solid was dried under high vacuum to afford a pink solid (5.2 mg, 75%): 1H NMR (CD3OD) 

δ 1.94 (s, 6H), 1.95 (s, 6H), 1.96–1.97 (m, 2H), 2.60 (t, J = 7.2 Hz, 2H), 3.08 (s, 9H), 3.67 (t, 

J = 7.2 Hz, 2H), 3.71 (s, 3H), 4.28 (s, 2H), 4.40 (s, 2H), 6.85 (s, 2H), 6.88 (d, J = 9.3 Hz, 2H), 

7.69 (d, J = 9.3 Hz, 2H), 8.59 (d, J = 4.8 Hz, 2H), 8.70 (s, 1H), 8.78 (d, J = 3.0 Hz, 2H), 8.91 

(s, 1H), 9.36 (s, 1H), 9.67 (s, 1H), two N-pyrrolic protons and one amide proton are missing 

due to the use of CD3OD; MALDI-MS obsd 816.7 (M+), 801.7 (M–Me)+, 786.6 (M–Me2)+; 

ESI-MS obsd 815.4030; calcd 815.4028 [(M – I)+, M = C49H51IN8O4]; λabs (H2O) 366, 522, 

749 nm.  
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(III) Preparation of β-B1 

A sample of β(–14Cys) (1.5 mg, 0.28 µmol) was dissolved in DMF (56 µL) 

whereupon Tris buffer (14 µL, pH 8.6) was added while the mixture was stirred under a 

steady flow of argon.  The protein appeared to readily go into solution in DMF and stay in 

solution when Tris buffer was added.  Similarly, a sample of B1 (0.40 mg, 0.42 µmol) was 

dissolved in DMF (56 µL) whereupon Tris buffer (14 µL, pH 8.6) was added.  The 

bacteriochlorin solution was then added dropwise to the peptide solution over 2 min with 

stirring under argon.  The reaction vessel was stoppered and stirred at room temperature for 2 

h in the dark.  The reaction mixture was treated with DMF (200 µL) and sonicated for 3 min, 

followed by centrifugation at 4000 rpm for 10 min.  The supernatant was gently decanted and 

the procedure was repeated twice in an effort to completely remove excess (unreacted) B1.  

Analytical HPLC was performed as described in ref 8 and repeated herein for completion: 

Analytical HPLC was performed on a Hewlett-Packard 1100 series instrument using a C4 

column (Vydac, 10 µm, 300 Å, 150 mm x 4.6 mm) in series with a guard column.  The 

HPLC solvent system consisted of (A) 0.1% trifluoroacetic acid in water as the aqueous 

solvent and (B) 0.1% trifluoroacetic acid in 1:2 (v/v) acetonitrile/2-propanol as the organic 

solvent.  The original composition of A/B is 50/50 (v/v), and the use of a gradient afforded 

the final composition of A/B (30/70) at 48 min.  In other words, the HPLC solvent was 

initially H2O (50%), CH3CN (16.7%), isopropanol (33.3%), and trifluoroacetic acid (0.1%), 

which has pH 2.01.  The use of a gradient afforded a final composition of H2O (30%), 

CH3CN (23.3%), isopropanol (46.6%), and trifluoroacetic acid (0.1%) at 48 min.  The flow 
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rate was 0.8 mL/min for the analytical.  The conjugate was injected (10–40 µL) at a 

concentration of 0.5–1.0 mM in a solution of hexafluoroacetone trihydrate (25%), water 

(37.5%), CH3CN (12.5%), and isopropanol (25%).  The conjugate was first dissolved in neat 

hexafluoroacetone trihydrate and then the other solvents were added to give the injection 

sample; the conjugate was soluble in this solvent mixture.  The resulting brownish residue 

was dried under vacuum for 30 min.  Addition of hexafluoroacetone trihydrate (40 µL) to the 

brownish solid followed by sonication for 3 min completely dissolved the solid.  Addition of 

80 µL of a solvent mixture [composed of H2O (50%), isopropanol (33.3%), acetonitrile 

(17.6%) and trifluoroacetic acid (0.1%)] caused a change from pink back to brownish.  This 

mixture was centrifuged to remove (visibly evident) insoluble particles.  The resulting 

supernatant was analyzed by HPLC.  The total (isolated) yield was determined to be 57% on 

the basis of absorption spectroscopy of the conjugate versus the starting peptide.   

The resulting bacteriochlorin–peptide conjugate β-B1 was examined by mass 

spectrometry.  ESI-MS analysis afforded a set of peaks with varying number of charges, 

which upon hypermass ion reconstruction gave the base peak at m/z = 6242.1240.58  The 

bacteriochlorin–peptide conjugate in native form bears a single permanent charge due to the 

trimethylammonium group.  To determine the monoisotopic mass, the observed peak (m/z = 

1041.0274; z = 6) corresponds to the monoisotopic value of 6241.1644 [for the singly 

charged species, β-B1, which agreed well (11.3 ppm) with the theoretical value of 6241.0938 

(M+, M = C303H420N69O74S).  Such data can be compared with those for the peptide β(–

14Cys), which gave m/z = 5425.7052 (calcd 5425.6905, M+, M = C254H369N61O70S) and m/z 

= 5428.7056 as the base peak.58  Analysis also was carried out by MALDI-MS analysis (with 



 

 250 

the matrix α-cyano-4-hydroxycinnamic acid).  The data for β-B1 (obsd 6231.6763) can be 

compared with those of the peptide β(–14Cys): obsd 5429.4814.  In both cases a small, 

systematic mass displacement error occurred owing to the choice of calibrants. 

(IV) Dyad formation from β-B1 

Under dim light, a sample of β-B1 (~0.03 mg) was solubilized in 10 µL of 

hexafluoroacetone trihydrate, diluted with 0.5 mL of 154 mM octG in 100 mM phosphate 

buffer solution (pH 7.6), and then diluted 3-fold with the same buffer (lacking octG) to bring 

the octG concentration to 30.8 mM.  This detergent solution containing β-B1 was neutralized 

by addition of 15 µL of 3 M potassium hydroxide solution.  Aliquots of BChl a in degassed 

acetone (~1.5 mM) were then added (4.0 µL first, then 4.0 µL x 2 to give 12 µL total) to the 

solution; the change in absorption upon such additions of BChl a is shown in Figure 6.8.  

Formation of dyads was then induced by (1) addition of 100 mM phosphate buffer solution 

(pH 7.6, lacking octG) to decrease the octG concentration first to 30.8 mM, 25.7 mM and 

then to 22.6 mM, followed by (2) chilling the sample at 5 °C.  The dilution of the octG 

detergent and the chilling processes change the respective protein and micelle concentrations.  
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Figure 6.8.  Absorption spectra for formation of dyads signaled by the peak at 822 nm.  
Titration of β-B1 (A), β-B3 (C) or β-OGR (E) in aqueous phosphate buffer containing 30.8 
mM octG with BChl a (in acetone) followed by phosphate buffer without octG (to dilute the 
octG ultimately to 22.6 mM).  Samples of β-B1 (B), β-B3 (D) and β-OGR (F) in 22.6 mM 
octG before and after chilling at 5 °C.  The spectra were corrected for dilution.  The initial 
sample (30.8 mM octG) prior to addition of BChl a gave an absorbance at 745 nm of 0.22 
for β-B1 (A), at 727 nm of 0.63 for β-B3 (C) and at 502 nm of 0.34 for β-OGR (E), all in a 
1-cm cuvette.  The last trace (black) in panel A, C, or E is the first trace in panel B, D, or F, 
respectively. 
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CHAPTER 7 

Versatile Design of Biohybrid Light-Harvesting Architectures to Tune  
Location, Density and Spectral Coverage of Attached Synthetic  

Chromophores for Enhanced Energy Capture 
 

Preamble.  The contents in this chapter have been published61 with contributions from the 

following individuals/groups.  Michelle A. Harris and Christine Kirmaier (the Holten group): 

photophysical property studies on biohybrids.  Jieying Jiao (the Bocian group): FT-IR study 

on peptide-chromophore conjugates.  Pamela S. Parkes-Loach (the Loach group): 

construction of biohybrids from peptide-chromophore conjugate.  

Introduction 

The design of next generation solar light collectors may serve a broad range of 

applications.  Applications for maximum energy output require broad spectral coverage to 

harvest as much solar energy as possible, whereas light-activated sensors or switches may 

only utilize one of several narrow spectral windows.  In both types of applications, the light-

harvesting features must be tailored to the downstream needs with avoidance of deleterious 

processes such as excited-state quenching or formation of reactive (oxygen) species.  A 

‘science of design’ is required to fulfill such daunting objectives, wherein the molecular 

architecture is chosen from first principles and the requisite constituents are then assembled 

in a straightforward and rational manner.  While photosynthesis in all of its diverse formats 

provides blueprints for molecular-based solar energy conversion, earnest efforts over several 

decades to recreate photosynthetic-like processes by purely chemical means have fallen far 

short of the efficiency and versatility of the natural systems.   Indeed, with relatively few 
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albeit notable exceptions,1-3 extant synthetic light-harvesting architectures generally rely on 

covalent linkages for organization rather than supramolecular self-assembly, contain far 

fewer chromophores than those in the natural systems, and generally absorb light in the 

visible rather than the photon-rich near-infrared (NIR) region.4-6  Whereas most synthetic 

light-harvesting architectures contain <10 chromophores or so, the natural photosynthetic 

light-harvesting systems ultimately deploy hundreds of chromophores (e.g., chlorophylls, 

bacteriochlorophylls, carotenoids, bilins) in self-assembled architectures that span mesoscale 

dimensions. 

As a step towards developing a versatile platform technology to create molecular 

light-harvesting architectures that rival natural photosynthetic antennas and exhibit the design 

latitude suitable for next generation solar energy conversion, we have turned to a 

semisynthesis approach.7-9  Semisynthesis combines modern synthetic chemistry and 

abundant natural constituents.  The semisynthesis approach we have explored builds on the 

light-harvesting blueprint from photosynthetic bacteria, where nanoscale antenna complexes 

are formed by a two-tiered self-assembly process.  The light-harvesting complexes in 

photosynthetic bacteria are comprised of cyclic oligomers of discrete subunits, each of which 

contains two small (5−6 kDa) peptides, α and β, that provide the scaffold and organization 

for two bacteriochlorophyll a (BChl a) molecules.10-11  The semisynthesis approach employs 

synthetic analogues of one or both of the peptides, to which are attached synthetic 

chromophores.  The subsequent self-assembly process affords a ‘biohybrid antenna’ 

resembling the native antenna in size and complexity yet also contains synthetic 

chromophores that confer added spectral coverage. 
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The success of the biohybrid approach stems in part from the robustness of the 

peptides and the choice of placement of the synthetic chromophores therein.  The peptides do 

not lose their α-helicity despite being lyophilized and dissolved in organic solvents or in 

aqueous detergent solutions.9,12,13  The reconstitution of the separately isolated native 

components, or engineered native-like analogues, is a two-tier assembly process analogous to 

that in the formation of natural bacterial antenna systems.  The two BChl a molecules 

associate with the α- and β-peptides to form a dyad ‘subunit’ (Figure 7.1a) under specific 

conditions.14,15  The conditions can then be altered to favor assembly of subunits into cyclic 

LH1-type oligomers (Figure 7.1b and 7.1c).9  Whereas the long-wavelength (Qy) band of 

monomeric BChl a is at ~780 nm, the dyad of two interacting BChl a (denoted B820) in the 

subunit absorbs at ~820 nm, and the absorption of the larger array of BChl a (denoted B875) 

in the LH1-type oligomer is shifted to still longer wavelengths, typically ~875 nm (Figure 

7.1d).  In some native membranes, the cyclic oligomer structures can associate to form large, 

two-dimensional antenna arrays.16-18  The peptides can also be modified at the N and C 

termini to facilitate preparation of monolayers on metallic surfaces.19 
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Figure 7.1.  (a) αβ-subunit of the LH2 (B800−850) complex of Phaeospirillum (Phs.) 
molischianum.20  Coordinating histidines are illustrated (black). (b and c)  Side and top view 
of a model of the Rb. sphaeroides LH1 oligomer; the model is in ref 21, which lacks protein 
PufX and thus shows a closed ring.  The α-peptides (blue) are on the inside of the ring and 
the β-peptides (green) are on the outside.  BChl a are colored magenta.  (d) Absorption 
spectra of BChl a in 0.90% octyl glucoside (mauve), αβ-dyad (B820) reconstituted from 
native Rb. sphaeroides α- and β-peptides and BChl a (gold) in 0.66% octyl glucoside and 
LH1-type (αβ)n-oligomers formed from subunits (αβ-dyads) by overnight chilling at 6 °C 
(blue). 
 
 
 

Using knowledge from crystal structures of analogous LH2 bacterial antenna 

structures20,22,23 and from structure-function reconstitution work,14-15 the peptides were 

modified so that a chromophore could be covalently attached without disrupting the assembly 

of the peptides and BChl a to form subunits (B820-containing αβ-dyads) and LH1-type 

complexes (B875-containing (αβ)n-oligomers).  On the basis of spectroscopic analogy with 
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native LH1 complexes21,24-27 as well as direct examination by electron microscopy, the 

biohybrid LH1-type oligomers were found to exist as rings with a distribution of sizes that on 

the whole were slightly smaller than the natural complexes.9  Given the distribution of rings 

with 14–16 dyads, the overall light-harvesting architecture contain an average of 30 non-

covalently bound BChl a (B875) and hence an average of 15 additional covalently bound 

synthetic chromophores. 

  In previous work,7-9 a palette of bacteriochlorins was synthesized and members 

therein were attached to the peptides to form dyads containing the synthetic bacteriochlorin 

and BChl a.  These bacteriochlorins can be designed to have the long-wavelength (Qy) band 

at a specific wavelength in the NIR region (see subset in Figure 7.2a)8,28 and, in so doing 

make the antenna spectrally tunable.  Other chromophores such as Oregon Green (OGR) or 

Rhodamine Red were also attached to the peptides.  By attaching such chromophores, one 

per peptide, the spectral coverage of the light-harvesting complex was increased.  These 

covalently attached chromophores have been shown to have a high efficiency of excitation 

energy transfer (ΦEET) to B875 (the BChl a array) in the oligomer.  Moreover, the assembly 

of two distinct dyads was examined wherein each contains a distinct chromophore to give a 

heterogeneous mixture of oligomers.  In so doing, the ΦEET from a distant chromophore to 

B875 was significantly enhanced by relay energy transfer via a more proximal 

chromophore.9 
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Figure 7.2. (a) Normalized absorption (solid) and fluorescence (dashed) spectra of the 
commercial dye Oregen Green 488 maleimide (OGR), bioconjugatable bacteriochlorins BC1, 
BC2 and BC3, and BChl a ring B875 in LH1-type antenna.  (b) Structures of BC1, BC2, 
BC3, OGR, and BChl a. 
 
 
 

The present work extends our knowledge of the biohybrid antennas in three ways.  

First, seven different sites for the covalent attachment of chromophores to the peptide have 

been explored and the resulting conjugates tested for the capacity to form dyad subunits and 

b 
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LH1-type oligomers.  To correlate the distance between the attached chromophore and B875 

with the energy-transfer efficiency, the same bacteriochlorin was attached to each of the 

different sites and ΦEET measured.  Second, to test the effects of increasing chromophore 

density, two identical chromophores were attached to the same peptide and reconstituted into 

an LH1-type oligomer, and ΦEET was measured.  Finally, to further explore ways to increase 

spectral coverage, a mixture of three distinct conjugates, each consisting of a β-peptide and a 

distinct single chromophore, were used to form heterogeneous LH1-type oligomers.  

Collectively, the results further the development of a versatile platform technology for the 

design and assembly of modular light-harvesting complexes for specific purposes. 

Methods and materials 

(I) Peptides 

Six synthetic peptides (Bio-Synthesis, Lewisville, TX) were used in these studies.  

Each contained 48 amino acids with a sequence identical to that of the β-peptide of 

Rhodobacter (Rb.) sphaeroides LH1 except for the substitutions shown in Table 7.1.  The 

substitution(s) of each residue in the respective peptides is to install a cysteine residue, with 

one exception entailing the introduction of propargyl glycine (PGly).  The former enables 

conjugation with maleimide-tethered chromophores as described herein whereas the latter is 

employed in click chemistry (not examined herein).  Each peptide exhibited >90% purity on 

the basis of HPLC data and each gave the expected peak upon mass spectrometry.61  The α-

peptide used in these studies was the native LH1 α-peptide of Rb. sphaeroides, isolated from 

the LH2-less mutant, puc705BA, as previously described.9 
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Table 7.1.  Synthetic peptides,a conjugates, and oligomer antenna. 

Peptide Modification Chromophore Chromophore–Peptide 
Conjugate 

β(−2) Val(−2)→Cys BC2 β(−2)BC2 

β(−6) Ala(−6)→Cys BC2 β(−6)BC2 

β(−14) Met(−14)→Cys BC1 β(−14)BC1 

β(−14) Met(−14)→Cys BC2 β(−14)BC2 

β(−14) Met(−14)→Cys BC3 β(−14)BC3 

β(−34) Ser(−34)→Cys BC2 β(−34)BC2 

β(−10,−21) 
Trp(−10)→Cys, 
Gln(−21)→Cys 

 
OGR β(−10)OGR(−21)OGR 

β(−10,−21) 
Trp(−10)→Cys, 
Gln(−21)→Cys 

 
BC2 β(−10)BC2(−21) 

β(−10,−21) 
Trp(−10)→Cys, 
Gln(−21)→Cys 

 
BC2 β(−10)(−21)BC2 

β(−10,−21) 
Trp(−10)→Cys, 
Gln(−21)→Cys 

 
BC2 β(−10)BC2(−21)BC2 

β(−10,−17) Trp(−10)→PGly, 

Ser(−17)→Cys 
BC2 β(−10PGly)(−17)BC2 

aThe sequence of the native Rb. sphaeroides LH1 β-peptide is as follows:  
ADKS-34DLGYTGLTDEQAQ-21ELHS-17VYM-14SGLW-10LFSA-6VAIV-2AH0LAVYIWRPWF 
where H is position 0 and the designated amino acids are the positions modified herein.  
 

 
(II) Chromophores 
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The structures of the chromophores used in this work are shown in Figure 7.2b.  

Bacteriochlorophyll a with a geranylgeranyl esterifying alcohol (Qy λmax = 777 nm) was 

isolated from membranes of the G9 carotenoidless mutant of Rhodospirillum (Rsp.) 

rubrum.29  The geranylgeranyl bacteriochlorophyll a30 is hereafter referred to as BChl a for 

simplicity.  The dye Oregon Green 488 maleimide (OGR, λmax = 488 nm) was purchased 

from Invitrogen: Molecular Probes.  The synthetic bacteriochlorins BC1 (Qy λmax = 713 nm) 

and BC2 (Qy λmax = 729 nm) were synthesized as described previously (Reddy et al. 2013).  

Bacteriochlorin BC3 (Qy λmax = 758 nm) was prepared61 by attachment of a maleimide tether 

to 3,13-diethoxycarbonyl-2,12-dimesityl-5-methoxy-8,8,18,18-tetramethylbacteriochlorin28 

using established methods.8  The three synthetic bacteriochlorins exhibit spectroscopic and 

photochemical features8 resembling those of native bacteriochlorophylls.31 

(III) Chromophore–peptide conjugates  

Synthetic bacteriochlorins BC1, BC2, BC3 and commercial dye OGR were 

individually conjugated to the appropriate peptide in a solution of N,N-dimethylformamide 

and aqueous Tris buffer using standard procedures9 to produce 1:1 chromophore–peptide 

conjugates or, in the case of the diCys peptide β(−10,−21), 1:1 or 2:1 chromophore–peptide 

conjugates (Table 7.1).  The ratio of chromophore/peptide in the HPLC-purified products 

was determined on the basis of molar absorption coefficients of the peptide at 289 nm and the 

bacteriochlorin at its Qy maximum (Figure 7.3A).  The stoichiometry of chromophore per 

peptide for each conjugate was confirmed by electrospray ionization mass spectral 

analysis.32-34  Further details are given in the ref 61. 

(IV) Formation of subunits and LH1-type complexes  
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Specific chromophore–peptide conjugates were mixed with α-peptide and BChl a to 

form subunits with λmax ~ 820 nm (Figure 7.1d) as described previously.8,9  Careful titration 

of BChl a to the conjugate is especially important to maximize the formation of subunits and 

minimize the amount of free BChl a and free conjugate.  This objective is achieved by 

adding BChl a in small increments until the absorbance increase upon addition is larger at 

781 nm (free BChl a) than at 823 nm (subunit), as is illustrated in Figure 7.3b.  The LH1-

type biohybrid antenna, which exhibit λmax ~875 nm (Figure 7.1d), are then formed as 

previously described.8,9 

 In several experiments, β-peptides each with a distinct chromophore were mixed 

together to form oligomers with a heterogeneous chromophore composition.  The usual 

procedure8,9 was followed with the following modification.  The first conjugate was 

dissolved in hexafluoroacetone-trihydrate (HFA) and treated with an aliquot of 4.5% (w/v) n-

octyl β-D-glucoside (hereafter referred to as ‘octyl glucoside’) in 50 mM potassium 

phosphate buffer (pH 7.5).  The resulting conjugate solution was then added to the second 

conjugate to afford a binary mixture, which then was added to the third conjugate.  The 

resulting ternary mixture of conjugates was combined with the α-peptide, and subsequent 

treatment with BChl a formed the corresponding mixture of subunits. 

(V) Photophysical and infrared characterization studies  

Static and time-resolved optical studies and single-reflection Fourier transform 

infrared (FTIR) measurements were performed as described previously.7-9  Photophysical 

measurements were typically made on samples contained in 1 cm path cuvettes held at 10 °C 

that had absorbance of 0.1−0.3 at 875 nm.  Samples for fluorescence studies typically had an 
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absorbance of ≤0.1 at the excitation wavelength.  Transient absorption measurements utilized 

~100 fs, 0.5 µJ excitation flashes (1 mm diameter) in the visible or NIR spectral region. FTIR 

studies utilized a sample solution deposited on an Au substrate and a spectrometer equipped 

with a Ge attenuated total reflection (GATRTM) accessory at a spectral resolution of 4 cm−
1.  

Each spectrum was recorded at room temperature with dry N2 purging and is the average of 

256 scans.   

Results and discussion 

(I) Multiple sites of attachment to the β-peptide 

There are many favorable characteristics of the native Rb. sphaeroides LH1 α- and β-

peptides for preparation of the biohybrid light-harvesting complexes.  The peptides are small 

in size, around 50 amino acids long, and are therefore easy to synthesize and manipulate.  

The peptides specifically associate with each other and BChl a to form well-defined subunits 

(αβ-dyads) which in turn associate to form LH1-type oligomers.  The extensive structural 

information available for the subunit and oligomer greatly facilitates molecular design for 

semisynthesis approaches.  Although there is no high-resolution crystal structure for LH1, 

there are for the related LH2 complexes.20,22,23  In addition, solution NMR structures are 

available of Rb. sphaeroides LH1 β-peptide35,36 and Rsp. rubrum LH1 α- and β-peptides.37,38  

Together with a host of mutagenesis, chemical synthesis and structural information from 

resonance Raman and other spectroscopic data15,39-46 the structures of the Rb. sphaeroides 

dyad and LH1 oligomers can be readily inferred. 

 Single-reflection FTIR studies of the new Cys-peptides and chromophore−peptide 

conjugates employed herein (Figure 7.3) and related peptides and conjugates reported 



 

 269 

previously (Harris et al. 2013) show that the α-helical structure of the native α- and β-

peptides is not compromised by Cys (or PGly) substitution of β at one position (–2, –6, –14, 

or –34), at two positions (−10 and −21 or −10 and −17), or with chromophore attachment at 

these positions to form a β-peptide conjugate with any of the three synthetic bacteriochlorins 

(BC1, BC2, BC3).  The helical structure is indicated by the amide-I and amide-II vibrations.  

Similar results were found previously for truncated 31-mer analogues of the β-peptide, 

including upon attachment of OGR, BC1 or BC2 to the β-peptide.7,8 
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Figure 7.3.  Single-reflection FTIR spectra of synthetic native-length peptides, Cys-mutants, 
and chromophore–peptide conjugates in films on gold.  The α-helix signature amide-I and 
amide-II bands are labeled and the positions indicated by the vertical red and blue dashed 
lines, respectively.  The maximum absorbance is typically in the range 0.001 to 0.01.   
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On the basis of this knowledge, amino acid sites can be chosen where modifications 

are unlikely to inhibit the interactions of the peptides and BChl a to form subunits and LH1-

type oligomers.  For our purposes, sites are chosen on the outside-facing parts of the β-

peptide α-helix in the subunit so as to not interfere with the interactions between BChl a and 

the peptides.  The available sites are −2, −6, −10, −14, −17, −21 or −34 (Figure 7.4a).  Four 

peptides contained a single replacement of an amino acid with Cys, one contained two Cys 

replacements, and one contained one Cys and one PGly.  The chromophore BC2 was 

covalently attached to a synthetic Cys-containing β-peptide in 1:1 ratio through a maleimide 

linkage.  Other conjugates were prepared with BC1, BC3 or OGR.  All of the resulting 

conjugates are listed in Table 7.1.  Each conjugate was subsequently reconstituted with the α-

peptide and BChl a to form subunits and LH1-type oligomers.  As an example, Figure 7.4b 

shows the absorption spectrum of the oligomer formed with the the native α-peptide, BChl a, 

and β(−14)BC2 or β(−14) alone (without BC2 attached).  Since the LH1-type oligomer is 

readily formed in both cases, the attached chromophore does not prevent formation of 

subunit and oligomer.  This was true for all seven peptide conjugates with BC2 attached.61  
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Figure 7.4.  (a) αβ-subunit of the LH2 (B800−850) complex of Phs. molischianum showing 
locations of conjugation of BC2 to the presumed equivalent structure in the Rb. sphaeroides 
LH1 β-peptide.  (b) Absorption spectra of the LH1-type complex prepared from the native α-
peptide, BChl a and β(−14) (grey) or β(−14)BC2 (red).  Spectra were normalized at the B875 
nm peak and offset vertically for clarity.     
 
 
 

Sites −2 through −21 are on the α-helical part of the β-peptide with −2 being the 

closest to the BChl a pair of the αβ-dyad while site −34 is near the N-terminus on a more 

flexible part of the peptide.  The association constants for conjugates at sites −14, −17 and 

−34 were comparable to that for combining the native α- and β-peptides and BChl a.15  For 

conjugates at sites −2, −6, −10 and −21, the association constants were about ten-fold smaller.  

The lower association constants meant that while stable subunits and LH1-type oligomers 

were formed, more unassociated BChl a (absorbing at ~780 nm) was present.   
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 The formation of the subunit (αβ-dyad) and oligomerization to form an LH1-type 

(αβ)n-complex can be driven by a temperature-dependent change in medium.  The micellar 

concentration of octyl glucoside in water exhibits a steep and negative temperature 

dependence over the range 5–40 °C.47  As the subunit solution containing octyl glucoside is 

chilled, the critical micelle concentration of octyl glucoside significantly increases to above 

that of the octyl glucoside concentration.  The diminished stability upon cooling of octyl 

glucoside micelles, and presumably of subunit–octyl glucoside heteromicelles, forces 

interaction between the hydrophobic surfaces of the dyads, thereby forming oligomers.  

Because this change in temperature so strongly favors oligomer formation, the process is 

essentially quantitative.15 

 The efficiency of excitation energy transfer (ΦEET) from the attached chromophore to 

the BChl a component of the LH1 oligomer (B875) was determined for each biohybrid 

antenna by measuring (1) the fluorescence quantum yield and singlet excited-state lifetime of 

the donor chromophore in the oligomer versus chromophore–peptide conjugate, (2) the 

fluorescence quantum yield of B875 in the oligomer using excitation of B875 or the donor 

chromophore (OGR or synthetic bacteriochlorin), (3) fluorescence excitation versus 

absorptance (1 − transmittance) spectra, and (4) bleaching of the B875 ground state 

absorption upon excitation of the donor via ultrafast transient absorption spectroscopy.  Each 

of these measurements has pros and cons for determination of ΦEET and the energy-transfer 

dynamics in these types of self-assembled systems.7-9  Examples of such measurements are 

shown in Figure 7.5 for β(−14)BC2.  Because of the relatively short distance between the 
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BC2 and B875 in this case, the ΦEET based on the average of the measurements is quite high 

(0.95).  The value of ΦEET for each conjugate is provided in Table 7.2. 

Bacteriochlorin BC2 at the six sites on the α-helical part of the peptide (positions −2 

through −21) has an estimated range of distances from B875 that are used to calculate the 

Förster ΦEET in Table 7.2. The minimum and maximum values were calculated on the basis 

of the expected range of motion of the attached synthetic chromophore.  A fundamental issue 

is the energy-acceptor molar absorption coefficient to be used, as this value depends on the 

number of BChl a over which an excitation in B875 is initially delocalized, and thus the net 

absorption dipole moment that is coupled to the emission dipole moment of the attached 

synthetic chromophore.  A value of 236,000 M-1 cm-1 is appropriate for a BChl a pair in an 

αβ-dyad subunit of an LH1-type oligomer; the value is twice the molar absorption coefficient 

per BChl a determined for B875 in ref 49. 

  



 

 275 

Table 7.2.  Efficiency of excitation-energy transfer in LH1-type complexes. 

Chromophore–Peptide 
Conjugate 

Primary Energy- 
Transfer Patha 

Measuredb 

ΦEET
 

Calculatedc 
Förster ΦEET 

Mono-Chromophore Systems    

β(−2)BC2 BC2(−2)→B875 0.80 0.93–0.96 

β(−6)BC2 BC2(−6)→B875 0.85 0.89–0.96 

β(−10)BC2(−21) BC2(−10)→B875 0.85 0.73–0.96 

β(−14)BC1 BC1(−14)→B875 0.85 0.61–0.93 

β(−14)BC2 BC2(−14)→B875 0.95 0.64–0.93 

β(−14)BC3 BC3(−14)→B875 0.95 0.80–0.97 

β(−10PGly)(−17)BC2 BC2(−17)→B875 0.80 0.50–0.89 

β(−10)(−21)BC2 BC2(−21)→B875 0.50 0.35–0.84 

β(−34)BC2 BC2(−34)→B875 0.60 0.25–0.64 

Di-Chromophore Systems    

β(−10)BC2(−21)BC2 
BC2(−21)→BC2(−10) 

→B875 
0.90 (0.73–0.96)d 

β(−10)OGR(−21)OGR 
OGR(−21)→OGR(−10) 

→B875 
0.40 (0.60–0.92)e 

Heterogeneous System    

Mixture of 3 dyadsf Multipath→B875 ≥0.95g  
aIn di-chromophore and heterogeneous systems, energy can also flow directly from the more 
distant site to B875.  bTypical error is ±0.05  cFörster calculations48 were performed using 
parameters given in ref 61; the range of values given reflect an estimated maximum to 
minimum chromophore–B875 distance.  dCalculated for the process BC2(−10)→B875.  
eCalculated for the process OGR(−10)→B875.  fApproximately 1:1:1 ratio of β(−14)BC1, 
β(−14)BC2, and β(−14)BC3.  gValue measured for each of the three bacteriochlorins. 
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Figure 7.5.  (a) Fluorescence emission for β(−14)BC2 chromophore–peptide conjugate 
(mauve) and β(−14)BC2 plus native α-peptide and BChl a to form the LH1-type oligomer 
(blue) showing quenching of BC2 fluorescence feature at 734 nm.  Panel-a inset shows the 
emission from the LH1-type oligomer based on β(−14)BC2 when selectively exciting BChl a 
(gold) and BC2 (blue) both with B875 emission feature at 887 nm.  (b) Absorptance (1-T) 
(coral) versus fluorescence excitation (grey) (λdet = 890 nm) for LH1-type oligomer 
containing β(−14)BC2 normalized at 590 nm (c) Time profiles for combined B875 bleaching 
and B875* stimulated emission for LH1-type oligomer containing β(−14), when exciting 
BChl a array (teal) and for LH1-type oligomer  formed from β(−14)BC2 when exciting BC2 
(blue).   
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 The majority of the experimental ΦEET values (typically ± 0.05) fall within the range 

of the calculated Förster ΦEET values using the estimated distance span (Table 7.2).  This 

conclusion holds for a substantial (two-fold or more) change in the acceptor molar absorption 

coefficient, which has only a modest effect at the high ΦEET values typically calculated (and 

observed).  These results show that the measured ΦEET for BC2 to BChl a in the biohybrid 

antenna are consistent with Förster theory, independent of precise parameter values.  

Therefore, the desired efficiency of energy transfer can be generally designed into the 

conjugate–peptide by selecting the location of the chromophore, and thus the approximate 

distance from the BChl a (B875) target. 

 Because the region of the peptide from position −21 to the N-terminus is not α-helical, 

the distance from the BChl a to the BC2 at position −34 cannot be readily predicted. The 

oligomer formed from the β(−34)BC2 conjugate had an efficiency of 0.60, higher than the 

0.50 efficiency at −21.  This result suggests that the hydrophobic BC2 attached at position 

−34, which is a more flexible region of the peptide (Figure 5a), is able to assume either (1) a 

position near the hydrophobic α-helices and hence closer to B875 than when attached to the 

−21 site, (2) an orientation that gives a more favorable alignment of its Qy transition dipole 

moment with that of B875, or (3) both of the above.  Additionally, enhanced energy transfer 

to B875 would result if (1)−(3) takes place in even a fraction of the αβ-dyads in an LH1 ring 

if energy flows between BC2 attached at the −34 position on adjacent β-peptides, thereby 

providing a relay effect.  
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(II) Two chromophores attached to the β-peptide  

To test the effects of increased chromophore density, two identical BC2 

chromophores were attached to the β(−10,−21) peptide.  Three products were isolated from 

the coupling reaction: β(−10)BC2(−21), β(−10)(−21)BC2 and β(−10)BC2(−21)BC2. Each 

product was separated by HPLC and characterized by mass spectrometry.61  The conjugate 

with two BC2 per β-peptide, β(−10)BC2(−21)BC2, was identified from the absorption 

spectrum (Figure 7.6a) and mass spectral results.  According to the absorption spectra 

(Figure 7.6a) and mass spectral results, the other two products each had one BC2 per peptide, 

but it could not be distinguished which was β(−10)BC2(−21) and which was 

β(−10)(−21)BC2.  Each of these conjugates was separately reconstituted with α-peptide and 

BChl a to form LH1-type oligomers, whereupon values of ΦEET of 0.50 and 0.85 were 

obtained (Table 7.2).  On the basis of Förster calculations (Table 7.2), an efficiency of 0.50 is 

consistent with the range of 0.50–0.89 for β(−10)(−21)BC2, whereas 0.85 is consistent with 

the range of 0.73–0.96 for β(−10)BC2(−21).  The latter value is within the error of the 

measured efficiency of 0.90 for β(−10)BC2(−21)BC2, which contains two BC2 

chromophores per β-peptide.  The high efficiency observed for β(−10)BC2(−21)BC2 

suggests relay energy transfer from the BC2 at the −21 position through BC2 at the −10 

position to B875. 
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Figure 7.6.  (a) Absorption spectra of BC2 (burgundy), and oligomer antenna formed by 
combining BChl a, native α-peptide, and conjugates β(−10)BC2(−21) or β(−10)(−21)BC2 
(teal) or β(−10)BC2(−21)BC2 (gold).  Spectra were normalized at 729 nm (2 mm cuvette).  
All samples were in HPLC solvent with composition where they eluted in the gradient.  The 
inset highlights spectral differences in the UV, from which protein concentrations are 
obtained.  (b) Addition of BChl a to β(−6)BC2 and the native α-peptide at 0.90% octyl 
glucoside.  Curves are for 0 (grey), 10 (coral), 20 (gold), 30 (cyan), 40 (green), 50 (mauve) 
and 60 (violet) µL of BChl a.  Inset: ratio of change in absorbance at 823 nm (B820) 
compared with that at 781 nm (free BChl a) as BChl a is added. 
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In a second experiment that increased the density of chromophores per peptide, OGR 

was conjugated to the β(−10,−21) peptide and the resulting products purified by HPLC.  Two 

closely overlapping peaks were collected as the earlier half and later half of the peak.61  

According to mass spectrometry results, the material from both halves contained two OGR 

per peptide; each also similarly formed subunits and LH1-type oligomers.  The ΦEET was 

also similar for material from each half so it was concluded that the coupling reaction had 

gone to completion, which was typical in prior experiments with OGR.7,8  The mass 

determined for the first half material was 16 Da greater than that of the second half, 

consistent with the addition of an oxygen.61  The extra mass is likely due to oxidation of 

Met−14 to methionine sulfoxide as is often observed in these peptides.    

The ΦEET of β(−10)OGR(−21)OGR was determined to be 0.40 (Table 7.2).  This 

efficiency is consistent with earlier data where the ΦEET from OGR at the −34 position to 

B875 was 0.159 and from OGR at the −14 position to B850 (in an oligomer formed from 31-

mer β-peptides) was 0.30.7  The poorer overlap between OGR emission and the Qx band of 

B875 (BChl a ring) than between a synthetic bacteriochlorin emission and the Qy band of 

B875 would give a lower ΦEET for OGR than for a synthetic bacteriochlorins if all other 

parameters were equal.  However, ΦEET also depends on the Φf value of the donor 

chromophore in the absence of the acceptor.  The photophysical properties of members of the 

Oregon Green family of fluorofluoresceins have been extensively studied50-57 and depend 

markedly on the local environment.  For Φf = 0.30, Förster calculation affords ΦEET = 0.60–

0.92 for OGR at the −10 position and 0.22−0.74 for OGR at the −21 position to B875.   The 
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overall efficiency of 0.40 found with two OGR/peptide is consistent with relay energy 

transfer from the OGR at the −21 position through the OGR at the −10 position and then to 

B875 in the biohybrid antenna. 

From these experiments, doubling the density of the chromophore per peptide 

enhances the effectiveness per unit biohybrid antenna and allows for a relay effect to increase 

energy transfer efficiency from a more distant chromophore.  The increased chromophore 

density does not inhibit association of the biohybrid antenna to form subunits and LH1-type 

oligomers, nor cause excited-state concentration quenching.  Thus, with this biohybrid 

system, peptides containing two or more covalently attached chromophores may be used to 

form homogeneous oligomers consisting of a supramolecular ring with ~30 BChl a and an 

equal or greater number of covalently attached chromophores. 

(III) Combining three distinct chromophore–peptide conjugates  

To further investigate ways to enhance solar coverage, three distinct chromophores 

were each attached to β(−14) to make the chromophore–peptide conjugates β(−14)BC1, 

β(−14)BC2 and β(−14)BC3.  Each was separately reconstituted with the α-peptide and BChl 

a to make LH1-type oligomers (Figure 7.7a,c) and the ΦEET for energy transfer to B875 was 

measured (Table 7.2).  For all three bacteriochlorin–peptide conjugates, homogeneous LH1-

type oligomers readily form and exhibit highly efficient energy transfer (0.85−0.95). 
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Figure 7.7.  (a) Schematic structures of αβ-dyads with bacteriochlorins BC1 (mauve) or BC2 
(gold) or BC3 (teal) attached to the −14 position of the β-peptide.  (b) Cartoon showing one 
of a large number of possible arrangements of BC1 (mauve triangle) and BC2 (gold triangle) 
and BC3 (teal circle) around an (αβ)n cyclic oligomer.  (c) Absorption spectra for LH1-type 
complexes prepared by individually combining chromophore–peptide conjugate β(−14)BC1 
(mauve), β(−14)BC2 (gold), or β(−14)BC3 (teal) with the native LH1 α-peptide and BChl a.   
(d) Absorption spectra for heterogeneous LH1-type complexes prepared with native α-
peptide, BChl a and an approximately 1:1:1 ratio of β(−14)BC1, β(−14)BC2, and β(−14)BC3 
(violet), and the calculated sum of the spectra of the three individual (single-chromophore) 
homogeneous oligomers pictured in panel c (dashed purple).  

 
 
 
Each bacteriochlorin–peptide conjugate was then combined together in approximately 

equal amounts and reconstituted with α-peptide and BChl a to form heterogeneous LH1-type 

oligomers.  The resulting oligomers are most likely rings that contain 14, 15 or 16 subunits as 

was observed previously with LH1 complexes of chromophore–peptide conjugates (Harris et 

a.  αβ-dyads with attached BC1, BC2, or BC3

Φoverall ~ 95%

b.  heterogeneous  
oligomers cartoon

+ + =
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al. 2013).  Because the chromophores are similar in structure and do not differ in 

hydrophobicity, charge or size, and the conjugated peptides exhibit similar association 

constants for forming subunits (αβ-dyads), the chromophores are likely to be randomly 

distributed in the LH1-type oligomers (Figure 7.7b, d).   

The question of how many cyclic complexes could theoretically form can be 

addressed using the program Cyclaplex,58 which was designed for calculating the virtual 

library of cyclic products formed upon combinatorial reaction of multiple distinct reactants.  

The program has been employed to calculate the possible heterogeneity of biohybrid 

antennas derived from two distinct subunit dyads9 as well as native antennas obtained from 

multiple distinct dyads.59  For cyclic n-mers of size n = 14, 15, or 16, the use of 3 distinct 

subunit dyads can give up to 341,802, 956,635, or 2,690,844 rings, respectively.  

Examination of the virtual library shows that the fraction of cyclic oligomers containing at 

least one copy of each of the three distinct bacteriochlorins is 0.989, 0.993, and 0.995, 

respectively.  In other words, those cyclic oligomers that are homogeneous (one 

bacteriochlorin type) or contain only two of the bacteriochlorins occupy a tiny fraction of the 

total.  Any more in-depth analysis of the composition of the virtual libraries of such vast 

diversity appears to be of little import. 

The combination of three different chromophores (BC1, BC2, and BC3) significantly 

increases solar coverage in the NIR region (Figure 7.7d).  An apparent increase in ΦEET from 

0.85 to 0.95 was observed for BC1 in the heterogeneous LH1-type oligomer relative to the 

homogeneous oligomer with only BC1 present (Table 7.2).  Although the change in 

efficiency is within the error of these measurements (typically ±0.05), the results are 
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consistent with highly efficient paths of (cascade) energy transfer through BC2 and BC3 to 

B875.  Regardless, the high efficiency shows the absence of detrimental effects in mixing 

three different conjugated β-peptides to form a heterogeneous LH1-type biohybrid antenna.  

This method of incorporating different chromophores into the same LH1 is therefore a simple 

yet effective way to extend and enhance solar coverage. 

Outlook 

The development of tailorable antenna complexes has been largely impeded by the 

dearth of design strategies for organizing a large number of chromophores into a functional 

whole of nanoscale if not mesoscale dimensions.  The biohybrid approach provides an 

effective blend of the blueprint of the natural photosynthetic systems with the malleability 

afforded by synthetic chemistry.  A key feature of the biohybrid approach that we have been 

developing is the reliance on synthetic modification of relatively short α- and β-peptides.  A 

subunit dyad forms from an α- and a β-peptide and two BChl a molecules; the dyad then 

self-associates to give oligomers with a supramolecular LH1-type ring containing roughly 30 

BChl a molecules (for rings with an average of 14–16 dyad subunits).  By piggybacking on 

this two-tiered assembly process, an average of 15 or 30 synthetic chromophores can be 

incorporated to augment the absorption provided by the native BChl a molecules.  The 

biohybrid approach hence provides one solution to the daunting challenges of 3-dimensional 

organization of large numbers of chromophores as required to create a viable light-harvesting 

antenna. 

The versatility of the biohybrid approach has been extended herein in three ways: (1) 

Seven distinct sites on the β-peptide (positions −2, −6, −10, −14, −17, −21 and –34) 
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substituted with Cys were used to covalently attach a single synthetic chromophore without 

disrupting the subsequent formation of subunit dyads and LH1-type oligomers.  (2) Two 

chromophores were incorporated on a β-peptide and again the corresponding LH1-type 

oligomers formed, thereby affording a nanoscale assembly containing 30 BChl a molecules 

and 30 synthetic chromophores (assuming an average ring size of 15).  (3) A mixture of three 

β-peptides, each conjugated with a spectrally distinct synthetic chromophore, afforded a 

heterogeneous mixture of LH1-type oligomers.  In both of the latter cases, the efficiency of 

energy transfer is consistent with relay or cascade processes from distant via proximal 

chromophores on the path to excitation of the circular array of BChl a molecules (B875). 

The results obtained from the three designs illustrate the robustness of the self-

assembly process and the versatility of the overall biohybrid design.  By selecting the 

chromophore and position for covalent attachment, it is possible to design chromophore-

conjugated peptides with unique features such as specific wavelengths of light absorption, 

increased extent of solar coverage, and a specific level of efficiency of energy capture.  The 

ability to create a high density of absorbing chromophores may be very useful for the design 

of light-capturing modules where very thin layers of antenna are advantageous.  Indeed, a 

major open question now is how many synthetic chromophores can be loaded on one or both 

of the peptides while retaining the self-assembly to give cyclic oligomers.  The LH1-type 

oligomers formed are also amenable to incorporation into lipid bilayers or forming 

monolayers on solid supports.19  Similarly, the modularity of the semisynthetic light-

harvesting complexes suggests the possibility of association to form a planar array analogous 

to the large photosynthetic units found in many photosynthetic organisms.16-18,60 
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