
ABSTRACT 

KRAYER, MICHAEL. Synthetic Bacteriochlorins and Chlorins for Photomedicine and 
Artificial Photosynthesis. (Under the direction of Professor Jonathan S. Lindsey). 
 

The development of tetrapyrrole chromophores that absorb in the red and near-

infrared (NIR) spectral region (600–900 nm) is essential for fundamental studies and diverse 

applications. For photomedical applications, such as photodynamic therapy (PDT) or optical 

imaging, light in the NIR region affords the deepest penetration in soft tissue, thus requiring 

absorbers/emitters that operate in this relatively transparent window. For flow cytometry, 

fluorophores with narrow absorption and emission bands in the NIR region would increase 

diagnostic capabilities, as well as complement UV- and visible-region fluorophores. For 

artificial photosynthesis, the ability to capture sunlight in the red and NIR regions is essential 

to the overall solar-conversion efficiency because this part of the spectrum contains almost 

50% of the incident solar photons. Synthetically tailorable photoactive compounds that 

absorb in the red/NIR region have largely been unavailable. 

Chlorophylls and bacteriochlorophylls absorb strongly in the red and near-infrared 

spectral region, respectively. However, synthetic analogous tailored for various applications 

have largely been derived via semisynthesis from the natural compounds. Two significant 

problems with derivatives of the natural chlorins and bacteriochlorins include limited 

stability toward adventitious dehydrogenation and poor synthetic malleability owing to the 

presence of a nearly full complement of substituents about the perimeter of the macrocycle. 

 This work focuses on the de novo synthesis of stable tailorable bacteriochlorins and 

chlorins, with applications focused on photodynamic therapy (PDT) and artificial 

photosynthesis. 



The bacteriochlorin macrocycle is prepared by the self-condensation of two 

molecules of a substituted dihydrodipyrrin-acetal. This work describes the development of a 

scalable synthesis of dihydrodipyrrin-acetals, and the identification of new mild and broadly 

applicable acid conditions for the self-condensation of diversely substituted dihydrodipyrrin-

acetals to selectively afford the 5-methoxybacteriochlorin in up to 100-mg quantities. Desired 

bacteriochlorin substituents can be incorporated either by early installation via the 

dihydrodipyrrin-acetal or by derivatization of β-bromobacteriochlorins. 

Synthetic chlorins are prepared by the known condensation of a Western half and an 

Eastern half. To push the long-wavelength absorption of chlorins further into the red region, 

this route was extended to gain access to chlorin-13,15-dicarboximides. The new route 

entails (i) synthesis of a 13-bromochlorin, (ii) palladium-catalyzed carbamoylation at the 13-

position, (iii) regioselective 15-bromination under acidic conditions, and (iv) one-flask 

palladium-mediated carbonylation and ring closure to form the imide. Indeed, the synthetic 

chlorin-imides absorb in the 680–715 nm region.  

Similarly, the one-flask palladium-mediated carbonylation and ring closure to form 

the imide ring was applied to the synthetic bacteriochlorins to afford bacteriochlorin-13,15-

dicarboximides. The synthetic bacteriochlorin-imides absorb far into the NIR region (790–

820 nm). 

 The synthetic chlorins and bacteriochlorins bear a geminal dimethyl group in each 

reduced, pyrroline ring to prevent adventitious dehydrogenation and afford stability under 

routine handling on the open bench top. The long-wavelength absorption band of chlorins, 

chlorin–imides and bacteriochlorins prepared during this work extends far into the red/NIR 



region, and a set of wavelength tunable chromophores is now available spanning the red and 

NIR region from 600–900 nm. 

Altogether, over 50 new synthetic chlorins and bacteriochlorins are described bearing 

diverse peripheral substituents, which not only provide tunability of the long-wavelength 

absorption band but also solubility in various media (including aqueous) via the 

hydrophilicity or overall charge. The chlorins and bacteriochlorins are being examined for 

PDT activity or photophysical and redox properties by collaborators at Harvard Medical 

School, Washington University (St. Louis), and University of California Riverside. 
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CHAPTER 1 

General Introduction: Porphyrins and Hydroporphyrins 

Porphyrins, chlorins and bacteriochlorins are a group of macrocyclic tetrapyrrole 

pigments that are vastly abundant and fulfill a variety of critical tasks in nature. For example, 

hydroporphyrins (chlorins and bacteriochlorins) play a major role in photosynthesis as 

chlorophylls and bacteriochlorophylls.1 Porphyrins are essential for oxygen transport and 

storage in blood and muscle in the form of porphyrin-protein complexes hemoglobin and 

myoglobin, respectively.2 Chlorins and bacteriochlorins differ from the basic porphyrin in 

having one or two pyrrole rings reduced at the β-position(s), respectively (Figure 1.1). 

N HN

NNH

N HN

NNH

N HN

NNH

Porphyrin Chlorin Bacteriochlorin  

Figure 1.1. Progressive 2e–/2H+ reduction of the porphyrinic macrocycle along the series of 
porphyrin, chlorin (dihydroporphyrin), and bacteriochlorin (tetrahydroporphyrin). 

 

Porphyrins and hydroporphyrins are brightly colored aromatic compounds that absorb 

light from the near-UV region to the near-IR region depending on the specific pigment. The 

unique spectral and photophysical properties of porphyrins and hydroporphyrins have been 

exploited for use in biomedical applications, solar energy conversion, and molecular 

information storage.3,4,5 

The different symmetry and path of conjugation results in profound differences in the 

UV-Vis spectra of porphyrins, chlorins, and bacteriochlorins (Figure 1.2). Porphyrins absorb 
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most strongly in the near-UV region (B or Soret bands) and weakly in the visible region. 

Chlorins and bacteriochlorins have somewhat weaker violet-blue absorbance (B bands) and 

comparable green-orange absorbance as porphyrins, but additionally have strong absorption 

in the red and near-infrared regions (Qy bands), respectively. 

N N

NN

Mg

O
O

O

Chlorophyll a

N N

NN

Fe

HO2C

OH

CO2H

N N

NN

Mg

O

O

O
O

Bacteriochlorophyll aHematin

O

O O

O

 

 

Figure 1.2. Representative absorption spectra of a porphyrin (hematin), chlorin (chlorophyll 
a), and bacteriochlorin (bacteriochlorophyll a). 
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The development of chromophores that absorb in the near-infrared (NIR) spectral 

region (700–900 nm) is essential for fundamental studies and diverse applications. For 

photomedical applications, such as photodynamic therapy (PDT) or optical imaging, light in 

the NIR region affords the deepest penetration in soft tissue, thus requiring 

absorbers/emitters that operate in this relatively transparent window.6 For flow cytometry, 

fluorophores with narrow absorption and emission bands in the NIR region would increase 

the range of multicolor applications, as well as complement UV- and visible-region 

fluorophores.7,8 For artificial photosynthesis, the ability to capture sunlight in the red and 

NIR regions is essential to the overall solar-conversion efficiency because this part of the 

spectrum contains almost 50% of the incident solar photons.9 

In this regard, bacteriochlorins are especially attractive due to their strong NIR 

absorption band. However, the primary source of bacteriochlorins has stemmed from 

derivatives of the bacterial photosynthetic pigment bacteriochlorophyll a.10 Two significant 

problems with derivatives of the bacteriochlorophylls include limited stability11 and poor 

synthetic malleability owing to the presence of a nearly full complement of substituents 

about the perimeter of the macrocycle.10 Other methods for preparing synthetic 

bacteriochlorins entail reduction of a porphyrin or chlorin with diimide,12 vicinal 

dihydroxylation (with optional subsequent pinacol rearrangement) of a porphyrin or chlorin, 

photooxygenation of divinylporphyrins, Diels-Alder reactions, 1,3-dipolar cycloadditions, 

and successive addition of carbon nucleophiles.13 Each method has merit yet also suffers 

from (1) difficulty of separating chlorin and bacteriochlorin species, (2) potential 

dehydrogenation of the bacteriochlorin yielding the chlorin and porphyrin, and (3) the 
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possible formation of bacteriochlorin isomers depending on the nature of meso or α-pyrrole 

substituents. In summary, synthetically tailorable photoactive compounds that absorb in the 

red/NIR region have largely been unavailable. 

Recently the Lindsey lab developed a synthetic route to stable bacteriochlorins.14 The 

route entails the acid-catalyzed self-condensation of a dihydrodipyrrin-acetal, wherein the 

pyrroline ring contains a geminal dimethyl group integral to the ring and the acetal moiety 

located at the α-position. The first dihydrodipyrrin-acetal examined (DHDPA-T) contained a 

p-tolyl group attached to the β-pyrrole ring. Treatment of DHDPA-T with BF3·O(Et)2 in 

CH3CN afforded a mixture of two free base bacteriochlorins (HBC-T, MeOBC-T) and a free 

base B,D-tetradehydrocorrin (TDC-T) (Scheme 1.1).14 Each macrocycle contains a geminal 

dimethyl group in each pyrroline ring, which makes these compounds oxidatively stable 

under routine handling. 

While the synthesis of stable synthetic bacteriochlorins was a significant 

accomplishment, the limited scalability of the dihydrodipyrrin-acetal precursor, as well as the 

formation of three macrocycles during the self-condensation were limitations to the synthetic 

route. The following Chapters describe significant improvments made in de novo chlorin and 

bacteriochlorin synthesis that overcome these limitations and give access to diversely 

substituted chlorins and bacteriochlorins with tunable physical and photo-physical properties. 
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N HN

NNH

N HN

NNH

O

N

NH

O

O

BF3·OEt2

CH3CN

+

+

HBC-T

MeOBC-T

TDC-T

N
H

DHDPA-T

HN

NNH

N

O O

 

Scheme 1.1. Self-Condensation of a Dihydrodipyrrin-Acetal Resulting in Three 
Macrocycles. 
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CHAPTER 2 

Refined Syntheses of Hydrodipyrrin Precursors to Chlorin and Bacteriochlorin 

Building Blocks 

Introduction 

The practical utilization of tetrapyrrole macrocycles relies on the availability of 

simple yet versatile methods of preparation of synthetic analogues of the naturally occurring 

molecules. Over the years the Lindsey lab and others have been working to develop such 

methods, particularly for the synthesis of tetrapyrrole building blocks for use in diverse 

studies.1–6 The presence of specific substituents at designated sites on the perimeter of the 

tetrapyrrole macrocycle enables subsequent elaboration to meet a broad range of molecular 

design objectives. Significant milestones from the Lindsey group include access to 

porphyrins bearing up to four different meso substituents (ABCD-porphyrins);7,8 chlorins 

wherein a given substituent can be located at any of the six β-pyrrole or four meso-

substituents;9–11 and more recently, bacteriochlorins that bear substituents at a number of 

positions about the perimeter of the macrocycle.12–15 As the opportunities presented by the 

tetrapyrrole building blocks have emerged, the availability of scalable synthetic routes – to 

give at least 100-mg if not several-g quantities of the target macrocycle – has become of 

paramount importance. The de novo synthesis of tetrapyrrole building blocks complements 

semisynthesis routes that begin with naturally occurring molecules including 

protoporphyrin,16 chlorophylls,17 and bacteriochlorophylls.18 

Cursory examination of the most time-consuming aspects of implementing typical 

tetrapyrrole syntheses inevitably has pointed up the use of chromatography to isolate small 
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quantities of materials. Other practical limitations to larger-scale syntheses include reliance 

on chlorinated solvents and frequent use of reagents in sizable excess. These impediments 

prompted the development of refined, scalable syntheses of tetrapyrrole macrocycles. 

Scalability issues have since been addressed in the synthesis of diverse porphyrins, where the 

necessity for chromatography has largely been expunged.7,8,19–23 The methodology for 

preparing hydroporphyrins is more recent, and issues for scalability have necessarily received 

less attention. 

Two hydroporphyrin building blocks of great interest are a 3,13-dibromochlorin and a 

3,13-dibromobacteriochlorin. The 3,13-disubstitution pattern is particularly auspicious given 

that the long-wavelength absorption band derives from a transition that is polarized along the 

molecular axis that spans rings A and C, which contain the 3- and 13-positions, respectively. 

Introduction of auxochromic groups at sites in rings A and C enables the long-wavelength 

absorption band to be tuned across quite a wide spectral region.24,25 Given that the position of 

the long-wavelength absorption band is a key determinant in the energy of the excited singlet 

state, the ability to tune the position of the absorption band is invaluable for studies in 

artificial photosynthesis. Examples of both dibromo–hydroporphyrin building blocks (chlorin 

FbC-Br [refs. 24–26] and bacteriochlorin HBC-Br [refs. 14, 15]) have already been 

exploited to prepare collections of molecules for spectroscopic examination (Scheme 2.1). 

However, scalable syntheses have not been developed for the essential bromo-substituted 

precursors of each macrocycle. 
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Scheme 2.1. Routes to Chlorin and Bacteriochlorin Building Blocks Proceed Through a 
Common Precursor (4-Br′). 
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The synthetic pathways to both dibromo–hydroporphyrin building blocks are shown 

in Scheme 2.1. The chlorin macrocycle is prepared by condensation of a Western half and an 

Eastern half;9 the former is provided by a bromo-substituted tetrahydrodipyrrin (THDP-

Br).26 The two bridging meso-carbons are provided by the α-methyl group of the 

tetrahydrodipyrrin and the α-formyl group of the dipyrromethane (Eastern half). The 

bacteriochlorin macrocycle is prepared by condensation of two molecules of a bromo-

substituted dihydrodipyrrin (DHDPA-Br).14 In this case, the two bridging meso-carbons are 

provided by the α-acetal group of the dihydrodipyrrin compound. 

Chlorin formation is preferentially achieved with a tetrahydrodipyrrin although a 

dihydrodipyrrin also can be employed;27–28 by contrast, to date the only route to 

bacteriochlorins proceeds via the dihydrodipyrrin.12–15 The formation of the 

tetrahydrodipyrrin (for chlorins) versus the dihydrodipyrrin (for bacteriochlorins) stems from 

the conditions of the cyclization of the precursor pyrrole–nitrohexanone: the reductive 

cyclization with Zn/HCOONH4 affords the tetrahydrodipyrrin whereas use of NaOMe and 

TiCl3 at pH 6 affords the dihydrodipyrrin. The introduction of the α-methyl versus α-acetal 

unit is achieved by reaction of a common pyrrole precursor (4-Br′) with an α,β-unsaturated 

ketone, namely mesityl oxide versus the dimethoxy derivative of mesityl oxide (5), 

respectively. The pyrrole precursor that is common to both syntheses bears the bromo 

substituent and a 2-nitroethyl unit, and ultimately is derived from pyrrole-2-carboxaldehyde 

(2-H). A further consideration for the chemistry following the branchpoint is that mesityl 

oxide is commercially available and inexpensive; by contrast, the α,β-unsaturated ketone 5 

for the bacteriochlorin synthesis must be prepared by reaction of mesityl oxide with a 
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catalytic amount of diphenyl diselenide and excess ammonium peroxydisulfate (equation 

2.1).12 

O
Ph2Se2, (NH4)2S2O8,
MeOH, reflux, 3 h

O

O

O

29%

eq. 2.1

5  

The objective in this study was first to refine the preparation of the common precursor 

4-Br′, and second to extend the refinement to both of the bromo–hydrodipyrrin precursors to 

the chlorin and bacteriochlorin building blocks. On the latter goal, the chief focus was on the 

bacteriochlorin precursor 8-bromo-dihydrodipyrrin DHDPA-Br. Our previous route to 

DHDPA-Br required four column chromatography procedures, the use of large amounts of 

chlorinated solvents, and afforded a low overall yield (1.4% for seven steps).14,26 Thus, the 

specific goals of refinement were to limit chromatographic purification, limit the use of 

chlorinated solvents such as dichloromethane, diminish consumption of solvents and 

reactants, and improve the overall yield. 

DHDPA-Br provides a number of synthetic challenges despite its simple appearance. 

The challenges include: (1) introduction of the acid-sensitive acetal moiety, (2) formation of 

the α-pyrrolic methine bridge, and (3) the presence of two different heterocycles (pyrrole and 

pyrroline), where pyrrole is susceptible at two sites toward electrophilic substitution, whereas 

the pyrroline imine unit is prone to reduction and addition reactions. The conditions 

developed to meet the synthesis of DHDPA-Br (for bacteriochlorins) were then extended to 

the synthesis of THDP-Br (for chlorins). It is noted that the synthesis of the des-bromo 

analogue of THDP has been refined.29 Hydrodipyrrins DHDPA-Br and THDP-Br are 
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representative of a broad class of hydrodipyrrins that serve as potential precursors to 

hydroporphyrins.30 As such, the resulting refined syntheses facilitates access to substantial 

quantities of bromo-substituted chlorins and bacteriochlorins. 

(Contributions to the results presented in this chapter were made by Thiagarajan 

Balasubramanian, Christian Ruzié, Marcin Ptaszek, David L. Cramer and Masahiko 

Taniguchi). 

 

Results and Discussion 

I. Synthesis of the Common Precursor (4-Br′) to Bromo–Chlorins and Bromo–

Bacteriochlorins. The conversion of pyrrole-2-carboxaldehyde (2-H) to 4-Br′ is shown in 

Scheme 2.2. In each of the four steps, the refined conditions identified (vide infra) are listed. 

Step 1. Bromination of Pyrrole-2-carboxaldehyde. A reported method31 for 

bromination of pyrrole-2-carboxaldehyde (2-H) that uses Br2 gave a mixture of 4-bromo, 5-

bromo and 4,5-dibromo substituted products. Bromination using NBS was superior, resulting 

in the desired 4-bromopyrrole-2-carboxaldehyde (2-Br) as the only detected product. Prior 

application of this procedure at a 0.25 M concentration of pyrrole-2-carboxaldehyde with one 

molar equivalent of NBS at –78 °C gave 2-Br in 55% yield after crystallization from 

hexanes/THF.26 Here the aim was to carry out the reaction at higher concentration and 

simplify the workup. For the workup, a key issue was to maintain high yield while 

suppressing the amount of residual succinimide in the product. Different reaction and workup 

conditions were investigated,32 and the best conditions identified entailed reaction of pyrrole-

2-carboxaldehyde (1.0 M) with one molar equivalent of NBS at 0 °C for 15 min. 
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Recrystallization from EtOH/H2O gave no detectable succinimide and allowed the use of 

small volumes of solvent. The desired 2-Br was obtained in 81% yield. 

N CHO
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N
NO2

Br

N
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Br
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purification by
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Scheme 2.2. Refined Stepwise Synthesis of Nitroethylpyrrole 4-Br′. 
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Step 2. Protection of the Pyrrole Nitrogen. Protection of the pyrrole nitrogen was 

found to be necessary due to the unstable nature of the unprotected analogue of 4-Br′, i.e., 

compound 4.26 Considering the range of conditions for the removal of a p-toluenesulfonyl 

group (vide infra) as well as the known crystalline nature of 2-(2-nitrovinyl)-N-

phenylsulfonylpyrroles,33 2-Br was subjected to N-tosylation. Previously, the reaction was 

carried out at 0.15 M concentration in 68% yield.26 Here the concentration was increased to 

1.0 M by slowly treating a NaH suspension at 0 °C with 2-Br, followed by addition of p-

toluenesulfonyl chloride. Furthermore, the reaction time was shortened from 16 h following 

p-toluenesulfonyl chloride addition to 3 h. These conditions gave 2-Br′  in 73% yield after 

recrystallization from ethyl acetate/hexanes (the residual 2-Br′  in the mother liquor could be 

isolated by concentration and a second crystallization). It is important to note that the reverse 

addition (adding NaH to a solution of 2-Br) at these concentrations may result in a vigorous 

or even explosive reaction. 

Step 3. Nitroaldol Condensation. The typical conditions for the nitroaldol 

condensation (Henry reaction) of pyrrole-2-carboxaldehydes require the presence of an 

ammonium salt and/or weak base. The condensation was previously carried out using an 18-

fold excess of nitromethane in the presence of ammonium acetate under reflux.26,29 The large 

excess of nitromethane can be difficult to remove, and attempted precipitation of the product 

from excess nitromethane (by addition of water) resulted in “oiling out”. Furthermore, the 

explosive potential of nitromethane prompted investigation of alternative reaction conditions. 

The reaction of 2-Br′  proceeded at room temperature using potassium acetate and 

methylamine hydrochloride using only 2.5 equiv of nitromethane, and the precipitated 
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product could be removed by simple filtration. Washing the crude reaction product with 

water and cold ethanol resulted in pure 3-Br′ in good yield (91%).  

Step 4. Nitrovinylpyrrole Reduction. The previous route utilized NaBH4 in the 

presence of silica in CHCl3/2-propanol (3:1) with 3-Br′  at a concentration of 0.08 M to give 

the product in 76% yield after column chromatography.26 The procedure requires excess 

NaBH4 (2 mol equiv) and undesired chlorinated solvents. The seeming simplicity of the 

reduction of 3-Br′  is confounded by the production of dimeric byproduct I (Chart 2.1) 

derived by nucleophilic attack of the nitronate anion of one product molecule (4-Br′) to the 

nitrovinyl moiety of one molecule of starting material (3-Br′). Here different reaction 

conditions were investigated for the reduction of 3-Br′ .32 The use of LiBH4 in THF was 

found to provide multiple attractive features, including few equivalents of reductant (1 mol 

equiv), higher reaction concentration (0.2 M), no requirement for added silica, limited 

formation of dimeric byproduct I, and isolation of 4-Br′ in 77% yield after recrystallization 

from 2-propanol. It is noteworthy that small amounts of contaminating I are not readily 

detected by elemental analysis given the similarity in elemental composition: I has 

C26H24Br2N4O8S2 (reduced formula C13H12BrN2O4S) whereas the desired product 4-Br′ has 

C13H13BrN2O4S. However, I can be readily distinguished by 1H NMR spectroscopy. Any 

dimeric byproduct I that is formed is removed upon recrystallization. 

N
NO2

Br N
O2N

Br

dimeric byproduct I

Ts

Ts

 

Chart 2.1. Dimeric Byproduct Derived upon Reduction of Nitrovinylpyrrole 3-Br′ . 
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Table 2.1 compares the four steps of the previous route with those presented here. 

The refined synthesis enabled the preparation of 67.5 g of the common precursor 4-Br′. 

 

Table 2.1. Transformations in Previous versus Refined Route to Common Precursor 4-Br′ 
Step  Previous Routea  Yield  Revised Route  Yield  Product 

1 

0.25 M in THF, 
1 equiv NBS, 
–78 °C, 1 h, 
recrystallized 
(hexanes/THF) 

55% 

1.0 M in THF, 
1 equiv NBS, 
0 °C, 15 min, 
recrystallized 
(EtOH/water) 

81%  2-Br 

2 

0.15 M in THF, 
1.2 equiv NaH, 
rt, 16 h, 
recrystallized 
(EtOAc/hexanes) 

68% 

1.0 M in THF, 
1.1 equiv NaH, 
rt, 3 h, 
recrystallized 
(EtOAc/hexanes) 

73%  2-Br′  

3 
18 equiv CH3NO2, 
0.8 equiv NH4OAc, 
reflux 3 h 

crude 

2.5 equiv CH3NO2, 
0.8 equiv KOAc, 
0.8 equiv MeNH2·HCl, 
rt, 2 h 
wash with EtOH/water 

91%  3-Br′  

4 

0.08 M 
CHCl3/2-propanol, 
silica, NaBH4, 1.5 h 
column chromatography 

58% 
steps 
3+4 

0.2 M THF, LiBH4, 
–10 °C, 15 min, 
recrystallized from 2-
propanol 

77%  4-Br′ 

1-4  overall process  22%  overall process  41%  4-Br′ 
aSteps 1–4 are from ref. 26. 

 

II. Synthesis of the Bromo–Dihydrodipyrrin Precursor to Bromo–

Bacteriochlorins. Three routes were pursued for the conversion of 4-Br′ to the target 

bromo–dihydrodipyrrin DHDPA-Br (Scheme 2.3). In route A, 4-Br′ undergoes three 

sequential transformations (Michael addition with the diacetal of mesityl oxide (5) to give the 

N-tosylpyrrole–nitrohexanone 6-Br′, tosyl removal to give 6-Br, and reductive cyclization to 

give DHDPA-Br). In route B, the two-step conversion of 6-Br′  DHDPA-Br is performed 
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without purification of the intermediate 6-Br. In route C, the three-step conversion of 4-Br′ + 

5  DHDPA-Br is undertaken without purification of any intermediates. One issue in each 

route pertains to whether the tosyl group is removed prior to/concomitant with (route C) or 

after (routes A and B) the Michael addition with α,β-unsaturated ketone 5. The development 

of refined conditions for these routes is delineated in the following section. 
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Scheme 2.3. Three Routes to 8-Bromo-Dihydrodipyrrin DHDPA-Br for Bacteriochlorin 
Syntheses. 
 

Route A. Stepwise Synthesis. Step 5: Michael Addition with 1,1-Dimethoxy-4-

methyl-3-penten-2-one (5). The previously reported procedures for the Michael addition of 

1,1-dimethoxy-4-methyl-3-penten-2-one (5) and 4-Br′ utilized fluoride reagents (e.g., TBAF 

or CsF)14 to effect reaction in acetonitrile at 0.1 – 0.5 M concentrations. Neat conditions 

would be attractive for scale-up purposes. In this regard, the analogous reaction of 4-Br′ and 

mesityl oxide using DBU under neat conditions was reported to give high yields, whereas 
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treatment of the analogous 2-(2-nitroethyl)pyrrole and mesityl oxide with CsF under neat 

conditions did not give the desired product.29 Therefore, the Michael addition of 4-Br′ and 5 

was carried out under neat conditions using DBU to afford 6-Br′ in 66% yield after 

triturating the crude oily brown product with diethyl ether. The acetal 5 and DBU were used 

in 3-fold excess because the reaction does not go to completion (leftover starting material 

remained even after prolonged reaction times) using less of either reagent. 

Step 6. Deprotection of Tosylated Pyrrole–Nitrohexanone 6-Br′. Numerous 

conditions for cleavage of an N-arylsulfonyl group from a nitrogen heterocycle have been 

reported over the past decade including 5 N NaOH in aqueous dioxane,34 TBAF in THF,35 

KF on basic alumina under microwave conditions,36 LiOH and α-mercaptoacetic acid in 

DMF,37 and K2CO3 in methanol.38 Deprotection of the tosylated pyrrole–nitrohexanone 6-Br′ 

was carried out previously using LiOH and α-mercaptoacetic acid in DMF.14 The procedure 

entailed 10 equiv of LiOH and 4 equiv of mercaptoacetic acid in DMF at a concentration of 

0.2 M for 18 h. The high boiling point of DMF further complicates the workup. 

Reexamination of the reaction revealed that KF on basic alumina under microwave 

conditions36 resulted in decomposition, whereas K2CO3 in methanol38 resulted in an 

undesired, unidentified major product with the tosyl group still intact. Use of TBAF as the 

cleavage agent proved promising, and a study was carried out to identify suitable 

deprotection conditions.32 The best conditions entailed use of 1.0 M 6-Br′ with 1 equiv of 

TBAF (1.0 M) at 66 °C for 1 h, which afforded the product 6-Br in 75% yield.  

Application of the refined conditions using 1.2 equiv of TBAF in a 1.0 M THF 

solution at reflux effected complete deprotection after 1 h. Due to the unstable nature and 
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relatively low melting point of the product 6-Br (77–81 °C), purification was only achieved 

by column chromatography. The product so obtained is a yellow oil, which darkens in a few 

hours at room temperature indicating partial decomposition, but solidifies upon storage at     

–10 °C. The elemental analysis of this compound was unsatisfactory. However, 1H NMR and 

mp analysis were identical to reported values. 

The mechanism of the TBAF-mediated deprotection is not known. The 1H NMR 

spectrum of the crude reaction mixture (derived from 6-Br′) showed residual aromatic peaks 

at 7.11 ppm (d, J = 7.5 Hz) and 7.76 ppm (d, J = 7.5 Hz), and GC-MS analysis of the mixture 

gave a dominant peak at tR = 8.136 min (m/z = 142.2). The results are not consistent with the 

plausible cleavage product p-toluenesulfonyl fluoride, which exhibits distinct properties upon 

1H NMR [7.42 ppm (d, J = 7.5 Hz, 2H) and 7.89 ppm (d, J = 8.7 Hz, 2H)] and GC-MS (tR = 

8.238 min, m/z = 174.2) analysis. 

Step 7. Reductive Cyclization. To obtain the desired dihydrodipyrrin DHDPA-Br 

(and not form the unwanted tetrahydrodipyrrin), reductive cyclization typically was carried 

out by formation of the nitronate anion and subsequent treatment with a buffered TiCl3 

solution.27,39 Attempted reductive cyclization of tosyl-protected pyrrole–nitrohexanone 6-Br′ 

(without prior deprotection) resulted mainly in recovered starting material 6-Br′ 

accompanied by a small amount of deprotected 6-Br and the desired dihydrodipyrrin 

DHDPA-Br (<5% yield). Therefore, reductive cyclization was carried out by formation of 

the nitronate anion of the deprotected pyrrole–nitrohexanone 6-Br (0.4 M in THF) with 3 

equiv of NaOMe for 45 min at 0 °C, followed by treatment with a buffered TiCl3 solution for 

16 h. Previously, a freshly prepared TiCl3 solution (8.6 wt %, 28% HCl) was used, which 
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required large amounts of NH4OAc (65 equiv versus TiCl3) to buffer the reaction mixture to 

pH 6.14 Using TiCl3 powder without HCl allows for significantly smaller amounts of 

NH4OAc (6 equiv versus TiCl3). Purification was achieved by low temperature 

crystallization (–10 °C for 48 h) in 2-propanol to afford dihydrodipyrrin DHDPA-Br in 29% 

yield. The mother liquor could be chromatographed to give additional product for a total 

yield of 35%. The synthesis of DHDPA-Br via the seven sequential steps constitutes route 

A. 

An X-ray crystal structure was obtained to confirm the final product. The crystal 

structure of DHDPA-Br contains two symmetry independent molecules in the asymmetric 

unit (space group P 21/c). The structure of one of the molecules is shown in Figure 2.1. A 

literature survey showed that only a few crystal structures of analogous compounds have 

been reported, all of which are polyalkyldipyrrins lacking the pyrroline ring.40–42 

 

 

Figure 2.1. ORTEP drawing of 8-bromo-dihydrodipyrrin-acetal DHDPA-Br. Ellipsoids are 
at the 50% probability level and hydrogen atoms were drawn with arbitrary radii for clarity. 
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Route B. Direct Synthesis of Dihydrodipyrrin-acetal DHDPA-Br from Tosyl-

Protected Pyrrole–Nitrohexanone 6-Br′. Route B begins with pure tosyl-protected pyrrole–

nitrohexanone 6-Br′ obtained from Michael addition of 4-Br′ and 5. The two subsequent 

steps (detosylation, reductive cyclization) carried out in route A were condensed to one. To 

circumvent the column chromatography after detosylation of 6-Br′, the crude reaction 

mixture containing deprotected pyrrole–nitrohexanone 6-Br was used directly in the 

reductive cyclization step. In this instance, reductive cyclization was carried out using an 

inexpensive, commercially available TiCl3 solution (20% in 3% HCl) instead of TiCl3 

powder (which was used in route A). Use of the commercially available TiCl3 solution 

simplified handling of TiCl3 and allowed for the use of relatively small amounts of NH4OAc 

(9 equiv versus TiCl3). Furthermore, the NH4OAc used in this procedure was not dissolved in 

water, which decreases the amount of water in the reaction mixture. Purification after the 

two-step synthesis entailed filtration of the crude reaction mixture through a pad of silica, 

concentration of the filtrate, and recrystallization of the crude product from 2-propanol to 

afford dihydrodipyrrin-acetal DHDPA-Br (16% yield after two steps). This direct conversion 

produced a higher yield (29%) on a smaller scale (4 mmol), but the yield decreased once the 

reaction was scaled up (30 mmol). A possible reason for the lower yield could stem from 

incomplete degassing of the larger scale reaction mixture, whereupon residual oxygen 

oxidized the TiCl3. A second explanation could be the quality of NaOMe, which plays an 

important role in anion formation of compound 6-Br. Larger amounts of MeOH left in the 

freshly prepared NaOMe can significantly decrease overall yields. 
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Route C: Direct Synthesis of Dihydrodipyrrin-acetal DHDPA-Br from 4-Br′. 

Route C condenses the three individual steps (Michael addition, detosylation, reductive 

cyclization) of route A into one. Thus, the route begins with tosyl-protected nitroethylpyrrole 

4-Br′ and α,β-unsaturated ketone 5. Direct syntheses of deprotected pyrrole–nitrohexanone 

6-Br from 4-Br′ have been reported using either CsF or TBAF,14 wherein the fluoride 

reagent promotes both the Michael addition and the tosyl cleavage. Direct conversion using 

CsF required a large excess of acetal 5, high temperatures, and was not reproducible. 

Reported procedures using TBAF employed a large excess of TBAF (10 equiv) and required 

chromatography.  

The reaction of tosyl-protected nitroethylpyrrole 4-Br′ and 1.2 equiv of acetal 5 in the 

presence of three equiv of TBAF (1.0 M) in THF solution afforded a direct conversion to the 

deprotected pyrrole–nitrohexanone 6-Br. In this manner, two steps (Michael addition, tosyl 

deprotection) were condensed into one. 1H NMR spectroscopy and TLC analysis confirmed 

formation of 6-Br. The crude material was used directly in the reductive cyclization as 

described in route B. In this manner, dihydrodipyrrin-acetal DHDPA-Br was obtained in 

14% overall yield (from 4-Br′ and 5) after crystallization from 2-propanol.  

Comparison of Routes from 4-Br′ to DHDPA-Br. A comparison of the individual 

steps in the previous versus refined synthesis of DHDPA-Br from common precursor 4-Br′ 

is presented in Table 2.2. The overall yield of the refined process (5.7%) is 4 times greater 

than that of the prior synthesis. In addition, the concentration of each reaction is generally 

greater, and the chromatography steps have been decreased from four steps to one. 
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Table 2.2. Transformations in Previous versus Refined Stepwise Route (A) from 4-Br′ to 
DHDPA-Br  
Step  Previous Routea  Yield  Revised Route  Yield  Product 

5 
0.1 M in CH3CN,  
5 equiv CsF, rt, 24 h, 
column chromatography 

44% 
neat conditions,  
3 equiv DBU, rt, 15 min, 
trituration with ether 

66%  6-Br′ 

6 

0.2 M in DMF, 
10 equiv LiOH, 
4 equiv HSCH2CO2H,  
rt, 18 h, 
column chromatography 

45% 
0.83 M in THF, 1.2 
equiv TBAF, reflux, 1 h, 
column chromatography 

60%  6-Br 

7 

5 equiv NaOMe, 
TiCl3  
(8.6% wt, 28% HCl), 
65 equiv NH4OAc, 
rt, 16 h,  
column chromatography 

33% 

3 equiv NaOMe, 
TiCl3  
(20% wt, 3% HCl), 
9 equiv NH4OAc, 
rt, 16 h,  
crystallized (2-propanol) 

35%  DHDPA-Br 

1-7  overall process  1.4%  overall process  5.7%  DHDPA-Br 
aSteps 5-7 are from ref. 14. 
 

A comparison of the three routes (Scheme 2.3) is provided in Table 2.3. Routes A-C 

have comparable yields; however, routes B and C eliminate an undesirable silica column 

purification in the synthesis of dihydrodipyrrin DHDPA-Br. Route C has the advantage of 

reducing the amount of the precious acetal 5 used in the Michael addition, employing 1.2 

equivalents of 5 (versus 4-Br′) compared to 3 equivalents in routes A and B. Furthermore, 

routes B and C employ fewer compound isolation steps in the preparation of DHDPA-Br. 

 

Table 2.3. Comparison of Routes A-C for Converting 4-Br′ to Dihydrodipyrrin DHDPA-Br 

Route  # of 
Steps 

Isolated 
Intermediates 

# of 
Columns 

Overall Yield 
(%)a 

Isolated 
Product (g) 

A  3  6-Br′, 6-Br  1  14  1.95 
B  2  6-Br′  0  10b  1.60 
C  1  –  0  14  1.18 

a Based on the amount of starting material 4-Br′. b Based on 16% yield obtained on the 30 
mmol scale. 
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III. Chlorin Precursor. Improved Synthesis of the Bromo–Tetrahydrodipyrrin 

THDP-Br. The synthesis of the tetrahydrodipyrrin (lacking the bromo substituent) has been 

refined29 whereas that bearing the bromo substituent has not.26 The bromo–tetrahydrodipyrrin 

THDP-Br was synthesized by employing the refined procedures developed for the 

bacteriochlorin precursor (vide supra) where possible. The Michael addition of 4-Br′ with 

mesityl oxide was accomplished under neat conditions in the presence of DBU (Scheme 2.4). 

The product 6b-Br′ was obtained in 74% yield after crystallization from 2-propanol. It is 

note worthy that the Michael addition with tosyl-protected nitroethylpyrrole 4-Br′ was 

accomplished in only 1 h versus 12 h for the analogue 4-Br lacking tosyl protection.29 

Treatment of 6b-Br′ to conditions for reductive cyclization (Zn/HCOONH4)29 afforded the 

tosyl-protected bromo–tetrahydrodipyrrin THDP-Br′ in 58% yield. 

Tetrahydrodipyrrins face a potential side reaction that is not present for 

dihydrodipyrrins, namely intramolecular cyclization between the pyrrole 3-position and the 

imine carbon to give a pyrrole-annulated bicyclic product.29 Formation of the bicyclic 

product is promoted with acid, and can occur during the course of reactions of the precursor 

pyrrole–nitrohexanone aimed at forming the tetrahydrodipyrrin. The reductive cyclization 

conditions of Zn/HCOONH4 were expressly developed to avoid the deleterious cyclization 

and smoothly afford the target tetrahydrodipyrrin.29 Prior application of the Zn/HCOONH4 

conditions generally employed unprotected pyrrole–nitrohexanones, although tosyl-protected 

6b-Br′ has been examined once previously at small scale. Here, the presence of the tosyl 

group was carried through from the pyrrole–nitrohexanone 6b-Br′ to the tetrahydrodipyrrin 

THDP-Br′. 
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Scheme 2.4. Streamlined Synthesis of Bromo–Tetrahydrodipyrrin THDP-Br for Chlorin 
Syntheses. 
 

The motivation for carrying the tosyl group through to the tetrahydrodipyrrin stage 

was two-fold: (i) the cyclization of the protected precursor 6b-Br′ gave a higher yield than 

that of the unprotected analogue 6b-Br;26 (ii) the tosyl-protected tetrahydrodipyrrin THDP-

Br′ is a valuable substrate for metal-mediated coupling reactions, given that many metals 

would be chelated by the free nitrogens otherwise. 
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The tosyl group has previously been cleaved in substituted analogues of 

tetrahydrodipyrrin using LiOH and α-mercaptoacetic acid in DMF.26 The crude product 

THDP-Br′ was directly used in the subsequent tosyl-deprotection using three equivalents of 

TBAF to afford bromo–tetrahydrodipyrrin THDP-Br in 72% yield after column 

chromatography. Note that three equivalents of TBAF was necessary to afford complete 

deprotection versus only 1.2 equivalents for the deprotection in the dihydrodipyrrin synthesis 

(6-Br′  6-Br). The differences in deprotection conditions may be attributed to the fact that 

the deprotection occurs at different steps during the synthetic sequence: in the 

dihydrodipyrrin synthesis (for bacteriochlorins), the tosyl group is cleaved from the pyrrole–

nitrohexanone (6-Br′), whereas in the tetrahydrodipyrrin synthesis (for chlorins) the tosyl 

group is cleaved from the tetrahydrodipyrrin (THDP-Br′) itself. Furthermore, the cleaved 

product (THDP-Br) did not crystallize from the crude reaction mixture (using 2-propanol or 

diethyl ether) and hence was purified using column chromatography. Regardless, the 

improvement in the Michael addition shortened the reaction time and provided the bromo–

tetrahydrodipyrrin THDP-Br in 31% overall yield. 

 

Conclusion 

The prior syntheses of bromo–hydrodipyrrins required extensive column 

chromatography, large amounts of chlorinated solvents, and sizable excesses of solvents and 

reagents. Together this resulted in a low overall yield and was expensive in terms of 

investment of time and materials. The refinements described in this chapter include altered 

reaction conditions (concentration, temperature, reagents and purification techniques) for 
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each of the individual steps. Application of the stepwise synthesis (route A) affords the 

valuable 8-bromo-dihydrodipyrrin-acetal DHDPA-Br in significantly improved overall yield 

(5.7%) with limited chromatography, use of process-friendlier solvents (water, ethanol, or 2-

propanol), avoidance of a problematic byproduct (I), higher concentrations, faster reaction 

times, and lesser excesses of solvents and reagents. Streamlined routes enable the expeditious 

preparation of DHDPA-Br. The findings upon refinement of the synthesis of DHDPA-Br 

(for bacteriochlorins) were applied to the preparation of THDP-Br (for chlorins). The key 

precursor, 4-bromo-2-(2-nitroethyl)-N-tosylpyrrole (4-Br′), which is the latest intermediate 

shared by the chlorin and bacteriochlorin syntheses, was prepared in 67.5 g quantity. 

Accordingly, the improvements described here should benefit the synthesis of novel chlorins 

and bacteriochlorins for use in fundamental spectroscopic studies as well as a variety of 

applications. 

 

Experimental Section 

General Methods. 1H NMR (300 MHz) spectra were collected at room temperature 

in CDCl3 containing ~0.1% Me4Si as reference. Melting points are uncorrected. Rotary 

evaporation was done at room temperature and ~100 mmHg. Drying under high vacuum was 

done at room temperature and 0.03 mmHg unless noted otherwise. Silica gel (40 µm average 

particle size) was used for column chromatography. Molecular sieves (4Å, beads) were used 

as received. THF was freshly distilled from sodium/benzophenone ketyl. Anhydrous MeOH 

was reagent grade and used as received. The 1,1-dimethoxy-4-methyl-3-penten-2-one (5) was 

prepared following a literature procedure.12 High resolution exact mass measurements were 
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carried out using electrospray ionization (ESI) on an Agilent Technologies 6210 LC-TOF 

mass spectrometer. Samples were analyzed in positive-ion mode via a 1 µL flow injection at 

300 µL/min in a water:methanol mixture (25:75 v/v) containing 0.1% formic acid.  

Route to Common Precursor 4-Br′ 

 4-Bromopyrrole-2-carboxaldehyde (2-Br). A stirred solution of pyrrole-2-

carboxaldehyde (2-H, 38.0 g, 400 mmol) in THF (400 mL, ACS reagent grade) was cooled 

to 0 °C (in an ice-water bath) under argon in a 1 L round bottom flask. NBS (71.2 g, 400 

mmol; reagent grade, unrecrystallized) was added all at once. The reaction mixture was 

stirred for 15 min at 0 °C under argon before the solvent was removed on a rotary evaporator. 

(Note that after ~1 min following the NBS addition, the NBS completely dissolved and the 

solution turned clear. After ~5 min following the NBS addition, the clear yellow solution 

gave succinimide as a white precipitate.) The resulting solid (product and succinimide) was 

dried under high vacuum for 2 h. Water (200 mL, room temperature) was added to the flask 

and the suspension was filtered using a Büchner funnel. The filter cake was washed with an 

additional 200 mL of water (room temperature). The solid filtered material was transferred to 

a 1 L Erlenmeyer flask and was dissolved in 100 mL of hot ethanol (78 °C) by refluxing 

using a hot water bath. Hot water (900 mL, 100 °C) was added all at once. Upon allowing to 

cool to room temperature, the product crystallized from the solution. The mixture was further 

cooled to 4 °C for 2 h to promote more crystallization. The mixture was filtered by vacuum 

filtration, and the filtered off-white crystals were dried under high vacuum in a vacuum 

desiccator for 24 h to give 56.1 g of product (81%): mp 120 °C; 1H NMR δ 6.91–7.03 (m, 

1H), 7.05–7.17 (m, 1H), 9.48 (s, 1H), 9.68 (br s, 1H); Anal. Calcd for C5H4BrNO: C, 34.51; 
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H, 2.32; N, 8.05. Found: C, 34.37; H, 2.19; N, 7.93. Yields did not significantly improve 

upon crystallization for durations greater than 2 h. 

 4-Bromo-2-formyl-N-tosylpyrrole (2-Br′). A stirred suspension of 95% NaH (10.7 

g, 423 mmol) in dry THF (350 mL, distilled) in a 1 L oven-dried round bottom flask was 

cooled to 0 °C (in a wet ice water bath) under argon. The mixture was treated portionwise 

over ~15 min with 2-Br (61.4 g, 353 mmol). The mixture was stirred for 30 min at 0 °C 

before treating all at once with p-toluenesulfonyl chloride (67.3 g, 353 mmol). The reaction 

mixture was stirred at room temperature for 3 h, whereupon water (200 mL, room 

temperature) was slowly added to quench the reaction. Ethyl acetate (200 mL) was added, 

and the organic layer was separated. The organic layer was washed with brine (100 mL), 

dried (~50 g of Na2SO4), and concentrated to a solid on a rotary evaporator. The solid was 

dried under high vacuum for 2 h in a 1 L round bottom flask. The crude solid material was 

dissolved in 600 mL of hexanes/ethyl acetate (5:1) by refluxing using a hot water bath. Upon 

allowing to cool to room temperature, the product crystallized from the solution. The mixture 

was further cooled overnight at –10 °C to promote additional crystallization. The mixture 

was filtered by vacuum filtration, and the filtered light brown crystals were dried under high 

vacuum in a vacuum desiccator to give 84.2 g (73%) of product. The mother liquor could be 

concentrated and recrystallized to obtain an additional 10.4 g of product for a total of 94.4 g 

(82 %): mp 83–85 °C; 1H NMR δ 2.44 (s, 3H), 7.10 (d, J = 1.93 Hz, 1H), 7.35 (d, J = 7.98 

Hz, 2H), 7.58 (d, J = 1.93 Hz, 1H), 7.82 (d, J = 8.53 Hz, 2H), 9.95 (s, 1H); Anal. Calcd for 

C12H10BrNO3S: C, 43.92; H, 3.07; N, 4.27; S, 9.77. Found: C, 43.69; H, 2.97; N, 4.27; S, 

9.77. Alternatively, the product could be crystallized in similar yields by concentrating the 
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organic layer to ∼100 mL, adding 500 mL of hexanes, heating the resulting mixture under 

reflux to dissolve any solid material, and cooling to room temperature. 

 4-Bromo-2-(2-nitrovinyl)-N-tosylpyrrole (3-Br′). A stirred mixture of 2-Br′  (84.2 

g, 257 mmol) in the form of a finely ground powder, potassium acetate (20.1 g, 205 mmol), 

methylamine hydrochloride (13.8 g, 205 mmol), and acetic acid (1 mL) in absolute ethanol 

(90 mL) in a 500 mL round bottom flask was treated with nitromethane (34.5 mL, 643 

mmol). The progress of the reaction was monitored by TLC [silica, hexanes/CH2Cl2 (3:2)] 

and by 1H NMR spectroscopy in CDCl3 (CHO: s, d 9.95 ppm; C=NHMe: s, 8.59 ppm; 

CH=CHNO2: d, J = 13.4 Hz, 8.44 ppm). The mixture was stirred for 2 h, whereupon water 

was added (200 mL, room temperature) and the resulting yellow precipitate was filtered by 

vacuum filtration. The solid filtered material was washed with water (500 mL, room 

temperature) followed by cold ethanol (~1 L, 0 °C) until the eluant was clear. The yellow 

filtered solid was dried overnight under high vacuum (86.7 g, 91%): mp 164–170 °C; 1H 

NMR δ 2.44 (s, 3H), 6.77 (s, 1H), 7.31 (d, J = 13.40 Hz, 1H), 7.36 (d, J = 8.25 Hz, 2H), 7.60 

(s, 1H), 7.76 (d, J = 8.25 Hz, 2H), 8.44 (d, J = 13.40 Hz, 1H); Anal. Calcd for 

C13H11BrN2O4S: C, 42.06; H, 2.99; N, 7.55. Found: C, 42.23; H, 2.90; N, 7.50.  

 4-Bromo-2-(2-nitroethyl)-N-tosylpyrrole (4-Br′). A solution of 3-Br′  (86.7 g, 234 

mmol) in THF (1170 mL, HPLC grade) was cooled to –10 °C (internal temperature, using an 

acetone bath with a few pieces of dry ice) under argon in a 2 L round bottom flask. The 

solution was treated with 95% LiBH4 (5.30 g, 234 mmol) all at once under vigorous stirring. 

The reaction mixture was stirred for ~15 min at –10 °C, until all of the starting material 

disappeared (starting material: CH=CHNO2: d, J = 13.4 Hz, d 8.44 ppm; product: 
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CH2CH2NO2: t, J = 7 Hz, 4.60 ppm and 3.39 ppm), whereupon the reaction mixture was 

quenched by slowly adding a cold saturated aqueous NH4Cl solution (400 mL, 0 °C). The 

mixture was extracted with ethyl acetate (400 mL). The organic layer was washed with brine 

(200 mL), dried (~50 g of Na2SO4), concentrated to a solid on a rotary evaporator, and dried 

under high vacuum for 2 h in a 2 L round bottom flask. The crude solid material was 

dissolved in 2-propanol (1.5 L) by refluxing in a hot water bath. (Note that any undissolved 

solid (e.g., dimeric byproduct I) can be removed by hot filtration.) Upon allowing to cool to 

room temperature the product crystallized from the solution. The mixture was further cooled 

overnight at –10 °C to promote more crystallization. The mixture was filtered by vacuum 

filtration, and the filtered light brown crystals were dried under high vacuum in a vacuum 

desiccator to give 67.5 g of product (77%): mp 125–127 °C; 1H NMR δ 2.44 (s, 3H), 3.39 (t, 

J = 7.01 Hz, 2H), 4.60 (t, J = 7.01 Hz, 2H), 6.10 (d, J = 1.93 Hz, 1H), 7.32 (d, J = 1.93 Hz, 

1H), 7.35 (d, J = 7.98 Hz, 2H), 7.69 (d, J = 7.98 Hz, 2H); Anal. Calcd for C13H13BrN2O4S: C, 

41.84; H, 3.51; N, 7.51. Found: C, 41.85; H, 3.45; N, 7.40. Data for dimeric byproduct I: mp 

115–117 °C; 1H NMR δ 2.44 (s, 3 H), 2.45 (s, 3 H), 3.00–3.17 (m, 1 H), 3.21–3.35 (m, 1 H), 

4.36–4.51 (m, 1 H), 4.69–4.86 (m, 1 H), 4.87–5.01 (m, 1 H), 5.22–5.38 (m, 1 H), 5.99 (s, 1 

H), 6.00 (s, 1 H), 6.16 (s, 1 H), 6.17 (s, 1 H), 7.28–7.37 (m, 2 H), 7.37–7.44 (m, 2 H), 7.61 

(d, J = 8.53 Hz, 2 H), 7.77 (d, J = 8.53 Hz, 2 H); ESI-MS obsd 741.93978, calcd 741.94023 

(C26H24Br2N4O8S2). 
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Routes to Bacteriochlorin Precursor DHDPA-Br 

Route A: 

 6-(4-Bromo-N-tosylpyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-nitrohexan-2-one 

(6-Br′). A mixture of 4-Br′ (29.9 g, 80.0 mmol) and 1,1-dimethoxy-4-methyl-3-penten-2-one 

(5, 38.0 g, 240 mmol, 3 equiv) in a 250 mL round bottom flask was treated with DBU (35.9 

mL, 240 mmol). The reaction mixture was stirred for 15 min under argon. A saturated 

solution of cold aqueous NH4Cl (100 mL, 0 °C) was added. The mixture was extracted with 

ethyl acetate (200 mL). The organic layer was washed with brine (100 mL), dried (~50 g of 

Na2SO4), and concentrated on a rotary evaporator for 30 min. The crude mixture was then 

subjected to overnight bulb-to-bulb distillation (0.014 mmHg) at room temperature to recover 

unreacted 5 (9.89 g), which could be reused without further purification. Addition of diethyl 

ether (300 mL) to the remaining solid crude reaction mixture, trituration of the solid, and 

filtration afforded a pale brown solid (28.1 g, 66%): mp 122–124 °C; 1H NMR δ 1.14 (s, 

3H), 1.23 (s, 3H), 2.44 (s, 3H), 2.59, 2.69 (AB, 2J = 18.5 Hz, 2H), 3.19 (ABX, 2JAB = 15.7 

Hz, 3JBX = 2.0 Hz, 1H), 3.37 (ABX, 2JAB = 15.7 Hz, 3JAX = 11.7 Hz, 1H), 3.43 (s, 6H), 4.36 

(s, 1H), 5.19 (ABX, 3JAX = 11.7 Hz, 1H), 6.03 (s, 1H), 7.27 (s, 1H), 7.35 (d, J = 8.41 Hz, 

2H), 7.66 (d, J = 8.41 Hz, 2H); Anal. Calcd for C21H27BrN2O7S: C, 47.46; H, 5.12; N, 5.27. 

Found: C, 47.65; H, 5.16; N, 5.21.  

 6-(4-Bromo-1H-pyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-nitrohexan-2-one (6-

Br). A sample of 6-Br′ (18.36 g, 34.47 mmol) in a 250 mL round bottom flask was treated 

with TBAF (41 mL, 1.0 M in THF, 41 mmol), and the reaction mixture was stirred for 45 

min at reflux. A saturated solution of aqueous NaHCO3 (100 mL) was added followed by 
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ethyl acetate (100 mL). The mixture was extracted with ethyl acetate (2 x 100 mL). The 

organic layer was dried (~50 g of Na2SO4), concentrated to a brown oil on a rotary 

evaporator, dried under high vacuum for 2 h, and chromatographed [silica (100 g in a 4.5 cm 

diameter column), hexanes/ethyl acetate (1:0 → 3:2), 2 L] to give a light brown oil, which 

solidified upon storing at –10 °C (7.79 g, 60%): mp 77–81 °C; 1H NMR δ 1.13 (s, 3H), 1.21 

(s, 3H), 2.60, 2.72 (AB, 2J = 18.8 Hz, 2H), 2.98 (d, J = 15.4 Hz, 1H), 3.30 (ABX, 2JAB = 15.4 

Hz, 3JAX = 11.8 Hz, 1H), 3.44 (s, 6H), 4.36 (s, 1H), 5.13 (d, J = 11.8 Hz, 1H), 5.99 (s, 1H), 

6.63 (s, 1H), 8.15 (br s, 1H). Anal. Calcd for C14H21BrN2O5: C, 44.57; H, 5.61; N, 7.43. 

Found: C, 45.53; H, 5.56; N, 6.94.  

 8-Bromo-2,3-dihydro-1-(1,1-dimethoxymethyl)-3,3-dimethyldipyrrin (DHDPA-

Br). In a first flask, a solution of 6-Br (7.79 g, 20.6 mmol) in freshly distilled THF (50 mL) 

and anhydrous MeOH (10 mL) at 0 °C was treated with freshly prepared NaOMe (3.33 g, 

61.8 mmol).Note 1 The resulting mixture was stirred and degassed by bubbling argon through 

the solution for 45 min. In a second oven-dried flask purged with argon, TiCl3 (20.0 g, 124 

mmol) and freshly distilled THF (250 mL) were combined under argon.Note 2 Under vigorous 

stirring, a degassed solution (by bubbling argon through for 1 h) of NH4OAc (60.0 g, 779 

mmol) in water (80 mL, the minimum required to dissolve the NH4OAc) was transferred via 

cannula to the TiCl3 solution to buffer the solution to pH 6. Then the first flask mixture was 

transferred via cannula to the buffered TiCl3 solution. The resulting mixture was stirred at 

room temperature for 16 h under argon. A saturated solution of aqueous NaHCO3 (200 mL) 

was added and the reaction mixture was extracted with ethyl acetate (200 mL). The organic 

layer was washed with brine (100 mL), dried (~50 g of Na2SO4), concentrated on a rotary 
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evaporator, and dried under high vacuum for 2 h. The dark brown oily residue was dissolved 

in a small amount of 2-propanol (3 mL) and stored at –10 °C for 48 h to give light brown 

crystals (1.95 g, 29%). The mother liquor was chromatographed [silica (25 g in a 2.5 cm 

diameter column), hexanes/ethyl acetate (3:1), 500 mL] to give additional 0.41 g of product 

for a total of 2.36 g (35%): mp 101–103 °C; 1H NMR δ 1.20 (s, 6H), 2.61 (s, 2H), 3.44 (s, 

6H), 5.01 (s, 1H), 5.77 (s, 1H), 6.12 (s, 1H), 6.78 (s, 1H), 10.67 (br s, 1H); Anal. Calcd for 

C14H19BrN2O2: C, 51.39; H, 5.85; N, 8.56. Found: C, 51.37; H, 5.89; N, 8.37.  

 Note 1. The NaOMe was prepared by slowly adding elemental Na (~5 g) to MeOH 

(~50 mL). The reaction is exothermic and was refluxed using a reflux condenser until all Na 

has reacted. The methanol was then evaporated on a rotary evaporator and the resulting 

NaOMe was dried under high vacuum for 24 h. 

 Note 2. 3 Equiv of freshly prepared NaOMe were necessary to effect complete 

formation of the nitronate anion. Commercially available 95% NaOMe does not completely 

dissolve in the THF/MeOH (5:1) solvent mixture, resulting in incomplete nitronate anion 

formation, and increasing the amount of MeOH decreases the yield of the reaction. 

Incomplete formation of the nitronate anion results in leftover starting material in the crude 

product mixture, and the dihydrodipyrrin DHDPA-Br does not crystallize. 

 Route B: Streamlined Synthesis from 6-Br′ to DHDPA-Br. A sample of 6-Br′ 

(16.7 g, 31.4 mmol) was treated with TBAF (37.7 mL, 1.0 M in THF, 37.7 mmol), and the 

reaction mixture was stirred for 1 h at reflux. The progress of the reaction was monitored by 

1H NMR spectroscopy (6-Br′: dd, J = 8 Hz, δ 5.20 ppm; 6-Br: dd, J = 10 Hz, 5.13 ppm). 

After the starting material disappeared, a saturated solution of aqueous NaHCO3 (100 mL) 
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was added and the mixture was extracted with 100 mL of ethyl acetate. The organic layer 

was dried (~25 g of Na2SO4), concentrated to a brown oil on a rotary evaporator, and dried 

under high vacuum for 2 h. The crude material was used directly in the next step. In a first 

flask, a solution of the crude material in freshly distilled THF (120 mL) and anhydrous 

MeOH (24 mL) at 0 °C was treated with NaOMe (5.1 g, 94.2 mmol, freshly prepared as 

described above). The mixture was stirred and degassed by bubbling argon through the 

solution for 45 min. In a second 1 L round bottom flask purged with argon, TiCl3 (160 mL, 

20% wt/v in 3% HCl solution, 180 mmol), 300 mL THF, and NH4OAc (124 g, 1620 mmol) 

were combined under argon and the solution was degassed by bubbling argon through the 

solution for 45 min. Then the first flask mixture was transferred via cannula to the buffered 

TiCl3 solution. The resulting mixture was stirred at room temperature for 16 h under argon. 

(Note that the reaction mixture forms a thick solid material along the walls of the flask and 

overhead stirring may be required.) The reaction mixture was then poured over a pad of silica 

(100 g in a Büchner funnel). The reaction flask was rinsed with ethyl acetate (2 x 100 mL), 

which was poured over the silica pad. The silica pad was eluted with an additional 100 mL of 

ethyl acetate. The eluant was checked by TLC [silica, hexanes/ethyl acetate (1:1), top dark 

brown spot after staining with I2] to confirm that all of the desired product had eluted. The 

filtrate was treated with 5 g of NaHCO3 for 5 min to neutralize the mixture and absorb any 

remaining water. The NaHCO3 was removed by filtration, and the filtrate was concentrated 

to a brown oil on a rotary evaporator. The crude product was filtered through a second silica 

pad (100 g in a Büchner funnel) and eluted with ethyl acetate (100 mL) with TLC monitoring 

as described above. The filtrate was concentrated to a brown oil on a rotary evaporator and 
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dried under high vacuum for 1 h. The brown oil was dissolved in a small amount of 2-

propanol (5 mL) and stored at –10 °C for 48 h to give light brown crystals (1.60 g, 16%): 

Anal. Calcd for C14H19BrN2O2: C, 51.39; H, 5.85; N, 8.56. Found: C, 51.53; H, 5.89; N, 8.33. 

 Route C: Streamlined Synthesis from 4-Br′ to DHDPA-Br. A mixture of 4-Br′ 

(11.2 g, 30.0 mmol) and 5 (5.69 g, 36.0 mmol) in a 250 mL round bottom flask was treated 

with TBAF (90 mL, 1.0 M in THF, 90 mmol) and 4 Å molecular sieves (6 g, beads), and the 

reaction mixture was stirred for 24 h under argon at room temperature. A saturated solution 

of aqueous NaHCO3 (100 mL) was added and the mixture was extracted with ethyl acetate (2 

x 100 mL). The organic layer was dried (~50 g of Na2SO4), concentrated to a brown oil on a 

rotary evaporator, and dried under high vacuum for 2 h. The crude material was used directly 

in the next step. In a first flask, a solution of the crude material in freshly distilled THF (120 

mL) and anhydrous MeOH (24 mL) at 0 °C was treated with NaOMe (5.1 g, 94.2 mmol, 

freshly prepared as described above). The mixture was stirred and degassed by bubbling 

argon through the solution for 45 min. In a second 1 L round bottom flask purged with argon, 

TiCl3 (160 mL, 20% in 3% HCl solution, 180 mmol), 300 mL THF, and NH4OAc (124 g, 

1620 mmol) were combined under argon and the solution was degassed by bubbling argon 

through the solution for 45 min. Then the first flask mixture was transferred via cannula to 

the buffered TiCl3 solution. The resulting mixture was stirred at room temperature for 16 h 

under argon. (Note that the reaction mixture forms a thick solid material along the walls of 

the flask and overhead stirring may be required.) The reaction mixture was then poured over 

a pad of silica (100 g in a Büchner funnel). The reaction flask was rinsed with ethyl acetate 

(2 x 100 mL), which was poured over the silica pad. The silica pad was eluted with an 
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additional 100 mL of ethyl acetate. The eluant was checked by TLC [silica, hexanes/ethyl 

acetate (1:1), top dark brown spot after staining with I2] to confirm that all of the desired 

product had eluted. The filtrate was treated with 5 g of NaHCO3 for 5 min to neutralize the 

mixture and absorb any remaining water. The NaHCO3 was removed by filtration, and the 

filtrate was concentrated to a brown oil on a rotary evaporator. The crude product was 

filtered through a second silica pad (100 g in a Büchner funnel) and eluted with ethyl acetate 

(100 mL) with TLC monitoring as described above. The filtrate was concentrated to a brown 

oil on a rotary evaporator and dried under high vacuum for 1 h. The brown oil was dissolved 

in a small amount of 2-propanol (5 mL) and stored at –10 °C for 48 h to give light brown 

crystals (1.18 g, 14%): Anal. Calcd for C14H19BrN2O2: C, 51.39; H, 5.85; N, 8.56. Found: C, 

51.65; H, 5.93; N, 8.49.  

Route to Chlorin Precursor THDP-Br 

 6-(4-Bromo-1-N-tosylpyrrol-2-yl)-3,3-dimethyl-4-nitrohexan-2-one (6b-Br′). A 

suspension of 4-Br′ (13.3 g, 35.7 mmol) in mesityl oxide (10.5 g, 107 mmol, 3 equiv) was 

treated with DBU (16 mL, 11.6 mmol). The resulting mixture was stirred at room 

temperature for 1 h, diluted with ethyl acetate, washed (3 x water, brine), dried (Na2SO4) and 

concentrated. [The thorough washing with water and use of ethyl acetate (rather than 

CH2Cl2) are essential to remove all of the DBU. The remaining DBU may cause extensive 

formation of byproduct during concentration.] An excess of mesityl oxide was removed 

under high vacuum for 16 h. The resulting crude product was dissolved in a minimal amount 

of 2-propanol (150 mL) and stored at –10 °C for 24 h to give brown crystals (12.54 g, 74%). 
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The 1H NMR data were consistent with those previously reported.26 Anal. Calcd for 

C19H23BrN2O5S: C, 48.41; H, 4.92; N, 5.94. Found: C, 48.41; H, 4.92; N, 5.93.  

 8-Bromo-3,4,5,6-tetrahydro-1,3,3-trimethyl-11-N-tosyldipyrrin (THDP-Br′). A 

solution of 6b-Br′ (10.0 g, 21.2 mmol) in THF (100 mL) was treated with HCOONH4 (26.8 

g, 424 mmol) and zinc powder (27.7 g, 424 mmol). The resulting suspension was stirred 

vigorously at room temperature for 2 h. The reaction mixture was filtered through a pad of 

silica (50 g). The filter cake was eluted with 500 mL of ethyl acetate. The filtrate was 

concentrated to a fluffy, light-brown solid (5.2 g, 58%). The crude product was about 95% 

pure as determined by 1H NMR spectroscopy,26 and was used directly in the next reaction. 

 8-Bromo-3,4,5,6-tetrahydro-1,3,3-trimethyldipyrrin (THDP-Br). A sample of 

crude THDP-Br′ (2.07 g, 4.89 mmol) was treated with TBAF (14 mL, 1.0 M in THF, 14 

mmol, 3 equiv), and the reaction mixture was stirred for 1 h at reflux. A saturated solution of 

aqueous NaHCO3 (50 mL) was added followed by ethyl acetate (50 mL). The mixture was 

extracted with ethyl acetate (100 mL). The organic layer was dried (Na2SO4), concentrated to 

a brown oil on a rotary evaporator, dried under high vacuum for 2 h, and chromatographed 

[silica (100 g in a 3.5 cm diameter column), ethyl acetate 500 mL] to give a brown oil, which 

solidified upon storage at –10 °C (0.95 g, 72%). The characterization data (1H NMR, ESI-

MS) were consistent with those previously reported.26  

 

The results presented in this chapter have been published.32 
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CHAPTER 3 

Expanded Scope of Synthetic Bacteriochlorins via Improved Acid Catalysis Conditions 

and Diverse Dihydrodipyrrin-Acetals 

 

Introduction 

Bacteriochlorins – tetrahydroporphyrins containing opposite pyrroline rings – are 

distinguished from other members of the tetrapyrrole family of macrocycles by the presence 

of an intense (ε ~105 M–1cm–1) long-wavelength absorption band located in the near-infrared 

region (700–900 nm).1 The near-infrared (NIR) absorption band opens the door to 

photochemical studies with light of lower energy than that in the ultraviolet or visible 

regions, and enables capture of the large fraction of solar light in the NIR spectral region.2 In 

this regard, 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).3 While studies of the biosynthesis4 and spectroscopy1 of 

bacteriochlorophylls remain fertile areas of investigation, the synthetic chemistry of 

bacteriochlorins is relatively undeveloped.5–7 The development of robust and versatile routes 

for preparing and modifying bacteriochlorin macrocycles is essential for fundamental studies 

of their chemical and physical properties, and understanding the intricacies of their roles in 

photosynthetic processes. 
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Chart 3.1. Naturally Occurring Bacteriochlorophylls. 

 

The ability to tailor synthetic bacteriochlorins with peripheral substituents should 

enable a host of important properties to be tuned in a systematic manner. The properties 

include the following: (i) the position of the near-infrared absorption band, (ii) redox 

potentials, (iii) metal chelate stability, (iv) solubility, (v) supramolecular interactions 

including self-assembly, and (vi) amenability as constituents in diverse photochemical 

applications ranging from artificial photosynthesis to medicine. One approach to the 

synthesis of bacteriochlorins relies on semisynthesis, namely modification of existing 

bacteriochlorophylls.5,7 A second approach entails reduction or derivatization of porphyrins 

or chlorins.5 Both approaches have merit but both lack the potential versatility of de novo 
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synthetic routes wherein the bacteriochlorin chromophore is constructed directly from acyclic 

precursors. For example, the fully unsubstituted bacteriochlorin (lacking β-pyrrole 

substituents) is a key benchmark for all spectroscopic and photochemical studies of 

bacteriochlorophylls, yet has hardly been investigated.8 Similarly, the incorporation of 

bacteriochlorins into multipigment arrays to explore energy- and electron-transfer reactions, 

as has been done vigorously with porphyrins,9 has been comparatively untouched.10 The 

dearth of such studies stems from synthetic limitations in the creation of suitable 

bacteriochlorin macrocycles. 

As outlined in the previous chapters, the Lindsey lab has been working to develop a 

synthetic route to bacteriochlorins. The route entails the acid-catalyzed self-condensation of a 

dihydrodipyrrin-acetal, wherein the pyrroline ring contains a geminal dimethyl group integral 

to the ring and the acetal moiety located at the α-position. The first dihydrodipyrrin-acetal 

examined (DHDPA-T) contained a p-tolyl group attached to the β-pyrrole ring (R1 = p-tolyl, 

R2 = H). Treatment of DHDPA-T with BF3·O(Et)2 in CH3CN afforded a mixture of two free 

base bacteriochlorins (HBC-T, MeOBC-T) and a free base B,D-tetradehydrocorrin (TDC-

T) (Scheme 3.1).11 Each macrocycle contains a geminal dimethyl group in each pyrroline 

ring, which makes these compounds oxidatively stable under routine handling. By contrast, 

bacteriochlorophylls derived from photosynthetic bacteria are prone to adventitious 

dehydrogenation upon handling outside of their natural physiological environment, giving 

rise to chlorins and/or porphyrins.12 
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Scheme 3.1. Self-Condensation of a Dihydrodipyrrin-Acetal Resulting in Three 
Macrocycles. 
 

The formation of three macrocycles from the self-condensation was both a limitation 

of the synthetic route and an opportunity to access distinct compounds. Alteration of the 
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concentrations of the acid [BF3·O(Et)2 from 10–500 mM] and the acetal (DHDPA-T from 

2.5–50 mM) was found to shift the product distribution considerably. Indeed, distinct 

conditions were identified that would favor a given macrocycle, with isolation of a much 

lesser quantity of one of the other macrocycles: the preparative synthesis with 18 mM 

DHDPA-T and 140 mM BF3·O(Et)2 gave predominantly HBC-T (49%); 5 mM DHDPA-T 

and 50 mM BF3·O(Et)2 gave predominantly MeOBC-T (30%); and 11 mM DHDPA-T and 

10 mM BF3·O(Et)2 gave predominantly TDC-T (66%).11 In summary, conditions that afford 

a single macrocycle in good yield have heretofore not been identified. 

The self-condensation route, developed upon examination of the synthesis of 2,12-di-

p-tolylbacteriochlorins,11 has been extended to other dihydrodipyrrin-acetals to afford 

bacteriochlorins bearing 3,13-dibromo,8 2,12- or 3,13-bis(swallowtail) substituents 

[CH(CH2CH2OCH3)2],13 or 3,13-dimesityl substituents.14 Application of the conditions 

identified with DHDPA-T gave uneven results with these other dihydrodipyrrin-acetals. For 

example, treatment of the bromo-dihydrodipyrrin-acetal (DHDPA-Br, R1 = H, R2 = Br) at 5 

mM with 50 mM BF3·O(Et)2 gave HBC-Br as the predominant macrocycle and only in 15% 

yield. Similar low yields also were obtained with the other dihydrodipyrrin-acetals. The 

ability to obtain a single target macrocycle in reasonable yield is essential for progress in 

bacteriochlorin chemistry. Given the known sensitivity of tetrapyrrole macrocycle formation 

to the nature and concentration of acid catalysts,15 and the expected strong influence of 

substituents attached to the pyrrole nucleus in the dihydropyrrin-acetal unit, a systematic 

study of the effects of acid catalysts on a basis set of substituted dihydrodipyrrin-acetals was 

undertaken. A key issue was whether conditions could be identified that make use of acids 
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milder than BF3·O(Et)2 yet form the HBC- or MeOBC-type bacteriochlorin in good yield 

and in selective fashion. 

This chapter describes the study of reaction conditions for the self-condensation of 

dihydrodipyrrin-acetals to give bacteriochlorins. The chapter is divided into three major 

parts. Part I describes the preparation of a collection of dihydrodipyrrin-acetals with electron-

withdrawing, electron-donating, or no substituents at the R1 and R2 positions (Chart 3.2). Part 

II describes a two-tiered search for Lewis acids for the self-condensation of the 

dihydrodipyrrin-acetals. The first tier entailed a survey of >20 acids applied to the 

condensation of DHDPA-T and DHDPA-Br. From this broad ranging survey, four acids 

were identified that afforded promising results. The second tier applied the four acids to a 

basis set of dihydrodipyrrin-acetals, while systematically varying both the concentration of 

the dihydrodipyrrin-acetal and the acid. The results of this study provide access to new 

bacteriochlorins, provide insights into the reactivity of precursors to bacteriochlorins, and 

also inform synthetic planning for the preparation of substituted bacteriochlorins either by 

prefunctionalizing the precursors to bacteriochlorins or by introducing substituents in intact 

bacteriochlorin macrocycles. Part III describes a bromination study of three new MeOBC-

type bacteriochlorins, which were readily accessed through the methods developed here. 

(Contributions to the results presented in this chapter were made by Marcin Ptaszek, 

Han-Je Kim, Kelly R. Meneely, Dazhong Fan, Kristen Secor). 
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Chart 3.2. Dihydrodipyrrin-Acetals for the Self-Condensation to Bacteriochlorins. 
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Results 

I. Synthesis of Dihydrodipyrrin-Acetals. The generic synthesis of dihydrodipyrrin-

acetals entails five steps from a pyrrole as is shown in Scheme 3.2. The steps include 

formylation to give the pyrrole-2-carboxaldehyde (2), nitro-aldol (Henry) condensation to 

give the nitrovinylpyrrole and subsequent reduction to give the 2-(2-nitroethyl)pyrrole (4), 

Michael addition with the α,β-unsaturated ketone-acetal 511 to give the nitrohexanone-

pyrrole (6), and McMurry-type ring closure to give the dihydrodipyrrin-acetal (DHDPA). 

NOTE: The 2-(2-nitrovinyl)pyrrole intermediate (3) (see chapter 2) was not isolated in pure 

form here and is not shown in Scheme 3.2. 

 Since the first synthesis of the p-tolyl substituted dihydrodipyrrin-acetal DHDPA-

T,11 considerable effort has been devoted to the development of improved and general 

procedures for this overall transformation (see chapter 2). The key improvements include 

smooth conditions for installing the nitroethyl group,16 a solventless method for the Michael 

addition,17 and mild conditions for forming the pyrroline ring;18 all of these are carried out 

with limited chromatography so as to enable synthesis at the multigram scale.18 Such 

methods were developed largely for a scalable synthesis of the known8 DHDPA-Br (chapter 

2), and have been applied here where possible for the synthesis of the dihydrodipyrrin-

acetals. In this regard, a refined synthesis of known dihydrodipyrrin-acetals DHDPA-T11 and 

DHDPA-H17 at substantial scale (>350 mg) has been carried out. 
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Scheme 3.2. Synthesis of Dihydrodipyrrin-Acetals. 
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The synthesis of each dihydrodipyrrin-acetal begins with a corresponding pyrrole. 

Pyrroles 1-EtEt,19 1-Py,20 1-AnEs,21 1-MeEs,22 1-ArEs,23 1-Ar,24 and 1-TEs11 were 

prepared according to the literature, whereas 1-EsEs was obtained commercially. 

Dihydrodipyrrin-acetal DHDPA-EtEs required the synthesis of pyrrole 1-EtEs. The Wittig 

reaction of propionaldehyde and (carbethoxymethylene)triphenylphosphorane (following a 

procedure for a methyl homologue)25 afforded the corresponding α,β-unsaturated esters, 

which upon treatment with p-toluenesulfonyl methylisocyanide (TosMIC) via the van Leusen 

method26 gave pyrrole 1-EtEs (equation 3.1). Similar treatment of ethyl acrylate with 

TosMIC gave pyrrole 1-Es (equation 3.2). 

H

O

PPh3

H

EtO

O

(1)

(2)  TosMIC, NaH
N

H

O

OEt

6-EtEs

(eq 3.1)

 

CO2Et TosMIC, NaH

N
H

CO2Et

(eq 3.2)

6-Es  

The synthesis of each dihydrodipyrrin-acetal generally followed established methods; 

however, the conditions for each synthetic step (especially time and temperature) can vary 

considerably due to the different reactivity imparted by the pyrrole substituents. Key 

observations concerning the synthesis of the various dihydrodipyrrin-acetals are as follows: 

(i) Vilsmeier-Haack formylation proceeded at room temperature in 2–3 h for 3-

(ethoxycarbonyl)-4-ethylpyrrole (1-EtEs) and 3,4-diethylpyrrole (1-EtEt), at room 

temperature overnight for 3-ethoxycarbonylpyrrole (1-Es) and 3-(4-pyridyl)pyrrole (1-Py), 
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and at 80 °C for 24 h for 3,4-bis(ethoxycarbonyl)pyrrole (1-EsEs). Formylation of the 

unsymmetrical pyrroles 1-EtEs, 1-Es, and 1-Py predominantly took place at the α-position 

distal to the ester or pyridyl substituent. Note that formylpyrrole 2-Py is poorly soluble in a 

variety of solvents, which made handling and purification difficult.  

(ii) The formylpyrroles 2 were converted to nitroethylpyrroles 4 via the nitro-aldol 

condensation (to give the nitroethylpyrroles 3) and subsequent reduction of the vinyl group. 

For the compounds containing ester substituents (4-EtEs, 4-EsEs and 4-Es) the reduction 

was carried out using NaBH4 instead of LiBH4 to avoid possible reduction of the ester 

groups. Nitroethylpyrroles 4-EtEs, 4-EsEs, 4-Es, and 4-Py (containing electron-withdrawing 

substituents) were stable under routine handling and could be purified via column 

chromatography, while the electron-rich 4-EtEt decomposed rapidly when subjected to silica 

or alumina column chromatography and was therefore used in crude form for the subsequent 

Michael addition.  

(iii) The Michael addition reaction of 4 typically was carried out under solventless 

conditions for 16 h at room temperature using 1.2 equivalents of the Michael acceptor 5 and 

DBU to afford the nitrohexanone-pyrrole 6. The reaction of 4-EtEt with two equivalents of 

DBU for 5 h at room temperature gave 6-EtEt in 29% yield, whereas 4-EsEs with 10 

equivalents of 5 at room temperature for 15 min gave 6-EsEs in 20% yield. Fewer 

equivalents and longer reaction times resulted in lower yields. The Michael addition of 4-Es 

or 4-Py was carried out using 3 equivalents of 5 and three equivalents of DBU for 1 h at 

room temperature to afford 6-Es or 6-Py in 66% or 27% yield, respectively. 
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(iv) Nitrohexanone-pyrroles 6 were converted to the dihydrodipyrrin-acetals DHDPA 

by reductive cyclization using NaOMe and a buffered solution of TiCl3 at room temperature 

for 16 h, except for 6-Py, which required longer reaction time (48 h) and higher temperature 

(35 °C). Dihydrodipyrrin-acetal DHDPA-EtEt was extremely unstable and decomposed 

within a few minutes. Accordingly, complete characterization was not obtained for DHDPA-

EtEt, and the attempted self-condensation studies did not result in significant bacteriochlorin 

formation (vide infra).  

(v) Dihydrodipyrrin-acetal DHDPA-TEs was synthesized in a streamlined fashion 

from pyrrole 1-TEs without characterization of all intermediates. Each dihydrodipyrrin-

acetal was characterized by 1H NMR and 13C NMR spectroscopy, and by ESI-MS. 

Dihydrodipyrrin-acetals bearing electron-withdrawing substituents (e.g., CO2Et) were stable 

and could be stored at –10 °C for several months. Dihydrodipyrrin-acetals bearing no 

substituents (DHDPA-H) or electron-donating substituents (DHDPA-EtEt) began 

decomposing within days or hours, respectively, and consequently were used immediately in 

the self-condensation reaction, typically after quick purification on an alumina column. 

II. Acid Catalysis Conditions for Bacteriochlorin Formation. Bacteriochlorin 

formation as shown in Scheme 3.1 requires reaction of the nucleophilic α-pyrrolic position 

and the electrophilic acetal moiety of the dihydrodipyrrin-acetal. The MeOBC-type 

macrocycles form solely by condensation processes whereas an unknown reduction step (2e–

/2H+) occurs to give the HBC-type macrocycles.11 A chief goal here was to find broadly 

applicable conditions that selectively afford a single bacteriochlorin macrocycle rather than a 

mixture of the MeOBC-type and HBC-type macrocycles. The acid likely serves to increase 
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the electrophilicity of the acetal carbon. In this regard, the acid catalysis is expected to 

resemble the well-known acid-mediated hydrolysis of acetals as well as the Mukaiyama aldol 

condensation of acetals and silyl ethers.27 Accordingly, in the initial broad survey we focused 

mainly on Lewis acids that are reported to be active in acetal hydrolysis and Mukaiyama 

aldol condensations. Mild acid catalysts known to afford superior results in reactions leading 

to porphyrins also were examined.15 

1. Broad Survey of Acid Catalysts. The previous study employed dihydrodipyrrin-

acetal DHDPA-T at 2.5–50 mM and BF3·O(Et)2 at 10–500 mM in CH3CN, catalysis 

conditions that emerged from a short survey of a set of acids all in CH3CN.11 Here, >20 

Lewis acids28,29 were investigated for the self-condensation of DHDPA-T in solvents less 

polar than CH3CN, such as CH2Cl2 or toluene. The reactions were conducted with 10 mM 

dihydrodipyrrin-acetal (0.02 or 0.03 mmol scale) and 50 mM acid. The reactions were 

followed by TLC and UV-Vis spectroscopy. Reactions that showed at least traces of 

bacteriochlorin in the crude reaction mixture by UV-Vis spectroscopy (Qy absorption >700 

nm) were quenched by the addition of TEA. Bacteriochlorins were isolated by 

chromatography, whereupon yields were determined spectroscopically [assuming εQy = 

130,000 M–1cm–1 and εQy = 120,000 M–1cm–1 for HBC-type and MeOBC type 

bacteriochlorins, respectively].11 The acids were grouped as follows on the basis of the 

results with DHDPA-T in CH2Cl2 for up to 48 h at room temperature: (a) little reaction 

occurred and starting material was recovered [Sn(OAc)4, Al(acac)3, LiOTf]; (b) the starting 

material was consumed but little or no macrocycle formation was observed [Cu(OTf)2, 

ZrCp2Cl2, Pd(O2CCF3)2, Bu2GeCl2, AlMe3, TMSOTf]; (c) TDC-T was predominantly 



 55 

formed [Yb(OTf)3, Dy(OTf)3, Eu(OTf)3, Pr(OTf)3, Er(OTf)3, Yb(NTf2)3, Ga(OTf)3, 

In(OTf)3]; and (d) HBC-T or MeOBC-T was formed in >5% yield [Sn(OTf)2, Bi(OTf)3, 

Hf(OTf)4·xH2O, HfCl4, TMSOTf/2,6-di-tert-butylpyridine (2,6-DTBP)30]. 

An extension of this survey to DHDPA-Br gave the same general grouping of acids, 

although a number of the active catalysts (except TMSOTf/2,6-DTBP) tended to give the 

HBC- versus the MeOBC-type macrocycle. On the basis of the broad survey of acid 

catalysts, the best conditions identified for bacteriochlorin formation are summarized in 

Table 3.1. Among the catalysts, TMSOTf/2,6-DTBP appeared superior given that this 

catalyst system afforded exclusively the 5-methoxybacteriochlorin. Indeed, the 

dibromobacteriochlorin MeOBC-Br is a new compound, as this was not obtained 

previously8 via BF3·O(Et)2 catalysis. 

A number of other studies were carried out with DHDPA-Br. Attempts to replace 

Bi(OTf)3 with the less expensive analogue BiCl3 gave little or no bacteriochlorin even with 

inclusion of various additives. Attempts to use other amines (2,6-lutidine, 

diisopropylethylamine, DBU, 2,3,5-collidine, imidazole, dicyclohexylmethylamine) in place 

of 2,6-DTBP in conjunction with TMSOTf generally failed to give any bacteriochlorin, as 

did use of related silicon-based species (TMSOTf/InCl3, TMSNTf2, and TIPSOTf/2,6-DTBP) 

except TMSI/2,6-DTBP, which afforded MeOBC-Br in 30% yield. Examination of other 

solvents (CH2Cl2, CH3CN, toluene, CH3NO2, ClCH2CH2Cl) in conjunction with Bi(OTf)3 or 

TMSOTf/2,6-DTBP gave no improvements although some of the solvents also supported 

formation of bacteriochlorins. 
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Table 3.1. Lewis Acids Identified from the Self-Condensation Survey of DHDPA-T and 
DHDPA-Br.a 

N

NH

O

O

R1

R2

N HN

NNH

R1

R2

R2

R1

X

a dihydrodipyrrin-acetal X = H or MeO

acid

 
 R1 R2 acid Time HBC-T MeOBC-T 

DHDPA-T p-tolyl H Bi(OTf)3 19 h 7.6% 32% 
DHDPA-T p-tolyl H Hf(OTf)4·xH2O 19 h 13% 28% 
DHDPA-T p-tolyl H HfCl4 15 h 1.5% 18% 
DHDPA-T p-tolyl H TMSOTf/2,6-DTBPb 13 h – 17% 

 R1 R2 acid Time HBC-Br MeOBC-Br 
DHDPA-Br H Br Bi(OTf)3 19 h 30% 6.5% 
DHDPA-Br H Br Hf(OTf)4·xH2O 16 h 33% trace 
DHDPA-Br H Br HfCl4 16 h – – 
DHDPA-Br H Br TMSOTf/2,6-DTBPb 13 h – 25% 

aAll reactions were carried out in CH2Cl2 at room temperature with 10 mM DHDPA-T or 
DHDPA-Br, and 50 mM acid. b50 mM TMSOTf and 500 mM 2,6-DTBP. 
 

The formation of TDC-type macrocycles has only been indicated by TLC analysis 

(TDC-T has been fully characterized),11 and such ring-contracted macrocycles were not 

separated or completely characterized. Some Lewis acids identified during the broad survey 

were especially efficient in forming TDC-type macrocycles. Tentatively assigned on the 

basis of TLC analysis, the efficiency appears to decrease in order of Yb(OTf)3 ~ Yb(NTf2)3 > 

Sc(OTf)3 ~ Er(OTf)3 > Dy(OTf)3 ~ Eu(OTf)3 > Ln(OTf)3. 

2. Application of New Acid Catalysis Conditions. The most promising acids 

identified in the broad survey were applied to the self-condensation of dihydrodipyrrin-

acetals DHDPA-Br, DHDPA-T, DHDPA-H, DHDPA-EtEs, DHDPA-EtEt, and DHDPA-
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EsEs at various concentrations of the dihydrodipyrrin-acetal and the acid. The most 

promising acid and solvent combinations (all in CH2Cl2) were as follows: Bi(OTf)3, 

Hf(OTf)4, HfCl4, and TMSOTf/2,6-DTBP. In addition BF3·O(Et)2 in CH3CN was used for 

comparison with prior data from the self-condensation of DHDPA-T and DHDPA-Br. 

In previous work,11 the self-condensation of DHDPA-T using BF3·O(Et)2 in CH3CN 

at nearly equimolar concentrations of DHDPA-T and BF3·O(Et)2 (10 and 11 mM 

respectively) gave TDC-T as the major macrocyclic product. At concentrations of 5 mM 

DHDPA-T and 50 mM BF3·O(Et)2 the major product was MeOBC-T, whereas at 

concentrations of 18 mM DHDPA-T and 140 mM BF3·O(Et)2 the major product was HBC-

T. According to these results the two concentrations chosen for the self-condensation study 

were 5 mM DHDPA/50 mM acid and 18 mM DHDPA/140 mM acid, except for the 

reactions using TMSOTf/2,6-DTBP. The latter were carried out with concentrations of 

DHDPA/TMSOTf/2,6-DTBP = 5 mM/25 mM/100 mM and 18 mM/80 mM/320 mM. In 

total, each of the six dihydrodipyrrin-acetals was subjected to 10 different reaction 

conditions.  

The results from reactions of the six dihydrodipyrrin-acetals at higher concentrations 

(18 mM DHDPA) are provided in Table 3.2. The results at lower concentrations (5 mM 

DHDPA) are provided in Table 3.3. A number of trends emerged from this study. First, 

TMSOTf/2,6-DTBP afforded the highest yield and the greatest selectivity of macrocycle 

formation for most of the dihydrodipyrrin-acetals. Indeed, the bacteriochlorins MeOBC-T, 

MeOBC-Br, MeOBC-H, MeOBC-EtEs, and MeOBC-EsEs were the only observed 

macrocycles, with no isolable amounts of the corresponding HBC-type macrocycles. Second, 
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the next best among the new acid conditions was Bi(OTf)3, which in each case afforded a 

mixture of the HBC-type and MeOBC-type macrocycles. Third, the only dihydrodipyrrin-

acetal that failed to afford significant quantities of bacteriochlorin was the electron-rich 

DHDPA-EtEt (used immediately upon preparation), which was observed to be quite 

unstable (vide supra). The reaction mixture from DHDPA-EtEt with catalysis by Bi(OTf)3 

showed absorption bands at 350, 374, 500 and 719 nm (in CH2Cl2) and molecule ion peaks at 

m/z 482.4 (HBC-EtEt) and 512.6 (MeOBC-EtEt), but the overall yield was very low. Note 

that the use of the original acid catalysts [BF3·O(Et)2/CH3CN] at the specified concentrations 

with several dihydrodipyrrin-acetals here tended to give exclusively the HBC-type 

macrocycle, as observed for HBC-T, HBC-Br, HBC-H (albeit in very low yield), and HBC-

EtEs (Table 3.2). The selective formation of HBC-Br was observed previously,8 but HBC-T 

and MeOBC-T have been obtained previously from DHDPA-T using BF3·O(Et)2 in 49% 

and 30% yield, respectively.11 Finally, the DHDPA gave better yields of bacteriochlorin at 

the higher reaction concentrations, with the exception of DHDPA-H which gave better yields 

at the lower concentration. 

 
Table 3.2. Self-Condensation of Dihydrodipyrrin-Acetals at Higher Concentrations.a 

Entry Reactant Lewis acid Bacteriochlorins 
% Yields 

   HBC-T MeOBC-T 
1 DHDPA-T Bi(OTf)3 3.4% 25% 
2 DHDPA-T Hf(OTf)4 15% 25% 
3 DHDPA-T HfCl4 – 2.9% 
4 DHDPA-T TMSOTf/2,6-DTBP – 32% 
5 DHDPA-T BF3·O(Et)2/CH3CN 27% – 

 



 59 

Table 3.2. continued 
   HBC-Br MeOBC-Br 

6 DHDPA-Br Bi(OTf)3 6.2% 3.6% 
7 DHDPA-Br Hf(OTf)4 – – 
8 DHDPA-Br HfCl4 – – 
9 DHDPA-Br TMSOTf/2,6-DTBP – 33% 
10 DHDPA-Br BF3·O(Et)2/CH3CN 13% – 
   HBC-H MeOBC-H 

11 DHDPA-H Bi(OTf)3 7.8% 9.6% 
12 DHDPA-H Hf(OTf)4 3.4% – 
13 DHDPA-H HfCl4 – – 
14 DHDPA-H TMSOTf/2,6-DTBP – 21% 
15 DHDPA-H BF3·O(Et)2/CH3CN 1.9% – 
   HBC-EtEs MeOBC-EtEs 

16 DHDPA-EtEs Bi(OTf)3 2.9% 15% 
17 DHDPA-EtEs Hf(OTf)4 1.1% 0.9% 
18 DHDPA-EtEs HfCl4 7.4% 4.5% 
19 DHDPA-EtEs TMSOTf/2,6-DTBP – 42% 
20 DHDPA-EtEs BF3·O(Et)2/CH3CN 28% – 
   HBC-EtEt MeOBC-EtEt 

21 DHDPA-EtEt Bi(OTf)3 <1% <1% 
22 DHDPA-EtEt Hf(OTf)4 – – 
23 DHDPA-EtEt HfCl4 – – 
24 DHDPA-EtEt TMSOTf/2,6-DTBP – – 
25 DHDPA-EtEt BF3·O(Et)2/CH3CN – – 
   HBC-EsEs MeOBC-EsEs 

26 DHDPA-EsEsb Bi(OTf)3 –c –c 
27 DHDPA-EsEsb Hf(OTf)4 –c –c 
28 DHDPA-EsEsb HfCl4 –c –c 
29 DHDPA-EsEsb TMSOTf/2,6-DTBP –c 8.5% c 
30 DHDPA-EsEsb BF3·O(Et)2/CH3CN –c –c 

aAll reactions were carried out with 18 mM dihydrodipyrrin-acetal at room temperature and 
in CH2Cl2 except those with BF3·O(Et)2, which employed CH3CN. The acid concentrations 
were 140 mM [Bi(OTf)3, Hf(OTf)4, HfCl4, and BF3·O(Et)2] or 90 mM [TMSOTf with 360 
mM 2,6-DTBP]. Each reaction was carried out for 16 h unless noted otherwise. bReaction for 
48 h. cUnreacted dihydrodipyrrin-acetal remained. 
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Table 3.3. Self-Condensation of Dihydrodipyrrin-Acetals at Lower Concentrations.a 

Entry Reactant Lewis acid Bacteriochlorins 
% Yields 

   HBC-T MeOBC-T 
1 DHDPA-T Bi(OTf)3 2.6% 17% 
2 DHDPA-T Hf(OTf)4 11% 9.8% 
3 DHDPA-T HfCl4 – –% 
4 DHDPA-T TMSOTf/2,6-DTBP – 17% 
5 DHDPA-T BF3·O(Et)2/CH3CN 17% – 
   HBC-Br MeOBC-Br 

6 DHDPA-Br Bi(OTf)3 8.5% 4.0% 
7 DHDPA-Br Hf(OTf)4 – – 
8 DHDPA-Br HfCl4 – – 
9 DHDPA-Br TMSOTf/2,6-DTBP – 9.9%c 

10 DHDPA-Br BF3·O(Et)2/CH3CN 9.8% – 
   HBC-H MeOBC-H 

11 DHDPA-H Bi(OTf)3 14% 15% 
12 DHDPA-H Hf(OTf)4 1% – 
13 DHDPA-H HfCl4 – – 
14 DHDPA-H TMSOTf/2,6-DTBP – 30% 
15 DHDPA-H BF3·O(Et)2/CH3CN 3.6% – 
   HBC-EtEs MeOBC-EtEs 

16 DHDPA-EtEs Bi(OTf)3 2.8% 14% 
17 DHDPA-EtEs Hf(OTf)4 3.4% 2.2% 
18 DHDPA-EtEs HfCl4 3.9% 4.6% 
19 DHDPA-EtEs TMSOTf/2,6-DTBP – 37% 
20 DHDPA-EtEs BF3·O(Et)2/CH3CN 1.5% – 
   HBC-EtEt MeOBC-EtEt 

21 DHDPA-EtEt Bi(OTf)3 <1% <1% 
22 DHDPA-EtEt Hf(OTf)4 – – 
23 DHDPA-EtEt HfCl4 – – 
24 DHDPA-EtEt TMSOTf/2,6-DTBP – – 
25 DHDPA-EtEt BF3·O(Et)2/CH3CN – – 
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Table 3.3. continued 
   HBC-EsEs MeOBC-EsEs 

26 DHDPA-EsEsb Bi(OTf)3 –c –c 
27 DHDPA-EsEsb Hf(OTf)4 –c –c 
28 DHDPA-EsEsb HfCl4 –c –c 
29 DHDPA-EsEsb TMSOTf/2,6-DTBP –c –c 
30 DHDPA-EsEsb BF3·O(Et)2/CH3CN –c –c 

aAll reactions were carried out with 5 mM dihydrodipyrrin-acetal at room temperature and in 
CH2Cl2 except those with BF3·O(Et)2, which employed CH3CN. The acid concentrations 
were 50 mM [Bi(OTf)3, Hf(OTf)4, HfCl4, and BF3·O(Et)2] or 25 mM [TMSOTf with 100 
mM 2,6-DTBP]. Each reaction was carried out for 16 h unless noted otherwise. bReaction for 
48 h. cUnreacted dihydrodipyrrin-acetal remained. 
 

 DHDPA-Br was also subjected to the same self-condensation conditions in toluene 

instead of CH2Cl2 or CH3CN. No bacteriochlorin formation was observed except for 

Bi(OTf)3 (HBC-Br, 1.4%) and TMSOTf/2,6-DTBP (MeOBC-Br, 8.8%) at the high 

concentrations. 

The best conditions identified in each case were employed at a 0.076–2.2 mmol scale 

to obtain complete characterization and isolated yields of each macrocycle. The yields 

obtained in the larger scale reactions generally corresponded well to those obtained in the 

small-scale survey reactions (Table 3.4). The only discrepancy was for MeOBC-EsEs, which 

was observed in 8.5% yield in the microscale study (2 day reaction) but in 63% upon scaleup 

(4 day reaction). 

The TMSOTf/2,6-DTBP acid catalysis conditions also were applied to 

dihydrodipyrrin-acetals DHDPA-Es, DHDPA-AnEs, DHDPA-MeEs, and DHDPA-ArEs to 

give bacteriochlorins MeOBC-Es, MeOBC-AnEs, MeOBC-MeEs, and MeOBC-ArEs in 

8.4%, 32%, 48%, and 36% yield, respectively (Table 3.4). However, the same conditions 

applied to DHDPA-Py resulted in very low yield of MeOBC-Py (<1%). The low yield may 
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stem from incompatibility of the pyridyl moiety of DHDPA-Py with the acid catalysis 

conditions for the self-condensation process. Nonetheless, the new acid catalysis conditions 

have afforded eight new 5-methoxybacteriochlorins in reasonable yield, and in each case 

without noticeable accompaniment of other macrocycles. 

 

Table 3.4. Preparative Synthesis of Bacteriochlorinsa 

Reactant Scale 
(mmol of DHDPA) Product % Yield, 

isolated amount (mg) 
DHDPA-Brb 0.611 mmol MeOBC-Br 32%, 55 mg 
DHDPA-Hc 1.7 mmol MeOBC-H 44%, 150 mg 
DHDPA-EtEsd 2.13 mmol HBC-EtEs 41%, 250 mg 
DHDPA-EtEsb 0.531 mmol MeOBC-EtEs 40%, 64 mg 
DHDPA-EsEsb,e 0.076 mmol MeOBC-EsEs 63%, 16.5 mga 

DHDPA-Esb 2.18 mmol MeOBC-Es 8.4%, 50 mg 
DHDPA-AnEsc 0.329 mmol MeOBC-AnEs 32%, 40 mg 
DHDPA-MeEsc 0.210 mmol MeOBC-MeEs 48%, 29 mg 
DHDPA-ArEsb 0.077 mmol MeOBC-ArEs 36%, 13 mg 

aAll reactions were carried out at room temperature for 16 h unless noted otherwise. b18 mM 
reactant, 90 mM TMSOTf, and 360 mM 2,6-DTBP in CH2Cl2. c5 mM reactant, 25 mM 
TMSOTf, and 100 mM 2,6-DTBP. d18 mM reactant and 140 mM BF3·O(Et)2 in CH3CN.       
e Reaction time of 4 days. 
 

III. Bromination of MeOBC-type Bacteriochlorins. Previously, our group has 

explored the bromination of the p-tolyl-substituted bacteriochlorins HBC-T and MeOBC-T 

to obtain bacteriochlorin building blocks.31 Bromination of HBC-T occurred at the β and/or 

meso positions to afford a mixture of mono- and di-bromobacteriochlorins; by contrast, 

treatment of MeOBC-T with NBS cleanly afforded the corresponding 15-

bromobacteriochlorin. The ability to selectively brominate the 15-position of MeOBC-T 

enabled the synthesis of diverse bacteriochlorins.10,31,32 However, it was unclear whether the 
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selective 15-bromination was unique to MeOBC-T and in particular, whether the selectivity 

for 15-bromination of MeOBC-T stems solely from the electronic effect of the 5-methoxy 

substituent or is aided by the steric effects of the 2,12-di-p-tolyl substituents. The new 5-

methoxybacteriochlorins obtained here allowed further studies to probe such issues. 

To investigate the electronic effect of the 5-methoxy substituent, MeOBC-H (lacking 

any β substituents) was treated with NBS (1 equiv) in THF at room temperature for 1 h. The 

reaction proceeded cleanly to afford a single new product upon examination by TLC 

analysis. While the resonances of each proton in the 1H NMR spectrum were not assigned 

due to the overlapping chemical shifts of the meso and β protons, the disappearance of a 

cross peak in the NOESY-NMR stemming from the -CH2- at the 17-position and the proton 

at the 15-position suggested that bromination took place at the 15-position to afford 

MeOBC-H-Br15. For further confirmation, putative MeOBC-H-Br15 was subjected to 

palladium coupling conditions33 to substitute the bromine atom with a methoxy group. 1H 

NMR spectroscopy of the resulting dimethoxybacteriochlorin gave a simplified spectrum 

consistent with the nominal C2h symmetry of the product BC-OMe5,15, thereby confirming 

the regioselective 15-bromination in the preceding step (Scheme 3.3). By contrast, treatment 

of unsubstituted HBC-H with NBS (1 equiv) in THF resulted in a mixture of at least three 

bromobacteriochlorins (TLC analysis), which upon LD-MS analysis showed peaks (m/z = 

448.1, 526.1) consistent with mono- and dibromobacteriochlorins. Thus, given the presence 

of sterically unhindered meso and β-pyrrole sites, the electronic effect of the 5-methoxy 

group alone directs bromination preferentially to the 15-position. 
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Scheme 3.3. Regioselective 15-Bromination of MeOBC-H. 
 

Treatment of the 5-methoxybacteriochlorin MeOBC-Es with NBS (1 equiv) in THF 

at room temperature for 1 h afforded a mixture of mono- and di-brominated bacteriochlorins. 

Column chromatography afforded four fractions: (i) the β-substituted bromobacteriochlorin 

MeOBC-Es-Br12 (15%), (ii) a mixture of mono- and di-brominated bacteriochlorins (LD-

MS m/z = 622.2, m/z = 700.1) that was not analyzed further, (iii) remaining starting material 

MeOBC-Es (30%), and (iv) the 15-bromobacteriochlorin MeOBC-Es-Br15 (13%) (Scheme 

3.4). Thus, the presence of the 3,13-bis(ethoxycarbonyl) substituents interferes with the 

directive influence of the 5-methoxy group. 

The same bromination conditions were applied to 5-methoxybacteriochlorin 

MeOBC-EtEs, which contains an ethoxycarbonyl and an ethyl group in each pyrrole and 

hence cannot undergo β-pyrrole bromination. In this case, the 15-bromobacteriochlorin 

MeOBC-EtEs-Br15 was obtained as the only isolated product in 59% yield (Scheme 3.5). 
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Scheme 3.5. Regioselective 15-Bromination of MeOBC-EtEs. 
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IV. Characterization. The bacteriochlorins were characterized by 1H NMR 

spectroscopy, 13C NMR spectroscopy (where sufficient sample permitted), high resolution 

mass spectrometry (ESI-MS) and absorption spectroscopy. The bacteriochlorins for which 

insufficient sample was available for 13C NMR spectroscopy include MeOBC-Es, MeOBC-

Py and the brominated series of bacteriochlorins.  

 
Table 3.5. Long-Wavelength Absorption Band of 15 New Bacteriochlorins 

N HN

NNH

R
3

R13

R
5

R2

R12

R15  
Bacteriochlorin R2 and R12 R3 and R13 R5 R15 λQy (nm)a 

BC-OMe5,15 H H -OMe -OMe 707 
MeOBC-H H H -OMe H 709 
MeOBC-H-Br15 H H -OMe Br 712 
MeOBC-Br H Br -OMe H 722 
MeOBC-EsBr15 H -CO2Et -OMe Br 724 
MeOBC-EtEsBr15 -CH2CH3 -CO2Et -OMe Br 726 

MeOBC-Py H N

 -OMe H 734 

MeOBC-Es H -CO2Et -OMe H 735 
MeOBC-MeEs -CH3 -CO2Et -OMe H 738 
MeOBC-EtEs -CH2CH3 -CO2Et -OMe H 739 
MeOBC-EsBr12 R2 = H, R12 = Br -CO2Et -OMe H 740 

MeOBC-AnEs OCH3  -CO2Et -OMe H 750 

MeOBC-ArEs I

 -CO2Et -OMe H 751 

MeOBC-EsEs -CO2Et -CO2Et -OMe H 758 
HBC-EtEs -CH2CH3 -CO2Et H H 759 

aAll data are in CH2Cl2 at room temperature. 
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Figure 3.1. Absorption spectra in CH2Cl2 at room temperature of bacteriochlorins 
(normalized at the Qy bands). (A) Entire spectra, (B) magnification of the Qy region. The 
labels and colors in the graph are as follows: HBC-type bacteriochlorin (—) and MeOBC-
type bacteriochlorin (--); MeOBC-H (a, green), HBC-H (A, green), MeOBC-Br (b, light 
blue), HBC-Br (B, light blue), MeOBC-T (c, orange), HBC-T (C, orange), MeOBC-EtEs 
(d, magenta), HBC-EtEs (D, magenta), and MeOBC-EsEs (e, black). 
 

The bacteriochlorins described in this chapter exhibit characteristic bacteriochlorin 

absorption spectra,1 with near-UV bands and a long-wavelength band in the NIR region of 

comparable intensity. The long-wavelength (Qy) absorption band appears in the spectral 

region of 707–759 nm (Table 3.5). The fwhm of the Qy band was 13–24 nm. The sharpness 



 68 

of the bands renders the synthetic bacteriochlorins well suited for elaboration as biomedical 

imaging probes34,35 or as fluorescent markers in polychromatic flow cytometry.8 The Qy band 

of the MeOBC-type bacteriochlorins show a hypsochromic shift of 4–20 nm upon 

comparison to the HBC-type analogues. The position of the Qx band also varies among the 

substituted bacteriochlorins. The spectra of selected bacteriochlorins in CH2Cl2 are shown in 

Figure 3.1. 

 

Discussion 

The development of robust access to bacteriochlorins requires new methods of 

synthesis as well as conditions that support the conversion of diverse precursors to this 

valuable class of macrocycles. The identification of mild acid catalysis conditions for the 

self-condensation of dihydrodipyrrin-acetals is essential for the widespread use of the de 

novo synthetic route. Here the new acid catalysis conditions and the scope of bromination of 

intact bacteriochlorins are discussed first, followed by consideration of tactics for planning 

synthetic routes to bacteriochlorin target molecules given the available methods for 

introduction of substituents into dihydrodipyrrin-acetal precursors versus derivatization of 

intact bacteriochlorin macrocycles. 

1. Overview of Acid Conditions. The development of syntheses of tetrapyrrole 

macrocycles that entail acid-catalyzed condensation of pyrrolic or pyrromethane substrates 

has an obvious requirement for the identification of suitable acid-catalysis conditions. The 

search for acid-catalysis conditions in tetrapyrrole chemistry remains a largely empirical 

process. The acid-catalysis conditions identified through extensive searching for the 
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synthesis of porphyrins (via aldehyde and pyrrole, aldehyde and dipyrromethanes, or 

dipyrromethane-carbinol condensations)15 have subsequently been applied to the synthesis of 

their precursors (e.g., dipyrromethanes, bilanes)36,37 as well as hydroporphyrin macrocycles 

such as chlorins38,39 and bacteriochlorins.11 The initial conditions developed for room 

temperature porphyrin-forming reactions typically employed a relatively strong Brønsted or 

Lewis acid in a solvent of modest polarity (e.g., TFA or BF3·O(Et)2 in CH2Cl2). The 

migration to reactions where acidolytic scrambling of more elaborate precursors (such as 

dipyrromethanes) was a potential problem entailed the development of milder catalysis 

conditions, such as obtained with a mild Lewis acid. Examples of mild Lewis acids employed 

for room-temperature reaction include InCl3, Yb(OTf)3, Sc(OTf)3, or Dy(OTf)3 in CH2Cl2;40 

Yb(OTf)3/2,6-DTBP in CH2Cl2;41 Sc(OTf)3/2,6-DTBP in CH2Cl2;42 and Yb(OTf)3 in 

methanolic CH3CN.37 Scrambling is not an issue in the reaction of a dihydrodipyrrin-acetal to 

form the bacteriochlorin; however, the only acid catalysis conditions used heretofore for the 

self-condensation of dihydrodipyrrin-acetals entailed BF3·O(Et)2 in CH3CN,11 which 

resembled the conditions employed some 10–20 years ago for porphyrin-forming reactions.15 

The mixtures of three macrocycles (HBC-, MeOBC-, and TDC-type macrocycles) along 

with the low and varying yields obtained upon application of BF3·O(Et)2 to other 

dihydrodipyrrin-acetals prompted exploration of conditions to achieve greater selectivity and 

higher yields.  

The systematic survey of >20 different acids, different additives and solvents 

identified Bi(OTf)3, Hf(OTf)4, HfCl4, and TMSOTf/2,6-DTBP in CH2Cl2 as the best catalysts 

for the self-condensation of dihydrodipyrrin-acetals to give the bacteriochlorin macrocycle. 
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Bi(OTf)3, Hf(OTf)4 and HfCl4 usually gave mixtures of HBC- and MeOBC-type 

macrocycles in low to moderate yields for the dihydrodipyrrin-acetals examined in this 

chapter. BF3·O(Et)2 usually gave HBC-type macrocycles in low yields (<5%) with the 

exception of HBC-EtEs (41% yield). However, TMSOTf/2,6-DTBP in CH2Cl2 gave the 

MeOBC-type macrocycle in yields of up to 63% for the various dihydrodipyrrin-acetals, to 

the apparent exclusion of other macrocycles. Also, no chlorin impurities were observed upon 

application of the new acid catalysis conditions to the set of dihydrodipyrrin-acetals shown in 

Chart 3.2 and Scheme 3.2, in contrast to earlier studies using BF3·O(Et)2 catalysis with 

DHDPA-Br which reported a chlorin impurity in some instances.8  

The role of 2,6-DTBP is not well understood, as no reaction intermediates were 

isolated. The hindered base 2,6-DTBP43 can act as a proton sponge but does not bind to bulky 

Lewis acids, and hence has been employed to discriminate Lewis and Brønsted acid 

catalysis.41 Lewis acids are known to promote formation of Brønsted acids in the presence of 

water or other XH species, thereby providing a source of protons.44 In fact, protonation of the 

bacteriochlorin is observed via UV-Vis spectroscopy of the crude self-condensation reaction 

mixtures [with Bi(OTf)3, Hf(OTf)4, or HfCl4 in CH2Cl2; or BF3·O(Et)2 in CH3CN] as 

evidenced by the bathochromic shift of the Qy band [e.g., HBC-T shifts from 737 nm 

(neutral) to 796 nm (protonated)]. It is not clear to what extent the Brønsted acid plays a role 

in formation of the bacteriochlorin and/or distribution of macrocycles (HBC-, MeOBC-, and 

TDC-type). However, exclusive formation of MeOBC-type macrocycles with TMSOTf and 

2,6-DTBP (which serves as a Brønsted acid scavenger) suggests that a Brønsted acid is 

necessary during the in situ reduction process to form HBC-type macrocycles. TMSOTf/base 
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combinations such as TMSOTf/2,6-lutidine have been reported to give effective deprotection 

of acetals via an unstable pyridinium salt.45 However, use of 2,6-lutidine as an additive gave 

only a trace amount of bacteriochlorin. 2,6-DTBP has been used in combination with 

TMSOTf for the Lewis acid catalyzed aldol-type reaction of enol silyl ethers and acetals.30 A 

silylated ammonium triflate is proposed as the actual silylating agent for the acetal substrate, 

generating a better leaving group to form the carboxonium triflate and thereby accomplishing 

the aldol reaction.30 

2. Regioselective Bromination. TMSOTf/2,6-DTBP in CH2Cl2 provides generic, 

mild and selective reaction conditions for the formation of MeOBC-type macrocycles in 

higher yields than previously obtained for self-condensation of dihydrodipyrrin-acetals. A 

further advantage of such conditions is that a number of MeOBC-type bacteriochlorins 

undergo regioselective 15-bromination, providing an avenue for derivatization of the 

bacteriochlorin as a molecular building block in the construction of larger architectures.10,31,32 

The bacteriochlorin lacking the 5-methoxy group (HBC-T), by contrast, gives a mixture of 

brominated bacteriochlorins.31 Although further studies are required to explore the scope of 

halogenation, the 5-methoxybacteriochlorins now known to give regioselective 15-

bromination include the unsubstituted parent bacteriochlorin (MeOBC-H), the 2,12-di-p-

tolylbacteriochlorin (MeOBC-T), and a bacteriochlorin bearing substituents at all of the β-

pyrrole sites (MeOBC-EtEs). The results with the latter bacteriochlorin may point to a 

general result, whereupon blocking each β-pyrrole position results in the 15-position as the 

least hindered of the three open sites (10, 15, 20). 
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3. Tactical Considerations in Synthetic Planning. The route to bacteriochlorins 

described here relies on the preparation of dihydrodipyrrin-acetals and their subsequent self-

condensation to form the bacteriochlorin macrocycle. Two possible routes to installing a 

desired functional group on the bacteriochlorin macrocycle can be envisioned: (1) a 

prefunctionalization approach, where the desired substituent is installed on the pyrrole 

precursor and carried through the dihydrodipyrrin-acetal to the bacteriochlorin, and (2) a 

postfunctionalization approach, where a halobacteriochlorin is derivatized with diverse 

groups (Scheme 3.6).  

 

N HN

NNH

N

NH

O

O

Br

Br

Br

1-Br

HBC-Br

substituted 

bacteriochlorin

N HN

NNH

N

NH

O

O

substituted 

bacteriochlorin

R

R

R

prefunctionalization
approach

postfunctionalization
approach

derivatization

 

Scheme 3.6. Distinct Routes for the Preparation of β-Pyrrole-Substituted Bacteriochlorins. 
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 The former route has been exploited for the synthesis of bacteriochlorins bearing p-

tolyl,11 mesityl,14 or swallowtail13 substituents, whereas the latter has been employed in the 

derivatization of dibromobacteriochlorin HBC-Br via a range of palladium coupling 

reactions,8,46 as well as subsequent aldol condensations, amidations, aminoalkylations, and 

quaternization processes (see following chapters).47 

The stability of the synthetic bacteriochlorins towards various reaction conditions 

(e.g., palladium coupling reactions, aldol condensations) makes the postfunctionalization 

route attractive and has resulted in a wide range of synthetic bacteriochlorins. However, 

introduction of certain substituents, such as alkyl groups, may be difficult to accomplish via 

functionalization of a halobacteriochlorin. The introduction of a desired substituent early in 

the synthesis avoids the palladium-coupling step used for derivatizing the halobacteriochlorin 

and may afford a shorter synthesis. For example, the synthesis of the bromo-dihydrodipyrrin-

acetal (DHDPA-Br) requires two additional steps (protection and deprotection of the pyrrole 

N-H),18 while the synthesis of each of the dihydrodipyrrin-acetals described here did not 

require any protective measures. The results obtained here for a wide variety of substituted 

dihydrodipyrrin-acetals point up the advantages and limitations of the prefunctionalization 

route: 

(1) Pyridyl substituent. The dihydrodipyrrin-acetal DHDPA-Py (containing a pyridyl 

group) was synthesized to explore the possibility of preparing a pyridyl-substituted 

bacteriochlorin. The only known synthetic amine-substituted bacteriochlorins contain 

alkylamines (prepared by derivatization of HBC-Br,46 Scheme 3.6) rather than pyridyl units. 

However, the difficulties in preparing DHDPA-Py (low solubility and low yields) along with 
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the very low yields for formation of MeOBC-Py suggests that pyridyl-substituted 

bacteriochlorins should be prepared via derivatization of intact bacteriochlorins (e.g., HBC-

Br). 

(2) One neutral aryl substituent. Dihydrodipyrrin-acetal DHDPA-T gave MeOBC-T 

in 32% yield, indicating the attractiveness of the prefunctionalization route.  

(3) One ester substituent. Dihydrodipyrrin-acetal DHDPA-Es gave MeOBC-Es in 

only 8.4% yield; this bacteriochlorin could in principle be prepared via derivatization of the 

analogous dibromobacteriochlorin. In this regard, the 3,13-dibromobacteriochlorin lacking 

the 5-methoxy group (HBC-Br) was converted to the corresponding methyl ester via a 

palladium-mediated carbonylation process.46 

(4) One ester and one neutral alkyl/aryl substituent. Dihydrodipyrrin-acetal DHDPA-

EtEs gave the resulting bacteriochlorins HBC-EtEs and MeOBC-EtEs in straightforward 

manner with relatively good yields for each step, stable and readily purifiable intermediates, 

and selective reaction conditions to give the distinct macrocycles. Accordingly, up to 250 mg 

of bacteriochlorin (HBC-EtEs, MeOBC-EtEs) was obtained in about one week from the 

simple precursors (ethoxycarbonylmethylene)triphenylphosphorane and propionaldehyde. 

Analogous dihydrodipyrrin-acetals (DHDPA-AnEs, DHDPA-MeEs, and DHDPA-ArEs) 

gave the corresponding 5-methoxybacteriochlorins in 32%, 48% and 36% yield, respectively. 

Such substituent patterns are best achieved by the prefunctionalization approach. 

(5) Two ester substituents. The self-condensation of DHDPA-EsEs to give MeOBC-

EsEs bearing four electron-withdrawing substituents proceeded in an excellent yield (63% 

after 4 days). However, the synthesis of DHDPA-EsEs was rather difficult, with low yields 
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especially for the Michael addition and the subsequent reductive cyclization. The low yields 

may stem from competing intramolecular cyclization between the nitronate anion and the 

ester substituents at the 3-position of the pyrrole. Regardless, the self-condensation 

conditions may be applied to other dihydrodipyrrin-acetals bearing two electron-withdrawing 

substituents such as a dicyanodihydrodipyrrin-acetal. 

(6) No substituent. The dihydrodipyrrin-acetal lacking any substituents (DHDPA-H) 

provides access to unsubstituted bacteriochlorins HBC-H and MeOBC-H in sizable 

quantities within about 5 days starting from commercially available pyrrole-2-

carboxaldehyde. The unsubstituted bacteriochlorin HBC-H, which is a valuable benchmark 

compound for diverse molecular studies, was previously synthesized by the more 

cumbersome Pd-mediated debromination of the dibromobacteriochlorin HBC-Br.8  

(7) Two alkyl groups. The dihydrodipyrrin-acetal DHDPA-EtEt bears two electron-

donating groups and was rather unstable. The attempted self-condensation of DHDPA-EtEt 

gave <1% yield of bacteriochlorin, which could stem from decomposition of DHDPA-EtEt 

before or upon treatment to the acidic self-condensation conditions. Thus, the synthesis of 

2,3,12,13-tetraalkylbacteriochlorins appears very difficult via self-condensation of the 

corresponding dihydrodipyrrin-acetal. Alternative, postfunctionalization approaches can be 

envisioned by transformation of dialkylbacteriochlorins bearing derivatizable groups 

(dibromo, diacetyl, dicyano). Such bacteriochlorins should be available via the methods 

established in this chapter. 

In summary, the comparative utility of the prefunctionalization route depends on a 

number of factors including the availability and/or access to starting pyrroles, compatibility 
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of substituents during the synthesis of the dihydrodipyrrin-acetal, yield and cleanliness upon 

bacteriochlorin formation, and availability of the target bacteriochlorin via a 

postfunctionalization approach. The ready availability of stable bacteriochlorins bearing 

diverse substituents at the β-pyrrolic and meso-positions opens the door to examination of a 

wide variety of derivatization chemistries that have heretofore not been applied to 

bacteriochlorins, including novel iridium and rhodium catalysts that have found utility for the 

regioselective borylation of porphyrins and corrins.48 Taken together, this study contributes 

to the scope of available bacteriochlorins for fundamental studies and diverse applications. 

 

Experimental Section 

General Methods. 1H NMR (300 MHz) spectra and 13C NMR spectra (100 MHz) 

were collected at room temperature in CDCl3 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 MeOH was reagent grade and was used as received. 

Electrospray ionization mass spectrometry (ESI-MS) data are reported for the molecule ion 

or protonated molecule ion. 1,1-Dimethoxy-4-methyl-3-penten-2-one (5) was prepared 

according to a literature procedure. 

A. Refined Synthesis of Dihydrodipyrrin-Acetal DHDPA-T. 

Ethyl 3-(4-methylphenyl)prop-2-enoate (7). A solution of p-tolualdehyde (24.0 g, 

200 mmol) and (carbethoxymethylene)triphenylphosphorane (76.6 g, 220 mmol) in CH2Cl2 

(250 mL) was refluxed for 24 h. The reaction mixture was cooled to room temperature and 
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filtered. The filtrate was concentrated and diluted with diethyl ether. The ether solution was 

washed (saturated brine), dried (Na2SO4), concentrated, and chromatographed [silica, 

hexanes/ethyl acetate (3:1)] to give a colorless oil (36.8 g, 97%): 1H NMR δ 1.33 (t, J = 7.2 

Hz, 3H), 2.36 (s, 3H), 4.26 (q, J = 7.2 Hz, 2H), 6.39 (d, J = 15.6 Hz, 1H), 7.17 (d, J = 8.0 Hz, 

2H), 7.41 (d, J = 8.0 Hz, 2H), 7.66 (d, J = 15.6 Hz, 1H); 13C NMR δ 14.5, 21.6, 60.5, 117.3, 

128.2, 129.8, 131.9, 140.8, 144.7, 167.3. Anal. Calcd for C12H14O2: C, 75.76; H, 7.42. Found: 

C, 75.72; H, 7.36. 

3-(Ethoxycarbonyl)-4-(4-methylphenyl)pyrrole (1-TEs). A suspension of TosMIC 

(14.3 g, 73.5 mmol) and 7 in dry ether/DMSO (2:1) (150 mL) was added dropwise under 

argon to a suspension of NaH (4.20 g, 105 mmol) in ether (70 mL). The mixture was stirred 

at room temperature for 5 h. Water (200 mL) was added into the mixture. The aqueous phase 

was extracted twice with ethyl acetate (400 mL). The organic fraction was dried (Na2SO4) 

and concentrated to a brown solid. The brown solid was suspended in diethyl ether (50 mL). 

The suspension was sonicated and filtered, affording a pale yellow solid (11.3 g, 71%): mp 

154–155 °C; 1H NMR δ 1.25 (t, J = 7.2 Hz, 3H), 2.37 (s, 3H), 4.22 (q, J = 7.2 Hz, 2H), 6.77–

6.78 (m, 1H), 7.16 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 7.49–7.50 (m, 1H), 8.38–

8.54 (br, 1H); 13C NMR δ 14.5, 21.4, 59.8, 114.1, 118.2, 125.3, 126.9, 128.6, 129.4, 131.9, 

136.3, 165.0. Anal. Calcd for C14H15NO2: C, 73.34; H, 6.59; N, 6.11. Found: C, 73.17; H, 

6.72; N, 5.88. 

3-(4-Methylphenyl)pyrrole (1-T). A mixture of 1-TEs (10.3 g, 45.0 mmol) and 

ethylene glycol (100 mL) in a 250 mL round bottom flask was bubbled with argon for 10 

min, whereupon NaOH (18.0 g, 450 mmol; 40-80 mesh) was added. The flask was heated at 
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120 °C for 30 min, and then the temperature was raised to 160 °C. After 3 h, the reaction 

mixture was cooled to room temperature. Saturated brine (200 mL) was added. The aqueous 

mixture was extracted with CH2Cl2. The organic layer was dried (Na2SO4), concentrated, and 

chromatographed (silica, CH2Cl2) to give a pale yellow solid (6.61 g, 93%): mp 92–93 °C; 

1H NMR δ 2.34 (s, 3H), 6.51–6.53 (m, 1H), 6.81–6.82 (m, 1H), 7.04–7.06 (m, 1H), 7.15 (d, J 

= 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 8.16–8.30 (br, 1H); 13C NMR δ 21.3, 106.7, 114.4, 

118.9, 125.2, 125.4, 129.5, 133.1, 135.3. Anal. Calcd for C11H11N: C, 84.04; H, 7.05; N, 

8.91. Found: C, 83.90; H, 7.10; N, 8.84. 

2-Formyl-3-(4-methylphenyl)pyrrole (2-T). A solution of 1-T (6.29 g, 40.0 mmol) 

in DMF (12.8 mL) and CH2Cl2 (300 mL) cooled to 0 °C under argon was treated dropwise 

with POCl3 (4.40 mL, 48.0 mmol). After 1 h, the ice bath was removed. The flask was 

allowed to warm to room temperature with stirring for 18 h. The reaction mixture was cooled 

to 0 °C, whereupon 2.5 M aqueous NaOH (350 mL) was added. The mixture was extracted 

with CH2Cl2. The organic phase was washed with saturated brine, dried (Na2SO4), and 

concentrated. The residue was chromatographed [silica, CH2Cl2/ethyl acetate (9:1)] to give a 

yellow solid. The 1H NMR spectrum showed two regioisomers in 12:1 ratio. The yellow 

solid was dissolved in ethyl acetate. Hexanes was added to cause precipitation, and the 

resulting mixture [containing hexanes/ethyl acetate (3:1)] was cooled at –20 °C. The 

resulting yellow precipitate was isolated and proved to be a single regioisomer (4.97 g, 67%): 

mp 148–149 °C; 1H NMR δ 2.41 (s, 3H), 6.42–6.44 (m, 1H), 7.10–7.11 (m, 1H), 7.26 (d, J = 

8.0 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 9.40–9.55 (br, 1H), 9.64 (s, 1H); 13C NMR δ 21.4, 
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111.7, 125.6, 128.9, 129.3, 129.7, 130.9, 137.2, 137.9, 180.0. Anal. Calcd for C12H11NO: C, 

77.81; H, 5.99; N, 7.56. Found: C, 77.85; H, 5.94; N, 7.58. 

3-(4-Methylphenyl)-2-(2-nitroethyl)pyrrole (4-T). A solution of acetic acid (2.00 

mL, 35.5 mmol) in anhydrous THF (2.00 mL) under argon at 0 °C was treated with n-

propylamine (2.72 mL, 33.0 mmol). The resulting n-propylammonium acetate mixture was 

kept at 0 °C for 10 min, and then added dropwise to a solution of 2-T (5.55 g, 30.0 mmol) 

and CH3NO2 (9.72 mL, 180 mmol) in anhydrous THF (28 mL) at 0 °C. After 30 min, the ice 

bath was removed, and the resulting mixture was stirred at room temperature. The color of 

the mixture changed from yellow to dark red during the course of the reaction. After 3 h, the 

reaction mixture was diluted with CH2Cl2 and washed with saturated aqueous NaHCO3. The 

organic phase was dried (Na2SO4) and concentrated under high vacuum to give an orange-

brown solid. The crude solid was dissolved in a mixed solvent of CHCl3 (150 mL) and 2-

propanol (48 mL), to which silica (36 g) was then added. The mixture was stirred vigorously, 

and NaBH4 (2.27 g, 60.0 mmol) was added in one batch. After 3 h, the mixture was filtered. 

The filter cake was washed with CH2Cl2. The filtrate was concentrated and chromatographed 

[silica, hexanes/CH2Cl2 (2:1)] to afford a yellow solid (3.12 g, 45%): mp 81–82 °C; 1H NMR 

(400 MHz) δ 2.37 (s, 3H), 3.44 (t, J = 6.6 Hz, 2H), 4.55 (t, J = 6.6 Hz, 2H), 6.28–6.29 (m, 

1H), 6.73–6.75 (m, 1H), 7.18–7.26 (m, 4H), 8.21–8.38 (br, 1H); 13C NMR δ 21.3, 24.3, 75.4, 

109.8, 117.7, 122.1, 123.4, 128.2, 129.6, 133.4, 135.9. Anal. Calcd for C13H14N2O2: C, 67.81; 

H, 6.13; N, 12.17. Found: C, 67.80; H, 5.94; N, 12.00. 

1,1-Dimethoxy-4,4-dimethyl-6-[3-(4-methylphenyl)pyrrol-2-yl]-5-nitrohexan-2-

one (6-T). A mixture of 4-T (2.99 g, 13.0 mmol) and 5 (2.26 g, 14.3 mmol) was treated with 
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DBU (5.83 mL, 39.0 mmol) at room temperature. The reaction mixture became dark and the 

temperature rose. After 16 h, the reaction mixture was diluted with ethyl acetate and washed 

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

chromatographed [silica, hexanes/ethyl acetate (3:1)] to give a pale yellow solid (3.18 g, 

63%): mp 99–100 °C; 1H NMR δ 1.10 (s, 3H), 1.20 (s, 3H), 2.37 (s, 3H), 2.53, 2.71 (AB, 2J 

= 18.9 Hz, 2H), 3.21 (ABX, 3J = 2.4 Hz, 2J = 15.4 Hz, 1H), 3.37 (ABX, 3J = 11.7 Hz, 2J = 

15.4 Hz, 1H), 3.41 (s, 6H), 4.33 (s, 1H), 5.22 (ABX, 3J = 2.4 Hz, 3J = 11.7 Hz, 1H), 6.23–

6.25 (m, 1H), 6.67–6.69 (m, 1H), 7.19 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 8.06–

8.16 (br, 1H); 13C NMR δ 21.3, 24.1, 24.3, 25.3, 36.8, 45.1, 55.2, 95.0, 104.7, 109.5, 117.7, 

122.1, 123.7, 128.4, 129.4, 133.6, 135.7, 203.7. Anal. Calcd for C21H28N2O5: C, 64.93; H, 

7.27; N, 7.21. Found: C, 65.11; H, 7.27; N, 7.08. 

2,3-Dihydro-1-(1,1-dimethoxymethyl)-3,3-dimethyl-7-(4-methylphenyl)dipyrrin 

(DHDPA-T). Following a general procedure,11 a solution of 6-T (777 mg, 2.00 mmol) in 

anhydrous THF (20 mL) was bubbled with argon for 10 min and then treated with NaOMe 

(541 mg, 10.0 mmol). The mixture was stirred at room temperature for 1 h (the first flask). In 

the second flask, TiCl3 (8.6 wt % TiCl3 in 28 wt % HCl, 14.9 mL, 10.0 mmol) and water (80 

mL) were mixed and bubbled with argon for 15 min; NH4OAc (61.7 g, 800 mmol) was added 

to adjust the pH of the buffered mixture at 6.0, and then THF (6 mL) was added. The reaction 

mixture was bubbled with argon for 30 min. The mixture in the first flask that contained the 

nitronate anion of 6-T was transferred via a cannula to the second flask. The resulting 

mixture was stirred at room temperature under argon. After 6 h, saturated aqueous NaHCO3 

(600 mL) was added into the reaction mixture. Then the mixture was extracted with ethyl 
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acetate. The organic layer was dried (Na2SO4) and concentrated. The residue was passed over 

a short column [alumina, hexanes/ethyl acetate (3:1)] to give a light yellow solid (364 mg, 

54%): mp 104–105 °C; 1H NMR (400 MHz) δ 1.19 (s, 6H), 2.39 (s, 3H), 2.62 (s, 2H), 3.46 

(s, 6H), 5.03 (s, 1H), 6.10 (s, 1H), 6.28–6.29 (m, 1H), 6.87–6.88 (m, 1H), 7.22 (d, J = 7.6 Hz, 

2H), 7.35 (d, J = 7.6 Hz, 2H), 10.80–10.90 (br, 1H); 13C NMR δ 21.4, 29.3, 40.5, 48.4, 54.8, 

103.0, 106.3, 109.3, 119.2, 124.7, 126.9, 128.7, 129.4, 134.3, 135.4, 160.1, 174.2. Anal. 

Calcd for C21H26N2O2: C, 74.52; H, 7.74; N, 8.28. Found: C, 74.22; H, 7.78; N, 8.10. 

B. Refined Synthesis of Dihydrodipyrrin-Acetal DHDPA-H. 

2-(2-Nitroethyl)pyrrole (4-H).16,17 Following a general procedure,18 a stirred mixture 

of pyrrole-2-carboxaldehyde (2-H, 9.51 g, 0.100 mol), potassium acetate (7.84 g, 0.0800 

mol), and methylamine hydrochloride (5.38 g, 0.0800 mol) in absolute ethanol (35 mL) was 

treated with nitromethane (13.6 mL, 0.250 mol). The mixture was stirred for 2 h, whereupon 

water was added. The mixture was extracted with CH2Cl2. The organic phase was dried 

(Na2SO4) and concentrated to a dark yellow solid. The crude solid material was dissolved in 

freshly distilled THF (450 mL) and the solution was cooled to –10 °C. The solution was 

treated with 90% LiBH4 (2.64 g, 0.110 mol) all at once under vigorous stirring. The reaction 

mixture was stirred for ~15 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, and the organic layer was washed with brine, dried (Na2SO4), and concentrated 

to a yellow oil (13.5 g). The yellow oil turned brown within a few hours. The 1H NMR data 

were consistent with those previously reported,16 and indicated that the product was about 
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90% pure. The title compound was used directly in the next step without further purification 

due to its limited stability. 

1,1-Dimethoxy-4,4-dimethyl-5-nitro-6-(2-pyrrolyl)-2-hexanone (6-H).17 Following 

a general procedure,17 a mixture of crude 4-H (13.5 g, 96.3 mmol) and 5 (18.2 g, 116 mmol, 

1.2 equiv) was treated with DBU (43 mL, 0.29 mol). 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, and the organic layer was washed with 

brine, dried (Na2SO4), and concentrated. Column chromatography (silica, CH2Cl2) afforded a 

pale brown solid (7.5 g, 25% from 2-H): mp 73–75 °C; 1H NMR δ 1.14 (s, 3H), 1.23 (s, 3H), 

2.60, 2.72 (AB, 2J = 18.6 Hz, 2H), 3.03 (ABX, 3J = 2.4 Hz, 2J = 15.6 Hz, 1H), 3.36 (ABX, 3J 

= 11.8 Hz, 2J = 15.6 Hz, 1H), 3.43 (s, 3H), 3.44 (s, 3H), 4.36 (s, 1H), 5.15 (ABX, 3J = 2.4 

Hz, 3J = 11.8 Hz, 1H), 5.97–5.99 (m, 1H), 6.08–6.11 (m, 1H), 6.65–6.67 (m, 1H), 8.00–8.13 

(brs, 1H). Anal. Calcd for C14H22N2O5: C, 56.36; H, 7.43; N, 9.39. Found: C, 56.62; H, 7.55; 

N, 9.53. ESI-MS obsd 299.1603, calcd 299.1601 [(M + H)+, M = C14H22N2O5]. 

2,3-Dihydro-1-(1,1-dimethoxymethyl)-3,3-dimethyldipyrrin (DHDPA-H).17 

Following a general procedure,18 in a first flask, a solution of 6-H (2.02 g, 6.90 mmol) in 

freshly distilled THF (16 mL) and anhydrous MeOH (1.0 mL) at 0 °C was treated with 

NaOMe (1.11 g, 20.7 mmol). The mixture was stirred and degassed by bubbling argon 

through the solution for 45 min. In a second flask purged with argon, TiCl3 (34.7 mL, 20% 

wt/v in 3% HCl solution, 41.4 mmol), 70 mL THF, and NH4OAc (35.1 g, 460 mmol) were 

combined under argon and the mixture was degassed by bubbling argon for 45 min. Then, 

the first flask mixture was transferred via cannula to the buffered TiCl3 mixture. The 



 83 

resulting mixture was stirred at room temperature for 16 h under argon. The reaction mixture 

was then poured over a pad of Celite and eluted with ethyl acetate. The eluant was washed 

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

Column chromatography (neutral alumina, CH2Cl2) afforded a yellow oil (482 mg, 29%), 

which darkened within a few minutes: 1H NMR δ 1.21 (s, 6H), 2.61 (s, 2H), 3.45 (s, 6H), 

5.02 (s, 1H), 5.88 (s, 1H), 6.15–6.18 (m, 2H), 6.83–6.86 (m, 1H), 10.59–10.70 (brs, 1H); 13C 

NMR d 29.3, 40.2, 48.3, 54.8, 103.0, 107.7, 108.7, 109.4, 119.6, 130.9, 159.5, 174.1; ESI-

MS obsd 249.15978, calcd 249.16030 [(M + H)+, M = C14H20N2O2]. 

C. Synthesis of Dihydrodipyrrin-Acetal DHDPA-EtEs. 

3-(Ethoxycarbonyl)-4-ethylpyrrole (1-EtEs). Following a known procedure for a 

homologue,25 a solution of (ethoxycarbonylmethylene)triphenylphosphorane (34.8 g, 0.100 

mol) in benzene (100 mL) was treated with propionaldehyde (6.8 mL, 0.090 mol). The 

reaction mixture was refluxed for 2 h, and then concentrated to dryness. Diethyl ether was 

added to the resulting white solid, and the white solid was removed by filtration using a 

Büchner funnel. The filtrate was concentrated, resulting in the α,β-unsaturated ester as a 

colorless sweet-smelling oil (crude 10. g, 87%), which was directly used in the next step. 

Following the van Leusen method,26 the crude α,β-unsaturated ester (8.13 g, 63.4 mmol) and 

TosMIC (12.64 g, 63.4 mmol) in diethyl ether/DMSO (300 mL, 2:1) were slowly added via 

an addition funnel to a suspension of NaH (5.0 g, 60% in oil suspension, 0.12 mol) in 100 

mL of diethyl ether. The resulting exotherm caused the mixture to reflux. The reaction was 

stirred at room temperature for 16 h. Water was added carefully, and the mixture was 

extracted with diethyl ether. The organic layer was concentrated and dried (Na2SO4). Column 
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chromatography (silica, CH2Cl2) afforded the title compound as an oil (7.5 g, 71% from the 

crude α,β-unsaturated ester): 1H NMR δ 1.21 (t, J = 7.43 Hz, 3 H), 1.33 (t, J = 7.15 Hz, 3 H), 

2.76 (q, J = 7.43, 1.10 Hz, 2 H), 4.27 (q, J = 7.15 Hz, 2 H), 6.54 (t, J = 1.79 Hz, 1 H), 7.38 

(d, J = 3.03 Hz, 1 H), 8.57 (brs, 1 H); 13C NMR δ 14.8, 19.7, 59.6, 114.4, 116.3, 124.8, 

128.29, 149.9, 165.8; ESI-MS obsd 168.1019, calcd 168.1019 [(M + H)+, M = C9H13NO2]. 

4-(Ethoxycarbonyl)-2-formyl-3-ethylpyrrole (2-EtEs). The Vilsmeier reagent was 

prepared by treatment of dry DMF (30 mL) with POCl3 (4.6 mL, 49 mmol) at 0 °C and 

stirring of the resulting mixture for 10 min. In a separate flask, a solution of 1-EtEs (7.5 g, 45 

mmol) in DMF (150 mL) was treated with the freshly prepared Vilsmeier reagent at 0 °C. 

The resulting mixture was stirred at 0 °C for 1 h, and then 2 h at room temperature. The 

reaction mixture was treated with a mixture of saturated aqueous sodium acetate/CH2Cl2 [400 

mL, 1:1 (v/v)] and stirred for 1 h. The water phase was separated and extracted with CH2Cl2. 

The combined organic phase was washed with a saturated LiCl solution, dried (Na2SO4) and 

concentrated. The resulting solid was dissolved in warm EtOH (~50 mL) and cooled to –15 

°C. The resulting solid was filtered, washed with a small amount of cold EtOH and dried to 

afford a light brown solid (6.5 g, 75%): mp 84–86 °C; 1H NMR δ 1.28 (t, J = 7.43 Hz, 3H), 

1.36 (t, J = 7.15 Hz, 3H), 3.08 (q, J = 7.43 Hz, 2H), 4.31 (q, J=7.15 Hz, 2H), 7.60 (d, J = 

3.30 Hz, 1H), 9.42 (brs, 1H), 9.71 (s, 1H); 13C NMR δ 14.6, 17.2, 17.8, 60.2, 116.7, 131.0, 

141.2, 164.1, 178.7, 202.3; Anal. Calcd for C10H13NO3: C, 61.53; H, 6.71; N, 7.18. Found: C, 

61.60; H, 6.86; N, 7.12. ESI-MS obsd 196.0971, calcd 196.0968 [(M + H)+, M = 

C10H13NO3]. 



 85 

4-(Ethoxycarbonyl)-3-ethyl-2-(2-nitroethyl)pyrrole (4-EtEs). Following a general 

procedure,18 a stirred mixture of 2-EtEs (8.7 g, 44 mmol), potassium acetate (3.5 g, 36 

mmol), and methylamine hydrochloride (2.4 g, 36 mmol) in absolute ethanol (16 mL) was 

treated with nitromethane (6.0 mL, 0.11 mol). The mixture was stirred for 2 h, whereupon 

water was added. The reaction mixture was filtered, and the filtered material was washed 

with water and a small amount of cold ethanol. The filtered material was dried under high 

vacuum 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, 346 mL). Silica (34 g) and NaBH4 (2.2 g, 

58 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 was 

dissolved in CH2Cl2. The organic solution was washed (water, brine), dried (Na2SO4) and 

concentrated to afford a pale brown solid (5.2 g, 48%): mp 95–97 °C; 1H NMR δ 1.14 (t, J = 

7.43 Hz, 3 H), 1.33 (t, J = 7.15 Hz, 3 H), 2.68 (q, J = 7.43 Hz, 2 H), 3.25 (t, J = 6.46 Hz, 2 

H), 4.26 (q, J = 7.15 Hz, 2 H), 4.54 (t, J = 6.46 Hz, 2 H), 7.31 (d, J = 3.30 Hz, 1 H), 8.42 

(brs, 1 H); 13C NMR δ 14.6, 16.5, 18.2, 23.49, 59.7, 75.5, 114.8, 123.4, 124.3, 125.1, 165.5; 

ESI-MS obsd 241.1181, calcd 241.1183 [(M + H)+, M = C11H16N2O4]. 

6-(4-(Ethoxycarbonyl)-3-ethylpyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-

nitrohexan-2-one (6-EtEs). Following a general procedure,17 a mixture of 4-EtEs (5.1 g, 21 

mmol) and 5 (4.0 g, 25 mmol, 1.2 equiv) was treated with DBU (10 mL, 64 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, and the 

organic layer was washed with brine, dried (Na2SO4), and concentrated. Column 
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chromatography [silica, CH2Cl2/ethyl acetate (9:1)] afforded a pale brown solid (3.2 g, 38%): 

mp 107–110 °C; 1H NMR δ 1.15 (t, 3 H), 1.15 (s, 3 H), 1.25 (s, 3 H), 1.32 (t, J = 7.15 Hz, 3 

H), 2.46–2.81 (m, 4 H), 3.02 (d, J = 2.20 Hz, 1 H), 3.27 (m, 1 H), 3.43 (s, 3 H), 3.44 (s, 3 H), 

4.25 (q, J = 7.33 Hz, 2 H), 4.36 (s, 1 H), 5.13 (dd, J = 11.73, 2.20 Hz, 1 H), 7.27 (d, J = 1.83 

Hz, 1 H), 8.26 (brs, 1 H); 13C NMR δ 14.6, 16.2, 18.2, 24.5, 24.5, 24.6, 36.7, 45.3, 55.5, 55.5, 

59.5, 94.8, 105.0, 114.8, 123.3, 124.1, 125.2, 165.2, 203.9; Anal. Calcd for C19H30N2O7: C, 

57.27; H, 7.59; N, 7.03. Found: C, 57.18; H, 7.52; N, 6.98. ESI-MS obsd 399.2123, calcd 

399.2126 [(M + H)+, M = C19H30N2O7]. 

8-(Ethoxycarbonyl)-2,3-dihydro-1-(1,1-dimethoxymethyl)-7-ethyl-3,3-

dimethyldipyrrin (DHDPA-EtEs). Following a general procedure,18 in a first flask, a 

solution of 6-EtEs (3.2 g, 8.0 mmol) in freshly distilled THF (16 mL) and anhydrous MeOH 

(1.0 mL) at 0 °C was treated with NaOMe (1.3 g, 24 mmol). The mixture was stirred and 

degassed by bubbling argon through the solution for 45 min. In a second flask purged with 

argon, TiCl3 (32 mL, 20% wt/v in 3% HCl solution, 38 mmol), 80 mL THF, and NH4OAc 

(32 g, 418 mmol) were combined under argon and the mixture was degassed 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. 

The reaction mixture was then poured over a pad of Celite and eluted with ethyl acetate. The 

eluant was washed with a saturated aqueous solution of NaHCO3. The organic layer was 

dried (Na2SO4) and concentrated. Column chromatography (silica, CH2Cl2) afforded a yellow 

oil (1.3 g, 46%): 1H NMR δ 1.17 (t, J = 7.43 Hz, 3H), 1.23 (s, 6H), 1.34 (t, J = 7.15 Hz, 3H), 

2.63 (s, 2H), 2.82 (q, J = 7.43 Hz, 2H), 3.45 (s, 6H), 4.27 (q, J = 7.15 Hz, 2H), 5.02 (s, 1H), 
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5.86 (s, 1H), 7.42 (d, J = 3.03 Hz, 1H), 10.82 (brs, 1H); 13C NMR δ 14.7, 16.6, 18.2, 29.4, 

40.5, 48.5, 54.8, 59.4, 59.4, 102.8, 104.6, 114.3, 125.3, 126.4, 128.3, 160.2, 165.6, 174.8, 

202.2; ESI-MS obsd 349.2123, calcd 349.2122 [(M + H)+, M = C19H28N2O4]. 

D. Synthesis of Dihydrodipyrrin-Acetal DHDPA-EtEt. 

3,4-Diethyl-2-formylpyrrole (2-EtEt). The Vilsmeier reagent was prepared by 

treatment of dry DMF (34 mL) by POCl3 (4.6 mL, 49 mmol) at 0 °C and stirring of the 

resulting mixture for 10 min. In the separate flask, a solution of 3,4-diethylpyrrole (1-EtEt, 

5.0 g, 41 mmol) in DMF (130 mL) was treated with the freshly prepared Vilsmeier reagent at 

0 °C. The reaction mixture was stirred at room temperature for 2 h under argon. A saturated 

solution of cold aqueous NH4Cl was added. The mixture was extracted with ethyl acetate, 

and the organic layer was washed with brine, dried (Na2SO4), and concentrated. Column 

chromatography (silica, CH2Cl2) afforded a pale brown solid (3.3 g, 54%): mp 42–45 °C; 1H 

NMR δ 1.20 (t, J = 7.2 Hz, 3H), 1.23 (t, J = 7.2 Hz, 3H), 2.46 (q, J = 7.2 Hz, 2H), 2.73 (q, J 

= 7.2 Hz, 2H), 6.88–6.92 (m, 1H), 9.58 (s, 1H), 9.95 (brs, 1H); 13C NMR δ 14.9, 17.2, 17.3, 

17.9, 124.4, 127.4, 129.1, 137.5, 177.7; ESI-MS obsd 152.1069, calcd 152.1070 [(M + H)+, 

M = C9H13NO]. 

3,4-Diethyl-2-(2-nitroethyl)pyrrole (4-EtEt). Following a general procedure,18 a 

stirred mixture of 2-EtEt (3.3 g, 22 mmol), potassium acetate (1.7 g, 17 mmol), and 

methylamine hydrochloride (1.2 g, 17 mmol) in absolute ethanol (8.0 mL) was treated with 

nitromethane (3.0 mL, 55 mmol). The mixture was stirred for 2 h, whereupon water was 

added. The mixture was extracted with CH2Cl2. The organic phase was dried (Na2SO4) and 

concentrated to a dark red solid. The crude solid material was dissolved in freshly distilled 
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THF (40 mL), and the solution was cooled to –10 °C. The solution was treated with 90% 

LiBH4 (0.20 g, 8.7 mmol) all at once under vigorous stirring. The reaction mixture was 

stirred for ~30 min at 0 °C, whereupon the reaction mixture was quenched by slowly adding 

a cold saturated aqueous NH4Cl solution. The mixture was extracted with ethyl acetate, and 

the organic layer was washed with brine, dried (Na2SO4), and concentrated to a yellow oil 

(2.1 g, 49%). The yellow oil turned brown within a few minutes. The 1H NMR data indicated 

that the product was about 90% pure. The title compound was used directly in the next step, 

without further purification, due to its limited stability. 

6-(3,4-Diethylpyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-nitrohexan-2-one (6-

EtEt). Following a general procedure,17
 a mixture of 4-EtEt (14.1 g, 72.2 mmol) and 5 (13.7 

g, 86.6 mmol, 1.2 equiv) was treated with DBU (21.6 mL, 142 mmol). The reaction mixture 

was stirred at room temperature for 5 h under argon. A saturated solution of cold aqueous 

NH4Cl was added. The mixture was extracted with ethyl acetate, and the organic layer was 

washed with brine, dried (Na2SO4), and concentrated. Column chromatography [silica, 

CH2Cl2] afforded a yellow oil (8.7 g, 34%): 1H NMR δ 1.10 (t, J = 7.6 Hz, 3H), 1.14 (s, 3H), 

1.16 (t, J = 7.6 Hz, 3H), 1.25 (s, 3H), 2.34–2.44 (m, 4H), 2.65 (AB, 2J = 18.8 Hz, 2H), 3.00 

(ABX, 3J = 2.8 Hz, 2J = 12.8 Hz, 1H), 3.26 (ABX, 3J = 11.6 Hz, 2J = 13.4 Hz, 1H), 3.42 (s, 

3H), 3.43 (s, 3H), 4.36 (s, 1H), 5.12 (ABX, 3J = 2.4 Hz, 3J = 9.2 Hz, 1H), 6.37 (m, 1H), 

7.52–7.83 (brs, 1H); 13C NMR δ 14.6, 16.2, 17.6, 18.6, 24.4, 24.5, 25.0, 36.7, 45.3, 55.4, 

95.1, 104.9, 113.8, 121.7, 121.8 125.1, 203.8; ESI-MS obsd 355.2234, calcd 355.2227 [(M + 

H)+, M = C18H30N2O5]. 



 89 

7,8-Diethyl-2,3-dihydro-1-(1,1-dimethoxymethyl)-3,3-dimethyldipyrrin 

(DHDPA-EtEt). Following a general procedure,18 in a first flask, a solution of 6-EtEt (8.5 g, 

24 mmol) in freshly distilled THF (60 mL) and anhydrous MeOH (2 mL) at 0 °C was treated 

with NaOMe (3.9 g, 72 mmol). The mixture was stirred and degassed by bubbling argon 

through the solution for 45 min. In a second flask purged with argon, TiCl3 (131 mL, 20% 

wt/v in 3% HCl solution, 147 mmol), 245 mL THF, and NH4OAc (102 g, 1.32 mol) were 

combined under argon and the mixture was degassed 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. The reaction mixture was then 

poured over a pad of Celite and eluted with ethyl acetate. The eluant was washed with 

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

chromatography [neutral alumina, CH2Cl2/hexanes (1:1)] afforded a yellow oil (560 mg, 

7.6%): 1H NMR δ 1.04–1.24 (m, 6H), 1.20 (s, 6H), 2.30–2.57 (m, 4H), 2.59 (s, 2H), 3.41 (s, 

6H), 4.99 (s, 1H), 5.86 (s, 1H), 6.58 (s, 1H), 10.32 (brs, 1H). The limited stability of this 

compound thwarted 13C NMR spectroscopy and mass spectrometric analysis. 

E. Synthesis of Dihydrodipyrrin-Acetal DHDPA-EsEs. 

3,4-Bis(ethoxycarbonyl)-2-formylpyrrole (2-EsEs). The Vilsmeier reagent was 

prepared by treatment of dry DMF (30 mL) with POCl3 (2.8 mL, 30 mmol) at 0 °C and 

stirring of the resulting mixture for 10 min. In a separate flask, a solution of diethyl 3,4-

pyrroledicarboxylate (1-EsEs, 5.0 g, 24 mmol) in DMF (80 mL) was treated with the freshly 

prepared Vilsmeier reagent at 0 °C. The resulting mixture was heated to 80 °C in an oil bath 

and stirred under argon for 24 h. The reaction mixture was treated with a mixture of saturated 
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aqueous sodium acetate/CH2Cl2 [300 mL, 1:1 (v/v)] and stirred for 1 h at room temperature. 

The water phase was separated, and extracted with CH2Cl2. The combined organic phase was 

washed with saturated aqueous LiCl, dried (Na2SO4) and concentrated. Column 

chromatography [silica, hexanes/ethyl acetate (1:1)] afforded a light brown solid (3.6 g, 

64%): mp 62–64 °C; 1H NMR δ 1.35 (t, J = 7.15 Hz, 3H), 1.40 (t, J = 7.15 Hz, 3 H), 4.32 (q, 

J = 7.15 Hz, 2H), 4.43 (q, J = 7.15 Hz, 2H), 7.60 (d, J = 2.20 Hz, 1H), 9.90 (s, 1H), 10.41 

(brs, 1H); 13C NMR δ 14.4, 14.5, 61.1, 62.0, 118.6, 124.5, 128.9, 132.7, 162.9, 163.4, 181.2; 

Anal. Calcd for C11H13NO5: C, 55.23; H, 5.48; N, 5.86. Found: C, 55.47; H, 5.43; N, 5.81. 

ESI-MS obsd 240.0862, calcd 240.0866 [(M + H)+, M = C11H13NO5]. 

3,4-Bis(ethoxycarbonyl)-2-(2-nitroethyl)pyrrole (4-EsEs). A stirred mixture of 2-

EsEs (3.5 g, 15 mmol), potassium acetate (1.2 g, 12 mmol), and methylamine hydrochloride 

(0.80 g, 12 mmol) in absolute ethanol (6.0 mL) was treated with nitromethane (2.0 mL, 37 

mmol). The mixture was stirred for 4 h, whereupon water was added. The reaction mixture 

was filtered, and the filtered material was washed with water, followed by water/ethanol 

(1:1). The filtered material was dried under high vacuum to afford a yellow solid, which was 

used directly in the next step. The crude solid material (3.1 g, 11 mmol) was dissolved in 

CHCl3/2-propanol (3:1, 133 mL). Silica (13 g) and NaBH4 (0.50 g, 13 mmol) were added and 

the mixture was stirred at room temperature under argon for 30 min. The reaction mixture 

was filtered, and the filtrate was concentrated to give a solid residue. The latter residue was 

dissolved in CH2Cl2, washed (water, brine), dried (Na2SO4) and concentrated. Column 

chromatography [silica, CH2Cl2/ethyl acetate (9:1)] afforded a white solid (2.5 g, 60%): mp 

160–163 °C; 1H NMR δ 1.34 (m, 6H), 3.48 (t, J = 6.33 Hz, 2H), 4.29 (m, 4H), 4.71 (t, J = 
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6.33 Hz, 2H), 7.21 (d, J = 3.03 Hz, 1H), 8.96 (brs, 1H); 13C NMR δ 14.45, 14.52, 25.0, 60.7, 

60.8, 74.8, 113.5, 117.4, 123.5, 133.8, 164.2, 164.8; Anal. Calcd for C12H16N2O6: C, 50.70; 

H, 5.67; N, 9.85. Found: C, 50.90; H, 5.57; N, 9.68. ESI-MS obsd 285.1081, calcd 285.1081 

[(M + H)+, M = C12H16N2O6]. 

6-(3,4-Bis(ethoxycarbonyl)-pyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-

nitrohexan-2-one (6-EsEs). Following a general procedure,17 a mixture of 4-EsEs (1.76 g, 

6.20 mmol) and 5 (9.8 g, 62 mmol, 10 equiv) was treated with DBU (2.80 mL, 18.6 mmol). 

The reaction mixture was stirred at room temperature for 15 min under argon. A saturated 

solution of cold aqueous NH4Cl was added. The mixture was extracted with ethyl acetate, 

and the organic layer was washed with brine, dried (Na2SO4), and concentrated. Column 

chromatography [silica, CH2Cl2/ethyl acetate (9:1)] afforded a yellow oil (0.56 g, 20%): 1H 

NMR δ 1.16 (s, 3H), 1.21–1.44 (m, 6H), 1.59 (s, 3H), 2.68 (m, 2H), 3.25–3.38 (m, 1H), 3.42 

(s, 3H), 3.44 (s, 3H), 3.52–3.62 (m, 1H), 4.20–4.37 (m, 4H), 4.39 (s, 1H), 5.12–5.30 (m, 1H), 

7.14 (d, J = 2.93 Hz, 1H), 8.83 (brs, 1H); 13C NMR δ 14.5, 23.9, 24.2, 25.2, 26.2, 36.8, 45.0, 

56.0, 60.7, 74.45, 94.5, 104.7, 113.5, 117.1, 124.1, 129.7, 133.5, 164.4, 164.8, 203.6; ESI-

MS obsd 465.1845, calcd 465.1844 [(M + Na)+, M = C20H30N2O9]. 

7,8-Bis(ethoxycarbonyl)-2,3-dihydro-1-(1,1-dimethoxymethyl)-3,3-

dimethyldipyrrin (DHDPA-EsEs). Following a general procedure,18 in a first flask, a 

solution of 6-EsEs (0.56 g, 1.3 mmol) in freshly distilled THF (3.0 mL) and anhydrous 

MeOH (0.5 mL) at 0 °C was treated with NaOMe (0.18 g, 3.8 mmol). The mixture was 

stirred and degassed by bubbling argon through the solution for 45 min. In a second flask 

purged with argon, TiCl3 (6.4 mL, 20% wt/v in 3% HCl solution, 7.2 mmol), 13 mL THF, 
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and NH4OAc (6.5 g, 84 mmol) were combined under argon, and the mixture was degassed 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. The reaction mixture was then poured over a pad of Celite and eluted with ethyl 

acetate. The eluant was washed with saturated aqueous NaHCO3. The organic layer was 

dried (Na2SO4) and concentrated. Column chromatography (silica, CH2Cl2) afforded a yellow 

oil (80 mg, 16%): 1H NMR δ 1.24 (s, 6H), 1.33 (t, J = 6.46 Hz, 3H), 1.37 (t, J = 6.60 Hz, 

3H), 2.65 (s, 2H), 3.45 (s, 6H), 4.28 (q, J = 7.15 Hz, 2H), 4.34 (q, J = 7.15 Hz, 2H), 5.04 (s, 

1H), 6.50 (s, 1H), 7.32 (d, J = 2.75 Hz, 1H), 11.36 (brs, 1H); 13C NMR δ 14.5, 14.6, 29.1, 

40.8, 48.7, 54.8, 60.3, 60.5, 102.5, 105.1, 112.9, 116.6, 124.8, 135.3, 149.9, 164.6, 164.8, 

165.3, 177.9, 202.2; ESI-MS obsd 393.2022, calcd 393.2020 [(M + H)+, M = C20H28N2O6]. 

F. Synthesis of Dihydrodipyrrin-Acetal DHDPA-Es. 

3-Ethoxycarbonylpyrrole (1-Es). Following the van Leusen method,26 ethyl acrylate 

(7.2 g, 65.6 mmol) and TosMIC (12.8 g, 65.6 mmol) in diethyl ether/DMSO (300 mL, 2:1) 

were slowly added via an addition funnel to a suspension of NaH (5.3 g, 60% in oil 

suspension, 0.13 mol) in 100 mL of diethyl ether. The mixture started to reflux due to the 

exothermic reaction. The reaction was stirred at room temperature for 3 h. Water was added 

carefully, and the mixture was extracted with diethyl ether (3 x 50 mL). The combined 

organic layer was concentrated and dried (Na2SO4). Column chromatography [silica, ethyl 

acetate/hexanes (1:3)] afforded a colorless oil (5.12 g, 56%): 1H NMR δ 1.33 (t, J = 7.2 Hz, 

3H), 4.27 (q, J = 7.2 Hz, 2H), 6.59–6.65 (m, 1H), 6.70–6.76 (m, 1H), 7.34–7.48 (m, 1H), 

9.61 (brs, 1H); 13C NMR δ 14.6, 60.1, 109.9, 116.7, 119.0, 123.7, 202.1; ESI-MS obsd 
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140.0708, calcd 140.0706 [(M + H)+, M = C7H7NO2]. In some cases a minor reaction product 

also was isolated (~8%) that is tentatively assigned to the Michael addition of the pyrrole and 

ethyl acrylate: 1H NMR δ 1.26 (t, J = 7.2 Hz, 3H), 1.32 (t, J = 7.2 Hz, 3H), 2.63 (t, J = 6.6 

Hz, 2H), 2.87 (t, J = 6.6 Hz, 2H), 4.16 (q, J = 7.2 Hz, 2H), 4.26 (q, J = 7.2 Hz, 2H), 6.32–

6.34 (m, 1H), 7.28–7.30 (m, 1H), 9.04–9.19 (brs, 1H). 

4-Ethoxycarbonyl-2-formylpyrrole (2-Es). The Vilsmeier reagent was prepared by 

treatment of dry DMF (20 mL) with POCl3 (3.6 mL, 38 mmol) at 0 °C and stirring of the 

resulting mixture for 10 min. In a separate flask, a solution of 1-Es (4.81 g, 34.6 mmol) in 

DMF (120 mL) was treated with the freshly prepared Vilsmeier reagent at 0 °C. The 

resulting mixture was stirred at 0 °C for 1 h, and then 15 h at room temperature. The reaction 

mixture was treated with a mixture of saturated aqueous sodium acetate/CH2Cl2 [400 mL, 1:1 

(v/v)] and stirred for 1 h. The water phase was separated and extracted with CH2Cl2. The 

combined organic phase was washed with saturated aqueous LiCl, dried (Na2SO4), 

concentrated, and chromatographed [silica, hexanes/ethyl acetate (1:1)] to afford a white 

solid (3.8 g, 65%): mp 84–85 °C; 1H NMR δ 1.37 (t, J = 7.2 Hz, 3H), 4.33 (q, J = 7.2 Hz, 

2H), 77.42 (s, 1H), 7.73–7.75 (m, 1H), 9.56 (s, 1H), 10.60 (brs, 1H); 13C NMR δ 14.6, 60.6, 

119.3, 122.0, 130.3, 133.2, 163.9, 180.3; ESI-MS obsd 168.0659, calcd 168.0655 [(M + H)+, 

M = C8H9NO3]. 

4-(Ethoxycarbonyl)-2-(2-nitroethyl)pyrrole (4-Es). A stirred mixture of 2-Es (3.7 

g, 22 mmol), potassium acetate (1.7 g, 18 mmol) and methylamine hydrochloride (1.2 g, 18 

mmol) in absolute ethanol (8 mL) was treated with nitromethane (3.0 mL, 55 mmol). The 

mixture was stirred for 2 h, whereupon water was added. The reaction mixture was filtered, 
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and the filtered material was washed with water and a small amount of cold ethanol. The 

filtered material was dried under high vacuum 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, 

250 mL). Silica (24 g) and NaBH4 (1.5 g, 40 mmol) were added, and the mixture was stirred 

at room temperature under argon for 1 h. The reaction mixture was filtered and the filtrate 

was concentrated. The crude reaction mixture was dissolved in CH2Cl2, washed (water, 

brine), dried (Na2SO4) and concentrated to afford a pale brown solid (2.25 g, 48%): mp 118–

119 °C; 1H NMR δ 1.33 (t, J = 7.2 Hz, 3H), 3.29 (t, J = 6.4 Hz, 2H), 4.27 (q, J = 7.2 Hz, 2H), 

4.61 (t, J = 6.4 Hz, 2H), 6.37–6.46 (m, 1H), 7.30–7.37 (m, 1H), 8.81 (brs, 1H); 13C NMR δ 

14.6, 25.3, 60.1, 75.1, 108.4, 117.2, 123.8, 127.5, 165.1; Anal. Calcd for C9H12N2O4: C, 

50.94; H, 5.70; N, 13.20. Found: C, 51.14; H, 5.83; N, 12.99. ESI-MS obsd 213.0873, calcd 

213.0870 [(M + H)+, M = C9H12N2O3]. 

6-[4-(Ethoxycarbonyl)pyrrol-2-yl]-1,1-dimethoxy-4,4-dimethyl-5-nitro-2-

hexanone (6-Es). Following a general procedure,17 a mixture of 4-Es (2.13 g, 10.0 mmol) 

and 5 (4.69 g, 30.0 mmol, 3 equiv) was treated with DBU (4.7 mL, 30 mmol). The reaction 

mixture was stirred at room temperature for 1 h under argon. A saturated solution of cold 

aqueous NH4Cl was added. The mixture was extracted with ethyl acetate, and the organic 

layer was washed with brine, dried (Na2SO4), and concentrated. Column chromatography 

[silica, ethyl acetate/hexanes (1:1)] afforded a light brown oil (2.44 g, 66%): 1H NMR δ 1.13 

(s, 3H), 1.21 (s, 3H), 1.32 (t, J = 7.2 Hz, 3H), 2.60, 2.72 (AB, 2J = 18.6 Hz, 2H), 3.02 (ABX, 

3J = 2.2 Hz, 2J = 15.2 Hz, 1H), 3.33 (ABX, 3J = 12.0 Hz, 2J = 15.2 Hz, 1H), 3.42 (s, 3H), 

3.43 (s, 3H), 4.25 (q, J = 7.2 Hz, 2H), 4.37 (s, 1H), 5.16 (ABX, 3J = 2.2 Hz, 3J = 12.0 Hz, 
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1H), 6.38–6.41 (m, 1H), 7.27–7.30 (m, 1H), 8.79 (brs, 1H); 13C NMR δ 14.6, 24.3, 24.3, 

26.6, 36.6, 45.2, 55.3, 59.9, 94.5, 104.8, 108.5, 116.9, 123.8, 127.5, 165.2, 203.9; ESI-MS 

obsd 393.1642, calcd 393.1632 [(M + H)+, M = C17H26N2O7]. 

8-(Ethoxycarbonyl)-1-(1,1-dimethoxymethyl)-3,3-dimethyl-2,3-dihydrodipyrrin 

(DHDPA-Es). Following a general procedure,18 in a first flask, a solution of 6-Es (2.30 g, 

6.21 mmol) in freshly distilled THF (13 mL) and anhydrous MeOH (1.0 mL) at 0 °C was 

treated with NaOMe (540 mg, 19.8 mmol). The mixture was stirred and degassed by 

bubbling argon through the solution for 45 min. In a second flask purged with argon, TiCl3 

(34.3 mL, 20% wt/v in 3% HCl solution, 39.5 mmol), 73 mL THF, and NH4OAc (26 g, 340 

mmol) were combined under argon and the mixture was degassed 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. The reaction 

mixture was then poured over a pad of Celite and eluted with ethyl acetate. The eluant was 

washed with saturated aqueous NaHCO3. The organic layer was dried (Na2SO4) and 

concentrated. Column chromatography [silica, hexanes/ethyl acetate (1:1)] afforded a light 

yellow oil (710 mg, 36%): 1H NMR δ 1.21 (s, 6H), 1.34, (t, J = 7.2 Hz, 3H), 2.63 (s, 2H), 

3.46 (s, 6H), 4.28 (q, J = 7.2 Hz, 2H), 5.03 (s, 1H), 5.83 (s, 1H), 6.52–6.53 (m, 1H), 7.43–

7.45 (m, 1H), 10.92–11.06 (brs, 1H); 13C NMR δ 14.7, 29.2, 40.3, 48.4, 54.8, 59.8, 102.7, 

106.9, 109.6, 116.7, 124.9, 131.7, 161.3, 165.3, 175.6; ESI-MS obsd 321.1810, calcd 

321.1809 [(M + H)+, M = C17H24N2O4]. 
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G. Synthesis of Dihydrodipyrrin-Acetal DHDPA-Py. 

2-Formyl-4-(4-pyridyl)pyrrole (2-Py). The Vilsmeier reagent was prepared by 

treatment of dry DMF (55 mL) with POCl3 (4.0 mL, 44 mmol) at 0 °C and stirring of the 

resulting mixture for 10 min. In a separate flask, a solution of 3-(4-pyridyl)pyrrole (1-Py, 

5.78 g, 40.1 mmol) in DMF (135 mmol) was treated with the freshly prepared Vilsmeier 

reagent at 0 °C. The resulting mixture was stirred at 0 °C for 1 h, and then 16 h at room 

temperature. The reaction mixture was treated with a mixture of saturated aqueous sodium 

acetate/ethyl acetate [400 mL, 1:1 (v/v)] and stirred for 1 h. The water phase was separated 

and extracted with ethyl acetate (2 x 200 mL). The combined organic phase was washed with 

saturated aqueous LiCl, dried (Na2SO4) and concentrated. Column chromatography [silica, 

hexanes/ethyl acetate 1:5)] afforded two separate isomeric components. The first compound 

eluted was the minor isomer (54.6 mg, 9%) and was not fully characterized. The second 

compound eluted, the title compound, was the major constituent (1.8 g, 54%): mp 222–225 

°C; 1H NMR (acetone-d6) δ 7.54 (m, 1H), 7.62–7.68 (m, 2H), 7.91 (s, 1H), 8.43–8.47 (m, 

2H), 9.63 (s, 1H), 11.42 (brs, 1H); 13C NMR (acetone-d6) δ 92.5, 116.9, 119.6, 124.3, 142.0, 

150.4, 166.1, 179.1; Anal. Calcd for C10H8N2O: C, 69.76; H, 4.68; N, 16.27. Found: C, 

69.59; H, 4.71; N, 16.07; ESI-MS obsd 173.0702, calcd 173.0709 [(M + H)+, M = 

C10H8N2O]. 

2-(2-Nitroethyl)-4-(4-pyridyl)pyrrole (4-Py). Following a general procedure,18 a 

stirred mixture of 2-Py (1.80 g, 10.5 mmol), potassium acetate (0.82 g, 8.4 mmol) and 

methylamine hydrochloride (0.56 g, 8.4 mmol) in absolute ethanol (4.0 mL) was treated with 

nitromethane (1.44 mL, 26.5 mmol). The mixture was stirred for 2 h, whereupon water was 
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added. The reaction mixture was filtered, and the filtered material was washed with water 

and a small amount of cold ethanol. The filtered material was dried under high vacuum to 

afford a yellow solid, which was used directly in the next step. The crude solid material was 

dissolved in freshly distilled THF (100 mL), and the solution was cooled to –10 °C. The 

solution was treated with 90% LiBH4 (254 mg, 10.5 mol) all at once under vigorous stirring. 

The reaction mixture was stirred for ~15 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, and the organic layer was washed with brine, dried (Na2SO4), 

concentrated and chromatographed [silica, hexanes/ethyl acetate (1:9)] to yield a tan solid 

(821 mg, 36%, 2 steps): mp 159.5–160.5 °C; 1H NMR δ 3.37 (t, J = 6.9 Hz, 2H), 4.65 (t, J = 

6.9 Hz, 2H), 6.44–6.48 (m, 1H), 7.22–7.26 (m, 1H), 7.45 (d, J = 6.6 Hz, 2H), 8.39 (d, J = 6.6 

Hz, 2H), 8.69 (brs, 1H); 13C NMR (acetone-d6) δ 25.6, 75.0, 104.6, 117.5, 119.4, 121.8, 

129.1, 144.5, 149.3; Anal. Calcd for C11H12N3O2: C, 60.82; H, 5.10; N, 19.34. Found: C, 

60.93 H, 5.09; N, 19.08. ESI-MS obsd 218.0924, calcd 218.0924 [(M + H)+, M = 

C11H11N3O2]. 

1,1-Dimethoxy-4,4-dimethy1-6-[4-(4-pyridyl)pyrrol-2-y1]-5-nitro-2-hexanone (6-

Py). Following a general procedure,17 a mixture of 4-Py (500 mg, 2.30 mmol) and 5 (1.10 g, 

6.91 mmol, 3 equiv) was treated with DBU (1.03 mL, 6.91 mmol). The reaction mixture was 

stirred at room temperature for 1 h under argon. A saturated solution of cold aqueous NH4Cl 

was added. The mixture was extracted with ethyl acetate, and the organic layer was washed 

with brine, dried (Na2SO4), and concentrated. Column chromatography [silica, ethyl acetate] 

afforded an amorphous tan solid (235 mg, 27%): 1H NMR δ 1.12 (s, 3H), 1.20 (s, 3H), 1.32 
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(t, J = 7.2 Hz, 3H), 2.57, 2.72 (AB, 2J = 18.6 Hz, 2H), 3.05 (ABX, 3J = 2.2 Hz, 2J = 15.2 Hz, 

1H), 3.36 (ABX, 3J = 12.0 Hz, 2J = 15.2 Hz, 1H), 3.40 (s, 3H), 3.41 (s, 3H), 4.25 (t, J = 7.2 

Hz, 2H), 4.35 (s, 1H), 5.23 (ABX, 3J = 2.2 Hz, 3J = 12.0 Hz, 1H), 6.32 (s, 1H), 7.09 (s, 1H), 

7.31 (d, J = 6.13 Hz, 2H), 8.44 (d, J = 6.13 Hz, 2H), 9.37 (brs, 1H); 13C NMR δ 24.4, 24.5, 

26.9, 36.7, 45.34, 55.4, 94.6, 104.7, 105.5, 116.8, 119.7, 122.4, 128.5, 143.6, 149.8, 204.0; 

ESI-MS obsd 376.1869, calcd 376.1867 [(M + H)+, M = C19H25N3O5]. 

1-(1,1-Dimethoxymethyl)-3,3-dimethy1-8-(4-pyridyl)-2,3-dihydrodipyrrin 

(DHDPA-Py). Following a general procedure,18 in a first flask, a solution of 6-Py (135 mg, 

0.360 mmol) in freshly distilled THF (3.0 mL) and anhydrous MeOH (100 mL) at 0 °C was 

treated with NaOMe (30 mg, 1.10 mmol). The mixture was stirred and degassed by bubbling 

argon through the solution for 45 min. In a second flask purged with argon, TiCl3 (3.3 mL, 

20% wt/v in 3% HCl solution, 3.8 mmol), 7.0 mL THF, and NH4OAc (2.5 g, 32 mmol) were 

combined under argon and the mixture was degassed 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 48 h under argon at 35 °C. The reaction 

mixture was then poured over a pad of Celite and eluted with ethyl acetate. The eluant was 

washed with saturated aqueous NaHCO3. The organic layer was dried (Na2SO4) and 

concentrated. Column chromatography [silica, hexanes/ethyl acetate (1:1)] afforded a yellow 

amorphous solid (35.0 mg, 30%): 1H NMR δ 1.23 (s, 6H), 2.65 (s, 2H), 3.48 (s, 6H), 5.05 (s, 

1H), 5.89 (s, 1H), 6.49 (s, 1H), 7.27–7.31 (m, 1H), 7.35–7.41 (m, 2H), 8.36–8.60 (m, 2H), 

10.90 (brs, 1H); 13C NMR δ 29.3, 40.4, 48.5, 54.8, 102.8 106.7, 107.0, 118.1, 119.6, 122.4, 
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132.7, 143.6, 150.1, 161.2, 175.4; ESI-MS obsd 326.1870, calcd 326.1863 [(M + H)+, M = 

C19H23N3O2]. 

H. Synthesis of Dihydrodipyrrin-Acetal DHDPA-AnEs. 

4-(Ethoxycarbonyl)-2-formyl-3-(4-methoxyphenyl)pyrrole (2-AnEs). A solution 

of 1-AnEs (15.5 g, 63.2 mmol) in DMF (16.6 ml) and CH2Cl2 (200 mL) under argon was 

cooled to 0 °C, whereupon POCl3 (7.2 mL, 77.2 mmol) was added dropwise. After 1 h, the 

flask was warmed to room temperature and stirred overnight (~16 h). The reaction was 

quenched at 0 °C with 2.5 M aqueous NaOH (690 mL). The mixture was poured into water 

(~1 L), extracted with CH2Cl2, and the combined organic layers were washed with water and 

brine, dried (Na2SO4), and concentrated. The residue was chromatographed [silica, 

CH2Cl2/ethyl acetate (9:1)] to afford a white solid (11.7 g, 68%): 1H NMR δ 1.23 (t, J = 7.2 

Hz, 3H), 3.86 (s, 3H), 4.21 (q, J = 7.2 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 7.40 (d, J = 8.5 Hz, 

2H), 7.74 (d, J = 2.5 Hz, 1H), 9.37 (s, 1H), 10.49 (brs, 1H); 13C NMR δ 14.1, 55.2, 59.9, 

113.1, 116.1, 123.2, 130.7, 130.8, 132.0, 137.8, 159.6, 163.6, 181.0; FAB-MS obsd 

273.0995, calcd 273.1001 (C15H15NO4); Anal. Calcd for C15H15NO4: C, 65.92; H, 5.53; N, 

5.13. Found: C, 66.03; H, 5.48; N, 5.13. 

4-(Ethoxycarbonyl)-3-(4-methoxyphenyl)-2-(2-nitroethyl)pyrrole (4-AnEs). 

Following a general procedure,11 a mixture of 2-AnEs (11.7 g, 42.8 mmol), acetic acid (1.4 

mL, 5.43 mmol), n-propylamine (1.8 mL, 21.9 mmol) and nitromethane (7.0 mL, 128 mmol) 

in THF/MeOH (5:1) under argon was stirred at room temperature for 17 h. CH2Cl2 was 

added, and the reaction was quenched with brine. The organic layer was dried (Na2SO4) and 

concentrated. The residue was dissolved in CHCl3/2-propanol (280 mL, 3:1), and 51 g of 
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silica gel was added. NaBH4 (3.24, 85.6 mmol) was added in portions at room temperature, 

and the mixture was stirred for 2 h. The reaction mixture was filtered, and the filter cake was 

washed with CH2Cl2/MeOH (9:1). The filtrate was concentrated. Crystallization from ethyl 

acetate/hexanes (1:2) afforded the title compound (4.42 g, 32%): 1H NMR δ 1.17 (t, J = 7.1 

Hz, 3H), 3.19 (t, J = 6.3 Hz, 2H), 3.83 (s, 3H), 4.13 (q, J = 7.1 Hz, 2H), 4.41 (t, J = 6.3 Hz, 

2H), 6.92 (d, J = 8.3 Hz, 2H), 7.18 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 2.5 Hz, 1H), 8.58 (s, 1H); 

13C NMR δ 14.2, 23.4, 55.2, 59.5, 75.1, 113.4, 115.3, 123.7, 124.0, 125.0, 126.4, 131.2, 

158.6, 164.5; FAB-MS obsd 318.1214, calcd 318.1216 (C16H18N2O5); Anal. Calcd for 

C16H18N2O5: C, 60.37; H, 5.70; N, 8.80. Found: C, 60.31; H, 5.77; N, 8.65. 

6-[4-(Ethoxycarbonyl)-3-(4-methoxyphenyl)pyrrol-2-yl]-1,1-dimethoxy-4,4-

dimethyl-5-nitro-2-hexanone (6-AnEs). A mixture of 4-AnEs (3. 86 g, 12.1 mmol) and 5 

(2.3 g, 15 mmol) was treated with DBU (2.7 mL, 18 mmol). CH3CN (15 mL) was added to 

the reaction mixture to dissolve the nitroethylpyrrole compound completely. The reaction 

mixture was stirred at room temperature for 15 h, diluted with ethyl acetate (40 mL), and 

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

resulting oil was chromatographed [silica, CH2Cl2/ethyl acetate (9:1)] to afford the title 

compound (3.17 g, 55%): 1H NMR δ 0.99 (s, 3H), 1.02 (s, 3H), 1.17 (t, J = 7.2, 3H), 2.52 (m, 

2H), 3.06 (m, 2H), 3.38 (s, 6H), 3.81 (s, 3H), 4.13 (q, J = 7.1 Hz, 2H), 4.30 (s, 2H), 4.98 (m, 

1H), 6.91 (d, J = 8.6 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 3.2 Hz, 1H), 8.91 (s, 1H); 

13C NMR δ 14.1, 23.5, 23.7, 24.6, 36.2, 44.5, 54.8, 55.0, 59.2, 74.3, 94.5, 104.2, 113.1, 

114.7, 123.8, 124.9, 126.5, 131.1, 131.2, 158.3, 164.7, 203.2; FAB-MS obsd 476.2151, calcd 

476.2159 (C24H32N2O8). 
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8-(Ethoxycarbonyl)-1-(1,1-dimethoxymethyl)-3,3-dimethyl-7-(4-methoxyphenyl)-

2,3-dihydrodipyrrin (DHDPA-AnEs). Following a general procedure,11 a solution of 6-

AnEs (500 mg, 1.05 mmol) in anhydrous THF (12.2 mL) under argon was treated with 

NaOMe (283 mg, 5.25 mmol). The reaction mixture was degassed by bubbling argon through 

the solution for 10 min and then stirred for 1 h at room temperature. In a second flask, TiCl3 

[8.6 wt % TiCl3 in 28 wt % HCl (d = 1.2), 9.54 g, 5.32 mmol, 5.0 mol equiv], H2O (42 mL), 

NH4OAc (40.0 g, 519 mmol), and THF (2.8 mL) were combined. The mixture was degassed 

by bubbling argon for 10 min. The solution in the first flask containing the nitronate anion of 

6-AnEs was transferred via a cannula to the buffered TiCl3 mixture in the second flask. The 

resulting mixture was stirred at room temperature for 5 h under argon. Then, the mixture was 

poured into a vigorously stirred solution of saturated aqueous NaHCO3 (320 mL) plus ethyl 

acetate (110 mL). After 20 min, the mixture was extracted with ethyl acetate. The combined 

organic layers were dried (NaSO4) and concentrated. The resulting oil was chromatographed 

[silica, hexanes/ethyl acetate (1:1)] to afford the title compound (196 mg, 44%): 1H NMR δ 

1.14 (s, 6H), 1.20 (t, J = 7.0 Hz, 3H), 2.62 (s, 2H), 3.46 (s, 6H), 3.85 (s, 3H), 4.16 (q, J = 7.0 

Hz, 2H), 5.04 (s, 1H), 5.78 (s, 1H), 6.94 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 7.53 

(m, 1H), 11.17 (s, 1H); 13C NMR δ 14.2, 28.9, 40.2, 48.2, 54.2, 55.1, 59.2, 102.5, 105.2, 

112.9, 114.3, 124.2, 125.2, 126.8, 129.3, 131.9, 158.3, 161.1, 164.8, 175.1; FAB-MS obsd 

426.2172, calcd 426.2155 (C24H30N2O5). 

I. Synthesis of Dihydrodipyrrin-Acetal DHDPA-MeEs. 

4-Ethoxycarbonyl-2-formyl-3-methylpyrrole (2-MeEs). A solution of Vilsmeier 

reagent was prepared by treatment of dry DMF (7.0 mL) with POCl3 (1.13 mL, 12.4 mmol) 
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at 0 °C and stirring of the resulting mixture for 10 min. In a separate flask, a solution of 3-

ethoxycarbonyl-4-methylpyrrole (1-MeEs, 1.53 g, 10.0 mmol) in DMF (30 mL) was treated 

with the freshly prepared Vilsmeier reagent at 0 °C. The resulting mixture was stirred at 0 °C 

for 1 h, and then 2 h at room temperature. The reaction mixture was treated with a mixture of 

saturated aqueous potassium acetate and CH2Cl2 [100 mL, 1:1 (v/v)] and stirred for 30 min. 

The water phase was separated and extracted with CH2Cl2. The combined organic phase was 

washed (water, brine), dried (Na2SO4) and concentrated. The resulting solid was dissolved in 

warm EtOH (~10 mL) and cooled to –15 °C. The resulting solid was filtered, washed with a 

small amount of cold EtOH and dried to afford a white solid with a light-pink filtrate (1.097 

g, 58%): mp 123-125 °C. In an alternative procedure, the crude product was 

chromatographed [silica, CH2Cl2/ethyl acetate (4:1)] to obtain the product in 76% yield: 1H 

NMR δ 1.35 (t, J = 7.1 Hz, 3H), 2.60 (s, 3H), 4.30 (q, J = 7.1 Hz, 2H), 7.62–7.64 (m, 1H), 

9.71 (s, 1H), 9.72 (brs, 1H); 13C NMR (75 MHz) δ 10.2, 14.6, 60.2, 117.6, 130.6, 130.7, 

134.37, 164.4, 178.6; ESI-MS obsd 182.08088, calcd 182.08117 [(M + H)+, M = C9H11NO3]. 

4-(Ethoxycarbonyl)-3-methyl-2-(2-nitroethyl)pyrrole (4-MeEs). Following a 

general procedure,18 a suspension of 2-MeEs (3.73 g, 20.6 mmol) in nitromethane (185 mL) 

was treated with methylamine hydrochloride (1.67 g, 24.7 mmol) and KOAc (2.23 g, 22.6 

mmol). The reaction mixture was stirred at room temperature until TLC analysis showed 

disappearance of the starting material (~2 h). The reaction mixture was filtered. The filtered 

material was washed with a small amount of cold methanol and water, and dried under high 

vacuum to afford a yellow solid which was used directly in the next step: mp 204–207 °C; 1H 

NMR (DMSO-d6, 400 MHz) δ 1.27 (t, J = 7.1 Hz, 3H), 2.38 (s, 3H), 4.20 (q, J = 7.1 Hz, 2H), 
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7.82 (s, 1H), 7.87 (d, J = 13.2 Hz, 1H), 7.96 (d, J = 13.2 Hz, 1H), 11.63 (brs, 1H). The 

resulting yellow solid was suspended in dry THF (80 mL), cooled to 0 °C, and treated with 

LiBH4 (0.444 g, 20.4 mmol) and stirred at 0 °C for 75 min. The reaction mixture was 

quenched by the addition of saturated aqueous NH4Cl. The resulting mixture was extracted 

with CH2Cl2. The organic extract was washed with water and brine, dried (Na2SO4) and 

concentrated. The resulting solid was dissolved in CH2Cl2 (with sonication) and 

chromatographed [silica, CH2Cl2 → CH2Cl2/ethyl acetate (1:1)] to provide a yellow solid 

(1.77 g, 38%): mp 144–145 °C; 1H NMR δ 1.33 (t, J = 7.1 Hz, 3H), 2.23 (s, 3H), 3.25 (t, J = 

7.1 Hz, 2H), 4.26 (q, J = 7.1 Hz, 2H), 4.53 (t, J = 7.1 Hz, 2H), 7.30 (app d, J = 3.2 Hz, 1H), 

8.34 (brs, 1H); 13C NMR δ 10.3, 14.7, 23.5, 59.7, 75.1, 115.6, 118.2, 123.8, 123.9, 165.6; 

ESI-MS obsd 227.10257, calcd 227.10262 [(M + H)+, M = C10H14N2O4]. 

6-(4-Ethoxycarbonyl-3-methylpyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-

nitrohexan-2-one (6-MeEs). Following a general procedure,17 a mixture of 4-MeEs (0.452 

g, 2.00 mmol) and 5 (0.632 g, 4.00 mmol) was treated with DBU (0.912 g, 6.00 mmol). The 

resulting mixture was stirred at room temperature for 20 h. The reaction mixture was diluted 

with ethyl acetate, washed twice with brine, dried (Na2SO4) and concentrated. Column 

chromatography [silica, CH2Cl2 CH2Cl2/ethyl acetate (10:1)] provided a light-brown oil 

which slowly solidified to a light-brown solid (0.666 g, 87%): mp 95–97 °C; 1H NMR δ 1.13 

(s, 3H), 1.22 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H), 2.19 (s, 3H), 2.65 (d, J = 18.5 Hz, 1H), 2.73 (d, 

J = 18.5 Hz, 1H), 2.94–3.00 (m, 1H), 3.21–3.30 (m, 1H), 3.41 (s, 3H), 3.42 (s, 3H), 4.22 (q, J 

= 7.1 Hz, 2H), 4.35 (s, 1H), 5.07–5.12 (m, 1H), 7.24 (app d, J = 3.2 Hz, 1H), 8.50 (brs, 1H); 

13C NMR δ 10.2, 14.6, 24.36, 24.42, 24.7, 36.6, 45.2, 55.4, 59.5, 94.2, 104.9, 115.4, 118.3, 
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123.7, 123.8, 165.5, 203.9; ESI-MS obsd 385.1972, calcd 385.1969 [(M + H)+, M = 

C18H28N2O7). 

8-Ethoxycarbonyl-1-(1,1-dimethoxymethyl)-3,3,7-trimethyldipyrrin (DHDPA-

MeEs). Following a general procedure,18 a solution of 6-MeEs (0.563 g, 1.46 mmol) in THF 

(13 mL) was treated with NaOMe (1.0 mL, ~5.4 mmol, 30% in MeOH) and stirred for 30 

min (flask 1). In a second flask a solution of TiCl3 (1.35 g, 8.77 mmol) in THF (15 mL) was 

prepared. In a third flask a solution of NH4Cl (4.04 g, 76.3 mmol) in H2O (15 mL) was 

prepared. The contents of the two latter flasks were degassed by three freeze-pump-thaw 

cycles and combined. To the resulting mixture, the contents of flask 1 were transferred by 

cannula and the resulting mixture was stirred for 12 h. Saturated aqueous NaHCO3 was 

added, and the resulting mixture was then extracted with ethyl acetate. The organic phase 

was washed with brine, dried (Na2SO4) and concentrated. Column chromatography [silica, 

CH2Cl2/ethyl acetate (10:1] afforded a light-orange solid (0.188 g, 38%): 1H NMR δ 1.23 (s, 

6H), 1.34 (t, J = 7.1 Hz, 3H), 2.34 (s, 3H), 2.63 (s, 2H), 3.45 (s, 6H), 4.27 (q, J = 7.1 Hz, 

2H), 5.02 (s, 1H), 5.88 (s, 1H), 7.42 (app d, J = 3.2 Hz, 1H), 10.92 (brs, 1H); 13C NMR (75 

MHz) δ 10.5, 14.7, 29.4, 40.5, 48.5, 54.8, 59.4, 102.8, 104.7, 115.1, 119.6, 125.1, 128.9, 

160.1, 165.9, 174.8; ESI-MS obsd 335.1971; calcd 335.1965 [(M + H)+, M = C18H26N2O4]. 

J. Synthesis of Dihydrodipyrrin-Acetal DHDPA-ArEs. 

4-(Ethoxycarbonyl)-2-formyl-3-(4-iodophenyl)pyrrole (2-ArEs). A solution of 1-

ArEs (4.77 g, 14.0 mmol) in DMF (4.47 mL) and CH2Cl2 (104 mL) under argon was cooled 

to 0 °C, whereupon POCl3 (1.57 mL, 16.8 mmol) was added dropwise. After 1 h, the flask 

was warmed to room temperature and stirred overnight (~17 h). The reaction was quenched 
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at 0 °C by the addition of 2.5 M aqueous NaOH (100 mL). The mixture was poured into 

water (200 mL) and extracted with CH2Cl2. The combined organic layers were washed 

(water, brine), dried (Na2SO4), and concentrated to give a dark brown solid. The solid was 

dissolved in ethyl acetate (~100 mL), and the solution was passed through a bed of silica. 

The collected eluant was concentrated to give a brown solid. Cooling of the solution 

(CH2Cl2/hexanes) at ~ –16 °C resulted in precipitation of a white solid (2.96 g, 57%): mp 

175–176 °C; 1H NMR δ 1.23 (t, J = 7.2 Hz, 3H), 4.21 (q, J = 7.2 Hz, 2H), 7.20 (d, J = 8.2 

Hz, 2H), 7.74 (d, J = 3.2 Hz, 1H), 7.77 (d, J = 8.2 Hz, 2H), 9.36 (s, 1H), 9.95–10.10 (brs, 

1H); 13C NMR δ 14.4, 60.4, 94.6, 116.8, 130.3, 130.8, 130.9, 132.8, 136.2, 137.1, 163.4, 

180.7. Anal. Calcd for C14H12INO3: C, 45.55; H, 3.28; N, 3.79. Found: C, 45.56; H, 3.29; N, 

3.69. 

4-(Ethoxycarbonyl)-3-(4-iodophenyl)-2-(2-nitroethyl)pyrrole (4-ArEs). Following 

a general procedure,11 a stirred solution of acetic acid (276 µL, 4.66 mmol) in methanol (0.66 

mL) under argon at 0 °C was treated dropwise with n-propylamine (362 µL, 4.40 mL). The 

resulting n-propylammonium acetate mixture was stirred for 5 min at 0 °C, then added 

dropwise to a stirred solution of 2-ArEs (2.95 g, 8.00 mmol) in nitromethane (20 mL) and 

THF (20 mL) at 0 °C. The resulting mixture was stirred for 15 min at 0 °C, and then was 

stirred at room temperature. The reaction was monitored with TLC analysis. After 4 h, due to 

incomplete reaction, the same amount of n-propylammonium acetate mixture, which was 

prepared from acetic acid (276 µL, 4.66 mmol) and n-propylamine (362 µL, 4.40 mL), was 

added to the reaction mixture. After 2 h, CH2Cl2 (60 mL) was added to the reaction mixture, 

and the organic phase was washed with water and brine. The organic layer was dried 
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(Na2SO4) and concentrated under high vacuum to afford a yellowish-brown solid. The solid 

was dissolved with a solution of CHCl3 (40 mL) and 2-propanol (13.4 mL). Silica (9.6 g) was 

added to the mixture. The mixture was stirred vigorously, and NaBH4 (604 mg, 16.0 mmol) 

was added in one batch. After 20 min, a portion of NaBH4 (100 mg, 2.64 mmol) was added 

once more. After 20 min, TLC analysis showed complete consumption of the vinylpyrrole. 

The mixture was filtered, and the filter cake was washed [CH2Cl2/ethyl acetate (4:1)]. The 

filtrate was concentrated, and the resulting brown solid was dissolved in ethyl acetate (~100 

mL). The solution was filtered through a bed of silica (ethyl acetate) to afford a brown solid. 

Precipitation (ethyl acetate/hexanes) gave a white solid (1.71 g, 52%): mp 155–157 °C; 1H 

NMR δ 1.17 (t, J = 7.2 Hz, 3H), 3.20 (t, J = 6.4 Hz, 2H), 4.13 (q, J = 7.2 Hz, 2H), 4.42 (t, J = 

6.4 Hz, 2H), 7.01 (d, J = 8.2 Hz, 2H), 7.39 (d, J = 3.2 Hz, 1H), 7.70 (d, J = 8.2 Hz, 2H), 

8.67–8.77 (brs, 1H); 13C NMR δ 14.4, 23.4, 59.9, 75.3, 93.0, 115.3, 123.5, 124.2, 125.4, 

132.4, 134.1, 137.3, 164.5. Anal. Calcd for C15H15IN2O4: C, 43.50; H, 3.65; N, 6.76. Found: 

C, 43.23; H, 3.68; N, 6.50. 

6-[4-(Ethoxycarbonyl)-3-(4-iodophenyl)pyrrol-2-yl]-1,1-dimethoxy-4,4-dimethyl-

5-nitro-2-hexanone (6-ArEs). A mixture of 4-ArEs (1.50 g, 3.62 mmol) and 5 (865 mg, 

5.43 mmol) in CH3CN (5 mL) was treated with DBU (1.62 mL, 10.9 mmol). The reaction 

mixture was stirred at room temperature for 24 h, diluted with ethyl acetate (45 mL), and 

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

resulting oil was chromatographed [ethyl acetate/hexanes (1:1)] to afford a light brown oil 

(966 mg, 47%): 1H NMR δ 1.03 (s, 3H), 1.06 (s, 3H), 1.16 (t, J = 7.2 Hz, 3H), 2.47, 2.65 

(AB, 2J = 19.0 Hz, 2H), 2.90 (ABX, 3J = 2.4 Hz, 2J = 15.6 Hz, 1H), 3.23 (ABX, 3J = 11.6 Hz, 
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2J = 15.6 Hz, 1H), 3.416 (s, 3H), 3.420 (s, 3H), 4.12 (q, J = 7.2 Hz, 2H), 4.30 (s, 1H), 5.11 

(ABX, 3J = 2.4 Hz, 3J = 11.6 Hz, 1H), 7.03 (d, J = 8.6 Hz, 2H), 7.35 (d, J = 3.2 Hz, 1H), 7.71 

(d, J = 8.6 Hz, 2H), 8.38–8.46 (brs, 1H); 13C NMR δ 14.4, 24.2, 24.2, 24.8, 36.7, 45.0, 55.4, 

59.8, 92.8, 94.6, 104.8, 115.2, 123.7, 124.3, 125.3, 132.6, 134.2, 137.1, 164.6, 203.7; ESI-

MS obsd 573.1093, calcd 573.1092 [(M + H)+, M = C23H29IN2O7]. 

8-(Ethoxycarbonyl)-1-(1,1-dimethoxymethyl)-3,3-dimethyl-7-(4-iodophenyl)-2,3-

dihydrodipyrrin (DHDPA-ArEs). Following a general procedure,11 a solution of 6-ArEs 

(550 mg, 0.961 mmol) in anhydrous THF (9.6 mL) under argon was treated with NaOMe 

(260 mg, 4.80 mmol), and the mixture was stirred for 1 h at room temperature. In a second 

flask, TiCl3 [8.6 wt % TiCl3 in 28 wt % HCl (d = 1.2), 7.18 mL, 4.80 mmol, 5.0 mol equiv], 

H2O (38 mL), NH4OAc (29.6 g, 384 mmol) and THF (2.4 mL) were combined. The mixture 

was degassed by bubbling argon for 10 min. The solution in the first flask containing the 

nitronate anion of 6-ArEs was transferred via a cannula to the buffered TiCl3 mixture in the 

second flask. The resulting mixture was stirred at room temperature for 5 h under argon. 

Then, the mixture was extracted with ethyl acetate. The combined organic layers were 

washed (5% aqueous NaHCO3, water) and then dried (NaSO4). The solvent was removed 

under reduced pressure at room temperature. The crude product was passed through a short 

column [alumina, hexanes/ethyl acetate (2:1)] to afford a light yellow oil (160 mg, 32%): 1H 

NMR δ 1.15 (s, 6H), 1.20, (t, J = 7.2 Hz, 3H), 2.63 (s, 2H), 3.46 (s, 6H), 4.16 (q, J = 7.2 Hz, 

2H), 5.05 (s, 1H), 5.71 (s, 1H), 7.12 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 3.2 Hz, 1H), 7.71 (d, J = 

8.2 Hz, 2H), 11.17 (brs, 1H); 13C NMR δ 14.5, 29.1, 40.6, 48.6, 54.8, 59.7, 92.5, 102.6, 
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104.9, 114.4, 123.4, 125.7, 129.7, 133.1, 134.4, 136.8, 162.1, 164.9, 176.1; ESI-MS obsd 

523.1081, calcd 523.1088 [(M + H)+, M = C23H27IN2O4]. 

K. Synthesis of Dihydrodipyrrin-Acetal DHDPA-Ar. 

6-[3-(4-Iodophenyl)pyrrol-2-yl]-1,1-dimethoxy-4,4-dimethyl-5-nitro-2-hexanone 

(6-Ar). Following a general procedure,11 CsF (1.10 g, 9.25 mmol, freshly dried by heating to 

100 °C under vacuum for 1 h) was placed in a flask under argon. A mixture of 4-Ar (992 mg, 

2.90 mmol) and 5 (4.59 g, 29.0 mmol) in dry acetonitrile (29 mL) was transferred by cannula 

to the flask containing CsF. The mixture was heated at 65 °C for 7 h, whereupon TLC 

analysis showed the reaction to be complete. The reaction mixture was filtered through a bed 

of alumina [ethyl acetate/hexanes (1:2)], and the filtrate was concentrated. The resulting oil 

was dried for 16 h under high vacuum. Purification of the solid residue by recrystallization 

[hexanes/CH2Cl2 (10:1)] gave a light brown solid (390 mg, 26%): 1H NMR δ 1.09 (s, 3H), 

1.19 (s, 3H), 2.54, 2.72 (AB, 2J = 18.8 Hz, 2H), 3.15 (ABX, 3JBX = 2.4 Hz, 2JAB = 15.6 Hz, 

1H), 3.40 (ABX, 3JAX = 12.4 Hz, 2JAB = 15.6 Hz, 1H), 4.41 (s, 3H), 4.42 (s, 3H), 5.24 (ABX, 

3JBX = 2.4 Hz, 2JAX = 12.4 Hz, 1H,), 6.21 (t, J = 2.8 Hz, 1H), 6.68 (t, J = 2.8 Hz, 1H), 7.09 (d, 

J = 8.4 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 8.19 (brs, 1H); 13C NMR δ 24.2, 24.3, 25.2, 45.1, 

55.4, 91.3, 94.6, 104.8, 109.3, 118.1, 122.5, 122.7, 130.4, 136.1, 137.7, 203.8; FAB-MS obsd 

500.0818, calcd 500.0808 (C20H25IN2O5); Anal. Calcd for C20H25IN2O5: C, 48.01; H, 5.04; 

N, 5.60. Found: C, 48.05; H, 5.05; N, 5.61. 

1-(1,1-Dimethoxymethyl)-3,3-dimethyl-7-(4-iodophenyl)-2,3-dihydrodipyrrin 

(DHDPA-Ar). Following a general procedure,11 a solution of 6-Ar (150 mg, 0.300 mmol) in 

anhydrous THF (3.0 mL) under argon was treated with NaOMe (81 mg, 1.5 mmol), and the 
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mixture was stirred for 1 h at room temperature. In a second flask, TiCl3 [8.6 wt % TiCl3 in 

28 wt % HCl (d = 1.2), 2.24 mL, 4.80 mmol, 5.0 mol equiv], H2O (12 mL), NH4OAc (9.25 g, 

120 mmol) and THF (0.8 mL) were combined followed by degassed by bubbling argon for 

10 min. The solution in the first flask containing the nitronate anion of 6-Ar was transferred 

via a cannula to the buffered TiCl3 mixture in the second flask. The resulting mixture was 

stirred at room temperature for 5 h under argon. Then, the mixture was extracted with ethyl 

acetate. The combined organic layers were washed (5% aqueous NaHCO3 and water) and 

dried (NaSO4). The solvent was removed under reduced pressure at room temperature. The 

crude product was passed through a short column [alumina, hexanes/ethyl acetate (2:1)] to 

afford a light yellow solid (26 mg, 19%): mp 143–144 °C; 1H NMR 6 1.20 (s, 6H), 2.63 (s, 

2H), 3.46 (s, 6H), 5.04 (s, 1H), 6.03 (s, 1H), 6.27 (t, J = 2.8 Hz, 1H), 6.88 (t, J = 2.8 Hz, 1H), 

7.19 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 10.90 (brs, 1H); 13C NMR δ 29.3, 29.9, 

40.5, 48.4, 54.8, 90.9, 102.9, 105.6, 109.0, 119.5, 123.4, 127.2, 130.7, 136.7, 137.7, 160.9, 

174.9; FAB-MS obsd 450.0832, calcd 450.0804 (C20H23IN2O2). 

L. Synthesis of Dihydrodipyrrin-Acetal DHDPA-TEs. 

8-(Ethoxycarbonyl)-1-(1,1-dimethoxymethyl)-3,3-dimethyl-7-(4-methylyphenyl)-

2,3-dihydrodipyrrin (DHDPA-TEs). A solution of 1-TEs (3.70 g, 16.1 mmol) in DMF 

(5.14 mL) and CH2Cl2 (120 mL) under argon was cooled to 0 °C, whereupon POCl3 (1.77 

mL, 19.0 mmol) was added dropwise. After 1 h, the flask was warmed to room temperature 

and stirred overnight (10 h). The reaction was quenched at 0 °C by the addition of 2.5 M 

aqueous NaOH (100 mL). The mixture was poured into water (200 mL) and then extracted 

with CH2Cl2. The extracted organic solution was washed with water and brine, dried 
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(Na2SO4), and concentrated. The residue was chromatographed [silica, CH2Cl2/ethyl acetate 

(4:1)] to give 2-TEs as a light brown solid (2.43 g, 59%): mp 129–130 °C; 1H NMR δ 1.22 

(t, J = 7.2 Hz, 3H), 2.41 (s, 3H), 4.20 (q, J = 7.2 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 7.35 (d, J 

= 8.2 Hz, 2H), 7.73 (d, J = 0.8 Hz, 1H), 9.38 (s, 1H), 9.94–10.12 (brs, 1H); 13C NMR δ 14.4, 

21.5, 60.3, 116.8, 128.2, 128.7, 130.4, 130.9, 137.9, 138.3, 163.6, 181.2; Anal. Calcd for 

C15H15NO3: C, 70.02; H, 5.88; N, 5.44. Found: C, 69.86; H, 5.90; N, 5.44. 

Following a general procedure,11 a stirred solution of acetic acid (134 µL, 2.33 mmol) in 

methanol (0.33 mL) under argon at 0 °C was treated dropwise with n-propylamine (181 µL, 

2.20 mL). The resulting n-propylammonium acetate mixture was stirred for 5 min at room 

temperature, then added dropwise to a stirred solution of 2-TEs (1.03 g, 4.00 mmol) in 

nitromethane (10 mL) and THF (3.0 mL) at 0 °C. The resulting mixture was stirred for 15 

min, and then stirring was continued for 3 h at room temperature. CH2Cl2 (30 mL) was added 

to the reaction mixture, and the resulting organic phase was washed with water and brine. 

The organic layer was dried (Na2SO4) and concentrated under high vacuum to afford a 

brownish orange solid. The solid was dissolved with a solution of CHCl3 (20 mL) and 2-

propanol (6.7 mL). Silica (4.8 g) was added to the mixture. The mixture was stirred 

vigorously, and NaBH4 (302 mg, 8.00 mmol) was added in one batch. After 20 min, a further 

portion of NaBH4 (100 mg, 2.64 mmol) was added. After 10 min, TLC analysis showed 

complete consumption of the vinylpyrrole. The mixture was filtered, and the filter cake was 

washed with CH2Cl2. The filtrate was concentrated and the resulting brown oil was filtered 

through a bed of silica (CH2Cl2/ethyl acetate, 4:1) to afford a brown solid. Precipitation 

(ethyl acetate/hexanes) gave 4-TEs as a light brown solid (598 mg, 49%): mp 155–156 °C; 
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1H NMR δ 1.16 (t, J = 7.2 Hz, 3H), 2.38 (s, 3H), 3.20 (t, J = 6.4 Hz, 2H), 4.13 (q, J = 7.2 Hz, 

2H), 4.42 (t, J = 6.4 Hz, 2H), 7.14 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 

3.2 Hz, 1H), 8.56–8.66 (brs, 1H); 13C NMR δ 14.4, 21.4, 23.5, 59.7, 75.3, 115.4, 123.9, 

124.6, 125.2, 128.9, 130.2, 131.3, 136.8, 164.7; FAB-MS obsd 302.1288, calcd 302.1267 

(C16H18N2O4). 

A mixture of 4-TEs (3.02 g, 10.0 mmol) and 5 (1.90 g, 12.0 mmol) was treated with DBU 

(4.49 mL, 30.0 mmol). CH3CN (3 mL) was added to the reaction mixture to dissolve the 

nitroethylpyrrole compound 4-TEs completely. The reaction mixture was stirred at room 

temperature for 24 h, diluted with ethyl acetate (100 mL), and washed with water and brine. 

The organic layer was dried (Na2SO4) and concentrated. The resulting oil was 

chromatographed [silica, ethyl acetate/hexanes (1:2)] to afford 6-TEs as a light yellow oil 

(3.63 g, 79%): 1H NMR δ 1.02 (s, 3H), 1.05 (s, 3H), 1.16 (t, J = 7.2 Hz, 3H), 2.37 (s, 3H), 

2.46, 2.63 (AB, 2J = 18.8 Hz, 2H), 2.96 (ABX, 3J = 2.4 Hz, 2J = 15.6 Hz, 1H), 3.22 (ABX, 3J 

= 11.6 Hz, 2J = 15.6 Hz, 1H), 3.397 (s, 3H), 3.400 (s, 3H), 4.08–4.16 (m, 2H), 4.30 (s, 1H), 

5.06 (ABX, 3J = 2.4 Hz, 3J = 11.6 Hz, 1H), 7.16 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 

7.34 (d, J = 3.4 Hz, 1H), 8.32–8.40 (brs, 1H); 13C NMR δ 14.3, 21.4, 23.8, 24.0, 24.9, 36.5, 

44.7, 55.06, 55.08, 59.5, 94.9, 104.5, 115.0, 124.1, 124.6, 125.0, 128.6, 130.2, 131.4, 136.3, 

164.8, 203.5; FAB-MS obsd 483.2122, calcd 483.2107 (C24H32N2O7) [M + Na]+. 

Following a general procedure,11 a solution of 6-TEs (1.00 g, 2.17 mmol) in anhydrous THF 

(22 mL) under argon was treated with NaOMe (586 mg, 10.9 mmol). The reaction mixture 

was bubbled with argon for 10 min and then stirred for 1 h at room temperature (first flask). 

In a second flask, TiCl3 [8.6 wt % TiCl3 in 28 wt % HCl (d = 1.2), 16.2 mL, 10.9 mmol, 5.0 
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mol equiv] and H2O (87 mL) were combined. The mixture was bubbled with argon for 10 

min. Then, NH4OAc (66.9 g, 868 mmol) was slowly added under argon bubbling to buffer 

the mixture to pH 6.0 (pH paper). THF (6.5 mL) was added to the dark buffered mixture. The 

mixture was bubbled with argon for a further 10 min. The mixture in the first flask 

containing the nitronate anion of 6-TEs was transferred via a cannula to the buffered TiCl3 

mixture in the second flask. The resulting mixture was stirred at room temperature for 5 h 

under argon. Then the mixture was poured into a vigorously stirred solution of saturated 

aqueous NaHCO3 (320 mL) and ethyl acetate (110 mL). After 20 min, the mixture was 

extracted with ethyl acetate. The organic layers were combined, washed with water, dried 

(NaSO4), and concentrated. The resulting oil was chromatographed [alumina, hexanes/ethyl 

acetate (1:1)] to afford the title compound (DHDPA-TEs) as a light yellow oil (441 mg, 

51%): 1H NMR δ 1.14 (s, 6H), 1.20, (t, J = 7.2 Hz, 3H), 2.40 (s, 3H), 2.61 (s, 2H), 3.46 (s, 

6H), 4.16 (q, J = 7.2 Hz, 2H), 5.04 (s, 1H), 5.79 (s, 1H), 7.20 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 

8.0 Hz, 2H), 7.52 (d, J = 3.2 Hz, 1H), 11.14–11.22 (brs, 1H); 13C NMR δ 14.5, 21.5, 29.1, 

40.5, 48.5, 54.8, 59.5, 102.7, 105.6, 114.6, 124.8, 125.5, 128.5, 129.6, 131.0, 131.7, 136.2, 

161.4, 165.1, 175.4; FAB-MS obsd 410.2193, calcd 410.2206 (C24H30N2O4); λabs (CH2Cl2) 

341 nm. 

M. Bacteriochlorin Syntheses. 

5-Methoxy-8,8,18,18-tetramethyl-2,12-bis(4-methylphenyl)bacteriochlorin 

(MeOBC-T) by use of BF3·O(Et)2. A solution of BF3·O(Et)2 (301 µL, 2.50 mmol) in 

CH3CN (6 mL) was slowly added to a solution of DHDPA-T (338 mg, 1.00 mmol) in 

CH3CN (50 mL). The reaction mixture was stirred at room temperature for 12 h under an air 
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atmosphere. TEA (1.00 mL, 7.17 mmol) was added to the reaction mixture. Then the reaction 

mixture was concentrated. The residue was chromatographed [silica, 10 cm dia x 30 cm, 

hexanes/CH2Cl2 (1:1)] to afford HBC-T (16.1 mg, 6%), MeOBC-T (133 mg, 46%), and 

TDC-T (33.0 mg, 11%). Characterization data (1H NMR, LD-MS, FAB-MS, absorption 

spectrum) of MeOBC-T were consistent with the previous results.11 

3,13-Dibromo-5-methoxy-8,8,18,18-tetramethylbacteriochlorin (MeOBC-Br). A 

solution of DHDPA-Br (200 mg, 0.611 mmol, 18 mM) in anhydrous CH2Cl2 (34 mL) was 

treated first with 2,6-DTBP (2.78 mL, 12.2 mmol, 360 mM) and second with TMSOTf (560 

mL, 3.07 mmol, 90 mM). The reaction mixture was stirred at room temperature for 16 h. The 

reaction mixture was concentrated, and the residue was chromatographed [silica, 

hexanes/CH2Cl2 (1:1)]. A single green band was collected and concentrated to give the title 

compound as a green solid (55 mg, 32%): 1H NMR δ –1.98 (brs, 1H), –1.77 (brs, 1H), 1.93 

(s, 6H), 1.94 (s, 6H), 4.35 (s, 3H), 4.40 (s, 2H), 4.42 (s, 2H), 8.50–8.56 (m, 2H), 8.72 (d, J = 

2.48 Hz, 1H), 8.74–8.80 (m, 2H); 13C NMR δ 30.0, 31.0, 31.2, 45.8, 46.0, 47.5, 51.9, 64.7, 

96.5, 97.1, 105.4, 112.5, 124.4, 124.9, 135.7, 169.8; ESI-MS obsd 557.05222, calcd 

557.05516 [(M + H)+, M = C25H26Br2N4O]; λabs (CH2Cl2) 360, 369, 504, 722 nm. 

8,8,18,18-Tetramethylbacteriochlorin (HBC-H) by use of Bi(OTf)3. A solution of 

DHDPA-H (65.6 mg, 0.264 mmol, 5 mM) in anhydrous CH2Cl2 (53 mL) was treated with 

Bi(OTf)3 (1.73 g, 2.64 mmol, 50 mM). The reaction mixture was stirred at room temperature 

for 16 h. Excess TEA (100. mL, 0.717 mmol) was added to the reaction mixture. The 

reaction mixture was concentrated, and the residue was chromatographed [silica, 

CH2Cl2/hexanes (1:1)]. The first green band (HBC-H, 5.2 mg, 11%) and the second green 
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band (MeOBC-H, 4.9 mg, 9%) were collected. Further elution with CH2Cl2 afforded a TDC-

type macrocycle, which was not completely characterized. 

5-Methoxy-8,8,18,18-tetramethylbacteriochlorin (MeOBC-H). A solution of 

DHDPA-H (422 mg, 1.70 mmol, 5 mM) in anhydrous CH2Cl2 (340 mL) was treated first 

with 2,6-DTBP (7.50 mL, 34.0 mmol, 100 mM) and second with TMSOTf (1.53 mL, 8.50 

mmol, 50 mM). The reaction mixture was stirred at room temperature for 16 h. The reaction 

mixture was concentrated, and the residue was chromatographed [silica, CH2Cl2/hexanes 

(1:1)]. A single green band was collected (MeOBC-H, 150 mg, 44%). Further elution with 

CH2Cl2 did not afford any TDC-type macrocycle. Data for HBC-H: 1H NMR d –2.40 to –

2.36 (brs, 2H), 1.98 (s, 12H), 4.48 (s, 4H), 8.72–8.75 (m, 2H), 8.74 (s, 2H), 8.75–8.80 (m, 

2H), 8.84 (s, 2H); ESI-MS obsd 371.2225, calcd 371.2230 [(M + H)+, M = C24H26N4]; λabs 

(CH2Cl2) 339, 364, 488, 713 nm. Data for MeOBC-H: 1H NMR d –2.28 (brs, 1H), –2.13 

(brs, 1H), 1.95 (s, 6H), 1.97 (s, 6H), 4.42 (s, 2H), 4.48 (s, 2H), 8.60–8.79 (m, 5H), 8.93 (m, 

2H); 13C NMR δ 31.3, 31.4, 45.8, 46.1, 47.7, 52.0, 65.4, 96.9, 97.1, 98.0, 117.4, 120.2, 122.9, 

123.7, 135.6, 137.1, 137.2, 152.7, 159.7, 169.6; ESI-MS obsd 401.2330, calcd 401.2336 [(M 

+ H)+, M = C25H28N4O]; λabs (CH2Cl2) 343, 353, 365, 499, 709 nm. 

3,13-Bis(ethoxycarbonyl)-2,12-diethyl-8,8,18,18-tetramethylbacteriochlorin 

(HBC-EtEs). A solution of DHDPA-EtEs (742 mg, 2.13 mmol, 18 mM) in anhydrous 

CH3CN (118 mL) was treated with BF3·O(Et)2 (2.1 mL, 17 mmol, 140 mM). The reaction 

mixture was stirred at room temperature for 16 h. Excess TEA (2.5 mL) was added to the 

reaction mixture. The reaction mixture was concentrated, and the residue was 

chromatographed (silica, CH2Cl2). A single green band was isolated and concentrated to 
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afford the title compound as a purple solid (250 mg, 41%): 1H NMR d –1.43 (brs, 2H), 1.72 

(t, J = 7.15 Hz, 6H), 1.74 (t, J = 7.43 Hz, 6H), 1.94 (s, 12H), 4.14 (q, J = 7.43 Hz, 4H), 4.78 

(q, J = 7.15 Hz, 4H), 8.64 (s, 2H), 9.66 (s, 2H); 13C NMR δ 14.9,17.9, 21.0, 31.2, 46.1, 52.1, 

61.1, 94.6, 98.8, 119.2, 133.6, 135.0, 141.9, 160.7, 166.7, 171.2; ESI-MS obsd 571.3271, 

calcd 571.3279 [(M + H)+, M = C34H42N4O4]; λabs (CH2Cl2) 353, 382, 519, 759 nm. Further 

elution did not afford any TDC-type macrocycle. 

3,13-Bis(ethoxycarbonyl)-2,12-diethyl-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (MeOBC-EtEs). A solution of DHDPA-EtEs (185 mg, 0.531 

mmol, 18 mM) in anhydrous CH2Cl2 (30 mL) was treated first with 2,6-DTBP (2.35 mL, 

10.6 mmol, 360 mM) and second with TMSOTf (0.478 mL, 2.65 mmol, 90 mM). The 

reaction mixture was stirred at room temperature for 16 h. The reaction mixture was 

concentrated, and the residue was chromatographed (silica, CH2Cl2). A single green band 

was isolated and concentrated to afford the title compound as a purple solid (64 mg, 40%): 

1H NMR δ –1.84 (brs, 1H), –1.56 (brs, 1H), 1.56–1.80 (m, 12H), 1.93 (s, 6H), 1.94 (s, 6H), 

3.83 (d, J = 7.70 Hz, 2H), 4.15 (d, J = 7.70 Hz, 2H), 4.22 (s, 3H), 4.36 (s, 2H), 4.40 (s, 2H), 

4.78 (q, J = 7.15 Hz, 4H), 8.53 (s, 1H), 8.66 (s, 1H), 9.61 (s, 1H); 13C NMR δ 14.8, 14.9, 

17.7, 17.9, 20.3, 21.0, 31.2, 31.3, 45.8, 46.1, 48.1, 51.9, 61.0, 62.0, 64.6, 93.8, 95.3, 97.8, 

118.4, 124.5, 128.0, 132.1, 134.2, 135.1, 135.3, 135.8, 141.9, 155.9, 160.7, 166.8, 168.2, 

169.1, 171.7; ESI-MS obsd 601.3384, calcd 601.3384 [(M + H)+, M = C35H44N4O5]; λabs 

(CH2Cl2) 356, 378, 520, 739 nm. Further elution with CH2Cl2 did not afford any TDC-type 

macrocycle. 
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2,3,12,13-Tetrakis(ethoxycarbonyl)-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (MeOBC-EsEs). A solution of DHDPA-EsEs (30 mg, 0.076 

mmol, 18 mM) in anhydrous CH2Cl2 (4.25 mL) was treated first with 2,6-DTBP (339 mL, 

1.53 mmol, 360 mM) and second with TMSOTf (69 mL, 0.38 mmol, 90 mM). The reaction 

mixture was stirred at room temperature for 4 days (until no starting material DHDPA-EsEs 

remained by TLC analysis). The reaction mixture was concentrated, and the residue was 

chromatographed (silica, CH2Cl2). A single purple band was collected and concentrated to 

give the title compound as a purple solid (16.5 mg, 63%): 1H NMR δ –1.12 (brs, 1H), –0.87 

(brs, 1H), 1.54–1.74 (m, 12H), 1.91 (s, 6H), 1.92 (s, 6H), 4.22 (s, 3H), 4.30 (s, 2H), 4.32 (s, 

2H), 4.74 (m, 8H), 9.06 (s, 1H), 9.13 (s, 1H), 9.66 (s, 1H); 13C NMR δ 14.6, 14.7, 14.7, 14.8, 

30.4, 31.0, 31.1, 46.2, 46.3, 47.6, 51.6, 61.5, 62.1, 62.2, 62.4, 64.6, 98.1, 98.7, 98.9, 125.0, 

127.3, 133.4, 133.9, 135.4, 136.9, 157.0, 163.5, 164.6, 165.7, 165.9, 168.2, 172.0, 174.5; 

ESI-MS obsd 689.3185, calcd 689.3182 [(M + H)+, M = C37H44N4O9]; λabs (CH2Cl2) 360, 

548, 758 nm. Further elution with CH2Cl2 did not afford any TDC-type macrocycle. 

3,13-Bis(ethoxycarbonyl)-5-methoxy-8,8,18,18-tetramethylbacteriochlorin 

(MeOBC-Es). A solution of DHDPA-Es (700 mg, 2.18 mmol) in anhydrous CH2Cl2 (121 

mL) was treated first with 2,6-DTBP (10.0 mL, 43.8 mmol) and second with TMSOTf (2.00 

mL, 10.9 mmol). The reaction mixture was stirred at room temperature for 16 h. The reaction 

mixture was concentrated, and the residue was chromatographed (silica, CH2Cl2). A single 

green band was collected and concentrated to give the title compound as a purple solid (50 

mg, 8.4%): 1H NMR δ –1.67 (brs, 1H), –1.43 (brs, 1H), 1.63–1.72 (m, 6H), 1.93 (s, 6H), 1.94 

(s, 6H), 4.27 (s, 3H), 4.39 (s, 2H), 4.41 (s, 2H), 4.65–4.83 (m, 4H), 8.57 (s, 1H), 8.64 (s, 1H), 
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8.86 (d, J = 2.48 Hz, 1H), 9.21 (d, J = 2.48 Hz, 1H), 9.68 (s, 1 H); ESI-MS obsd 545.2762, 

calcd 545.2758 [(M + H)+, M = C31H36N4O5]; λabs (CH2Cl2) 354, 374, 524, 735 nm. 

5-Methoxy-8,8,18,18-tetramethyl-2,12-bis(4-pyridyl)bacteriochlorin (MeOBC-

Py). A solution of DHDPA-Py (33 mg, 0.10 mmol, 18 mM) in anhydrous CH2Cl2 (5.6 mL) 

was treated first with 2,6-DTBP (462 mL, 2.03 mmol, 360 mM) and second with TMSOTf 

(93 mL, 0.51 mmol, 90 mM). The reaction mixture was stirred at room temperature for 16 h. 

The reaction mixture was concentrated, and the residue was chromatographed (silica, ethyl 

acetate). A single green band was collected and concentrated to give the title compound as a 

green solid (<1 mg, 0.7% determined spectroscopically assuming εQy = 120,000 M–1cm–1): 

1H NMR δ –1.78 (brs, 1H), –1.55 (brs, 1H), 1.96 (s, 6H), 1.98 (s, 6H), 3.68 (s, 3H), 4.37 (s, 

2H), 4.40 (s, 2H), 8.02–8.08 (m, 2H), 8.09–8.13 (m, 2H), 8.63–8.67 (m, 2H), 8.67–8.70 (m, 

1H), 8.77–8.80 (m, 1H), 8.83–8.90 (m, 3H), 8.94–9.02 (m, 2H); ESI-MS obsd 555.2865, 

calcd 555.2867 [(M + H)+, M = C35H34N6O]; λabs (CH2Cl2) 364, 515, 734 nm. 

3,13-Bis(ethoxycarbonyl)-5-methoxy-2,12-bis(4-methoxyphenyl)-8,8,18,18-

tetramethylbacteriochlorin (MeOBC-AnEs). A solution of dihydrodipyrrin-acetal 

DHDPA-AnEs (0.140 g, 0.329 mmol) in anhydrous CH2Cl2 (66 mL) was treated first with 

2,6-DTBP (1.47 mL, 6.58 mmol) and second with TMSOTf (0.298 mL, 1.64 mmol). The 

resulting mixture was stirred at room temperature for 16 h. The reaction mixture was 

concentrated and chromatographed [silica, CH2Cl2/ethyl acetate (10:1)] to afford a pink 

greenish solid (39.7 mg, 32%): 1H NMR δ –1.60 (brs, 1H), –1.31 (brs, 1H), 1.36 (t, J = 7.1 

Hz, 3H), 1.44 (t, J = 7.1 Hz, 3H), 1.82 (s, 6H), 1.86 (s, 1H), 4.03 (s, 3H), 4.04 (s, 3H), 4.26 

(s, 3H), 4.35 (s, 2H), 4.40 (s, 2H), 4.54 (q, J = 7.1 Hz, 2H), 4.62 (q, J = 7.1 Hz, 2H), 7.25–
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7.28 (m, 2H + 2H, partially overlapped with the CHCl3 signal), 7.85 (d, J = 8.4 Hz, 2H), 8.01 

(d, J = 8.4 Hz, 2H), 8.44 (s, 1H), 8.55 (s, 1H), 9.58 (s, 1H); 13C NMR (75 MHz) δ 14.4, 14.6, 

30.9, 31.0, 45.8, 46.2, 48.1, 51.8, 55.7, 60.9, 62.0, 64.5, 96.1, 98.0, 98.2, 113.5, 114.4, 119.3, 

124.7, 126.7, 128.1, 128.2, 133.06, 133.14, 133.48, 133.51, 134.6, 135.0, 135.4, 138.4, 156.4, 

159.6, 159.8, 161.2, 166.6, 168.8, 169.0, 172.5; LD-MS 756.6; ESI-MS obsd 757.3588, calcd 

757.3596 [(M + H)+, M = C45H48N4O7]; λabs 360, 377, 526, 749 nm; λem (λexc = 527 nm) 758 

nm. 

3,13-Bis(ethoxycarbonyl)-5-methoxy-2,8,8,12,18,18-hexamethylbacteriochlorin 

(MeOBC-MeEs). A solution of dihydrodipyrrin-acetal DHDPA-MeEs (70 mg, 0.21 mmol) 

in CH2Cl2 (42 mL) was treated first with 2,6-DTBP (0.930 mL, 4.14 mmol) and second with 

TMSOTf (0.190 mL, 1.05 mmol). The resulting mixture was stirred at room temperature for 

13 h. The reaction mixture was concentrated and chromatographed (silica, CH2Cl2) to afford 

a dark-green solid (29 mg, 48%): 1H NMR δ –1.83 (brs, 1H), –1.57 (brs, 1H), 1.65 (t, J = 7.2 

Hz, 3H), 1.72 (t, J = 7.1 Hz, 3H), 1.94 (s, 6H), 1.95 (s, 6H), 3.40 (s, 3H), 3.66 (s, 3H), 4.24 

(s, 3H), 4.38 (s, 2H), 4.42 (s, 2H), 4.75–4.83 (m, 4), 8.52 (s, 1H), 8.66 (s, 1H), 9.62 (s, 1H); 

13C NMR δ 11.8, 13.6, 14.8, 15.0, 31.2, 31.3, 45.8, 46.1, 48.1, 51.9, 61.0, 62.0, 64.5, 93.9, 

95.6, 97.7, 119.3, 125.1, 128.1, 133.0, 134.97, 135.04, 155.9, 160.7, 166.9, 168.1, 169.0, 

171.7; LD-MS obsd 573.0 ESI-MS obsd 573.3071; calcd 573.3071 [(M + H)+, M = 

C33H40N4O5); λabs 357, 380, 520, 738 nm; λem (λexc = 520 nm) 748 nm. 

3,13-Bis(ethoxycarbonyl)-5-methoxy-2,12-bis(4-iodophenyl)-8,8,18,18-

tetramethylbacteriochlorin (MeOBC-ArEs). A solution of DHDPA-ArEs (40 mg, 0.077 

mmol) in anhydrous CH2Cl2 (4.25 mL) was treated first with 2,6-DTBP (338 mL, 1.53 
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mmol) and second with TMSOTf (69 mL, 0.38 mmol). The reaction mixture was stirred at 

room temperature for 16 h. The reaction mixture was concentrated, and the residue was 

chromatographed [silica, CH2Cl2/hexanes (2:1)]. A single purple band was collected and 

concentrated to give the title compound as a purple solid (13 mg, 36%): 1H NMR δ –1.55 

(brs, 1H), –1.27 (brs, 1H), 1.33 (t, J = 7.01 Hz, 3H), 1.44 (t, J = 7.15 Hz, 3H), 1.81 (s, 6H), 

1.85 (s, 6H), 4.24 (s, 3H), 4.34 (s, 2H), 4.40 (s, 2H), 4.52 (q, J = 7.15 Hz, 2H), 4.62 (q, J = 

7.15 Hz, 2H), 7.58–7.69 (m, 2H), 7.80 (d, J = 8.25 Hz, 2H), 7.98–8.13 (m, 4H), 8.35 (s, 1H), 

8.47 (s, 1H), 9.60 (s, 1 H); 13C NMR δ 14.4, 14.6, 30.9, 31.0, 45.9, 46.3, 48.1, 51.8, 61.1, 

62.2, 64.6, 94.1, 94.7, 95.9, 98.0, 98.4, 119.3, 128.3, 132.4, 132.7, 133.7, 133.94, 134.07, 

134.2, 135.0, 135.6, 135.7, 137.1, 137.2, 138.0, 157.0, 161.7, 166.2, 168.4, 169.4; ESI-MS 

obsd 948.1239, calcd 948.1222 (C43H42I2N4O5); λabs (CH2Cl2) 373, 528, 751 nm. 

N. Bromination and Derivatization of Bacteriochlorins. 

15-Bromo-5-methoxy-8,8,18,18-tetramethylbacteriochlorin (MeOBC-H-Br15). A 

solution of MeOBC-H (50.0 mg, 0.125 mmol) in THF (50 mL) was treated all-at-once with 

NBS (22.0 mg, 0.125 mmol, in 1.0 mL THF) at room temperature for 1 h. TLC analysis 

[silica, hexanes/CH2Cl2 (1:1)] showed only one spot. The reaction mixture was diluted with 

CH2Cl2 and washed with saturated aqueous NaHCO3. The organic layer was dried (Na2SO4), 

concentrated and chromatographed [silica, hexanes/CH2Cl2 (1:1)] to afford a green solid (51 

mg, 86%): 1H NMR d –2.33 (brs, 1H), –2.08 (brs, 1H), 1.96 (s, 6H), 1.96 (s, 6H), 4.40 (s, 

2H), 4.48 (s, 3H), 4.50 (s, 2H), 8.63 (s, 1H), 8.68 (s, 1H), 8.70–8.75 (m, 2H), 8.95–8.99 (m, 

1H), 9.00–9.04 (m, 1 H); ESI-MS obsd 478.1372, calcd 478.1363 [M+, M = C25H27N4O]; λabs 

(CH2Cl2) 348, 358, 369, 512, 712 nm. 
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5,15-Dimethoxy-8,8,18,18-tetramethylbacteriochlorin (BC-OMe5,15). Following a 

general procedure,33 in an oven-dried Schlenk flask equipped with a stirring bar, MeOBC-H-

Br15 (58.4 mg, 0.122 mmol), Pd2(dba)3, bis(2-diphenylphosphinophenyl)ether (13.2 mg, 

0.0244 mmol) and Cs2CO3 (92.0 mg, 0.244 mmol) were dried under high vacuum for 1 h. 

Toluene (12.2 mL) containing methanol (20 mL, 0.487 mmol) was added to the Schlenk 

flask, and the mixture was degassed by three freeze-pump-thaw cycles. The flask was then 

placed in an oil bath, and the reaction mixture was stirred at 100 °C for 24 h. After cooling to 

room temperature the reaction mixture was filtered through Celite. The filtrate was eluted 

with ethyl acetate, and the eluent was concentrated. Column chromatography [silica, 

hexanes/CH2Cl2 (1:1)] afforded in the following order the starting material (11 mg), 

debrominated starting material MeOBC-H (17 mg), and the title compound (15 mg, 29%): 

1H NMR (THF-d8) d –2.38 (brs, 2H), 1.96 (s, 12H), 4.41 (s, 4H), 4.45 (s, 6H), 8.70–8.75 (m, 

1H), 8.75 (s, 1H), 8.89–8.96 (m, 1 H); 1H NMR (CD2Cl2) d –2.36 (brs, 2H), 1.97 (s, 12H), 

4.42 (s, 4H), 4.48 (s, 6H), 8.71 (s, 2H), 8.72–8.77 (m, 2H), 8.91–9.01 (m, 2H); ESI-MS obsd 

431.2435, calcd 431.2442 [(M + H)+, M = C26H30N4O2]; λabs (CH2Cl2) 347, 357, 367, 510, 

707 nm. Note: the title compound is only sparsely soluble in a wide range of solvents 

including ethyl acetate, THF, acetone, DMF, DMSO, and carbon disulfide. 

15-Bromo-3,13-bis(ethoxycarbonyl)-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (MeOBC-Es-Br15) and 12-Bromo-3,13-bis(ethoxycarbonyl)-

5-methoxy-8,8,18,18-tetramethylbacteriochlorin (MeOBC-Es-Br12). A solution of 

MeOBC-Es (16 mg, 0.030 mmol) in THF (12 mL) was treated all-at-once with NBS (5.3 

mg, 0.030 mmol, in 100 mL of THF) at room temperature for 1 h. TLC analysis [silica, 
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CH2Cl2/hexanes (4:1)] showed four spots. The reaction mixture was diluted with CH2Cl2 and 

washed with saturated aqueous NaHCO3. The organic layer was dried (Na2SO4), 

concentrated and chromatographed [silica, CH2Cl2/hexanes (4:1)] to afford four fractions: the 

first purple band (MeOBC-Es-Br12, 2.8 mg, 15%) was pure; the second purple band 

consisted of a mixture of mono- and dibromobacteriochlorins on the basis of mass 

spectrometric data (LD-MS m/z = 622.2, 700.1) and was not further analyzed; the third 

purple band was recovered starting material (MeOBC-Es, 4.9 mg); and the fourth purple 

band (MeOBC-Es-Br15, 2.4 mg, 13%) was pure. Data for MeOBC-Es-Br12: 1H NMR δ –

1.73 (brs, 1H), –1.44 (brs, 1H), 1.62–1.72 (m, 6H), 1.92 (s, 6H), 1.94 (s, 6H), 4.24 (s, 3H), 

4.35 (s, 2H), 4.41 (s, 2H), 4.73 (q, J = 7.2 Hz, 2H), 4.81 (q, J = 7.2 Hz, 2H), 8.63 (s, 1H), 

8.67 (s, 1H), 9.20–9.23 (m, 1 H), 9.68 (s, 1 H); ESI-MS obsd 623.1863, calcd 623.1864 [(M 

+ H)+, M = C31H35BrN4O5]; λabs (CH2Cl2) 354, 365, 375, 523, 740 nm. Data for MeOBC-Es-

Br15: 1H NMR δ –1.60 (brs, 1H), –1.39 (brs, 1H), 1.92 (s, 6H), 1.93 (s, 6H), 4.28 (s, 3H), 

4.37 (s, 2H), 4.41 (s, 2H), 4.67–4.82 (m, 4H), 8.53 (s, 1H), 8.59 (s, 1H), 8.79–8.83 (m, 1H), 

8.86–8.89 (m, 1H); ESI-MS obsd 623.1872, calcd 623.1864 [(M + H)+, M = C31H35BrN4O5]; 

λabs (CH2Cl2) 366, 525, 724 nm. 

15-Bromo-3,13-bis(ethoxycarbonyl)-2,12-diethyl-5-methoxy-8,8,18,18-

tetramethylbacteriochlorin (MeOBC-EtEs-Br15). A solution of MeOBC-EtEs (30 mg, 

0.050 mmol) in THF (20 mL) was treated with NBS (9.0 mg, 0.050 mmol, in 500 mL THF) 

at room temperature for 1 h. TLC analysis (silica, CH2Cl2) showed only one spot. The 

reaction mixture was diluted with CH2Cl2 and washed with saturated aqueous NaHCO3. The 

organic layer was dried (Na2SO4), concentrated and chromatographed (silica, CH2Cl2) to 
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afford a green solid (20 mg, 59%): 1H NMR d –1.95 (brs, 1H), –1.72 (brs, 1H), 1.55–1.67 

(m, 6H), 1.74 (m, 6H), 1.92 (s, 6H), 1.93 (s, 6H), 3.74–3.92 (m, 4H), 4.24 (s, 3H), 4.35 (s, 

2H), 4.42 (s, 2H), 4.66–4.83 (m, 4H), 8.52 (s, 1H), 8.59 (s, 1H); ESI-MS obsd 679.2494, 

calcd 679.2490 [(M + H)+, M = C35H43BrN4O5]; λabs (CH2Cl2) 357, 366, 375, 519, 726 nm. 

O. Broad Acid Survey with Two Dihydrodipyrrin-Acetals. Each reaction was 

carried out in a 4-mL conical microreaction vial containing 10 mM of starting 

dihydrodipyrrin-acetal and 50 mM acid. When employed, additives were used at 500 mM 

concentrations. Each vial was equipped with a conical stir bar and fitted with a Teflon 

septum. Reactions were done on a 0.02 mmol scale of DHDPA-T or DHDPA-Br 

(commensurate with accurate weighing of solid acids). The vials and stir bars were dried in 

an oven (120 °C). A 10 mM solution of dihydrodipyrrin-acetal (DHDPA-T or DHDPA-Br) 

was prepared in the appropriate anhydrous solvent. Anhydrous solvents (CH2Cl2, CH3CN) 

were reagent grade and were used as received. 

In the case of solid acids, the appropriate amount of neat acid was placed in a 

microreaction vial under argon flow from an inverted glass funnel connected to an argon line. 

The acid was then treated with 2.00 mL of the previously prepared 10 mM dihydrodipyrrin-

acetal solution. For example, for the reaction of DHDPA-T in CH2Cl2 containing Bi(OTf)3, 

65.6 mg (0.100 mmol) of Bi(OTf)3 was placed in an oven-dried microreaction vial. Then 

2.00 mL of the 10 mM solution (CH2Cl2) of DHDPA-T was added. The solid acids generally 

did not fully dissolve and resulted in heterogeneous reaction mixtures. Note that the term 

concentration is used regardless of heterogeneity for ease of comparison. In the case of liquid 

acids, the previously prepared 10 mM dihydrodipyrrin-acetal solution (10 mM, 2.00 mL) was 
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placed in the microreaction vial, under argon, and treated with the appropriate amount of the 

acid using a microsyringe. When an additive was used, the order of addition was as follows: 

dihydrodipyrrin-acetal solution, (2) additive, and (3) the acid. For example, for the reaction 

of DHDPA-T with TMSOTf/2,6-DTBP in CH2Cl2, 2.00 mL of the previously prepared 10 

mM dihydrodipyrrin-acetal solution was added to a microreaction vial, under argon. Then 

225 mL of 2,6-DTBP was added, followed by 18 mL of TMSOTf. 

The reactions were stirred at room temperature. The progress of the reactions was 

monitored by TLC and absorption spectroscopy. The first timepoint was typically at 30 min. 

If no substantial amount of bacteriochlorin was observed after 30 min, the reaction was 

stirred overnight and checked again after 13 h, 16 h and 19 h. When bacteriochlorin 

formation was observed after 30 min, the reaction was checked more frequently (after 1 h, 2 

h, 3 h, and 16 h). Reactions were determined to be complete when all starting 

dihydrodipyrrin-acetal had been consumed (as determined by TLC) and there were no 

changes in the absorption spectra. The maximum duration for the self-condensation reaction 

was 48 h. 

For TLC analysis, a 1 mL sample was directly taken from the reaction vial and 

spotted on the TLC plate [silica, hexanes/CH2Cl2 (1:1)]. TLC analysis gave information 

about the consumption of starting material, formation of HBC- and/or MeOBC-type 

macrocycles, and formation of TDC-type macrocycles. In general HBC-type macrocycles 

have the highest Rf value (least polar), followed by MeOBC-type macrocycles, then starting 

dihydrodipyrrin-acetal, and finally TDC-type macrocycles (most polar). For example the Rf 
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values for HBC-Br, MeOBC-Br, DHDPA-Br and TDC-Br in hexanes/CH2Cl2 (1:1) are 

0.75, 0.59, 0.49, and 0.25 respectively.  

For absorption spectroscopic analysis, a 5 mL sample was taken from the reaction 

vial, diluted in 2.5 mL of CH2Cl2/EtOH (3:1) in a UV-Vis cuvette and checked for the 

presence of the characteristic bacteriochlorin Qy absorption band (>700 nm). Then, one drop 

of TEA was added to the cuvette to neutralize any putative protonated bacteriochlorins, 

whereupon the absorption spectrum was measured again. When the total yield of 

bacteriochlorin was lower than ∼5% (no prominent Qy absorption >700 nm), the reaction 

mixture was not further analyzed. When there was no further progression in the reaction 

(based on changes in the absorption spectrum), and the total yield of bacteriochlorin was 

greater than ∼5% (prominent Qy absorption >700 nm), the reaction mixture was neutralized 

by excess TEA, concentrated and the bacteriochlorins (if two were present) were separated 

by column chromatography [silica, hexanes/CH2Cl2 (1:1)]. The fractions containing 

bacteriochlorin(s) were collected, concentrated and the yield was determined 

spectroscopically assuming εQy = 130,000 M–1cm–1 for HBC-type macrocycles and εQy = 

120,000 M–1cm–1 for MeOBC-type macrocycles.11 TDC-type macrocycles, if present, were 

not isolated for the survey reactions. The intensity of the TLC spot attributed to the TDC-

type macrocycles were visually compared to those for HBC-and MeOBC-type macrocycles 

by TLC analysis. 

P. Focused Acid Survey with Diverse Dihydrodipyrrin-Acetals. Each 

dihydrodipyrrin-acetal (DHDPA) was subjected to five Lewis acids (four of which were 

identified from the broad survey) under two different concentration conditions (empirically 
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chosen),11 for a total of ten self-condensation conditions. The acids used were Bi(OTf)3
 in 

CH2Cl2, Hf(OTf)4 in CH2Cl2, HfCl4 in CH2Cl2, TMSOTf/2,6-DTBP in CH2Cl2, and 

BF3·O(Et)2 in CH3CN. The concentrations employed were 5 mM DHDPA/50 mM acid, and 

18 mM DHDPA/140 mM acid, except for the reactions using TMSOTf/2,6-DTBP, which 

were carried out at concentrations of 5 mM/25 mM/100 mM and 18 mM/90 mM/360 mM for 

DHDPA/TMSOTf/2,6-DTBP. 

The reactions were carried out and analyzed in a similar fashion to the broad acid 

survey with the following exceptions. Reactions were done on a 0.02-mmol scale for the 

lower concentration (5 mM DHDPA/50 mM acid) reactions, and 0.036 mmol scale for the 

higher concentration (18 mM DHDPA/140 mM acid) reactions. Therefore, a 5 mM and 18 

mM DHDPA solution was prepared in the appropriate anhydrous solvent, and 4.00 mL of the 

5 mM solution was added to each microreaction vial for the lower concentration reactions, 

and 2.00 mL of the 18 mM solution was added to each microreaction vial for the higher 

concentration reactions. The cap of each reaction vial was sealed with Teflon tape to limit 

solvent evaporation during the course of the reaction. The reaction mixture and vial were 

weighed at the start and before quenching, which verified that there was no significant 

solvent loss. 

 

The results presented in this chapter have been published.49 
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CHAPTER 4 
Tailoring a Bacteriochlorin Building Block with Cationic or Amphipathic Substituents 

 

Introduction 

The use of porphyrins in photodynamic therapy (PDT) dates back to the early 20th 

century.1 However, it was not unitil the 1980s that PDT was recognized as a viable treatment 

option for a wide variety of medical indications ranging from solid tumors to microbial 

infections.2–8 The essence of PDT entails illumination of a photosensitizer in the presence of 

oxygen, which yields singlet O2 and/or other reactive oxygen species to kill target cells. This 

tripartite approach relies on delivery of both light and the photosensitizer to the affected 

tissue. The delivery of the photosensitizer to the target tissue can be achieved by active 

targeting methods (e.g., conjugates with antibodies or receptor ligands) or by passive means 

owing to the nature of the substituents appended to the photosensitizer.9,10 Upon delivery in 

vivo, the ability to excite the photosensitizer depends on the wavelength of light employed; 

in soft tissue, wavelengths in the NIR region (700–900 nm) afford the deepest penetration.11 

Thus, an ideal photosensitizer would absorb light in the same NIR spectral region. 

A large number of compounds with PDT activity are now available.3,7,12,13 Extensive 

studies with tetrapyrrole macrocycles have been carried out, largely with porphyrins and to a 

lesser extent chlorins9,14 despite the lack of absorption in the NIR region of either type of 

macrocycle. Such studies have revealed the types of peripheral substituents that are suitable 

for passive targeting of tetrapyrrole macrocycles. The presence of cationic (ammonium) 

substituents results in uptake by many types of bacteria more avidly than by mammalian 
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cells;2,5,6,15 examples include the dicationic porphyrin XF73,16,17 which exhibits antimicrobial 

PDT at the 5 nM level, and the polycationic product18,19 obtained with the polylysine 

conjugate of chlorin e6 (Chart 4.1). A variety of substituents have been employed with 

chlorins to achieve passive targeting of tumors as well as rapid systemic clearance. 

Representative examples include phenolic substituents (Foscan20 and analogue21), alkyl 

carboxylic acids (the water-soluble aspartyl derivative of chlorin e6),22 and lipophilic groups 

(Photochlor).23 
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Chart 4.1. PDT Active Porphyrins and Hydroporphyrins. 
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To obtain photosensitizers with NIR absorption, more recent work has focused on 

bacteriochlorins, which absorb strongly in the 700–800 nm region.24 As mentioned in 

Chapter 1, the primary source of bacteriochlorins has stemmed from derivatives of the 

bacterial photosynthetic pigment bacteriochlorophyll a.25 Two such derivatives (WST 926–29 

and WST 1130,31) are shown in Chart 4.2. Two significant problems with derivatives of the 

bacteriochlorophylls include limited synthetic malleability owing to the presence of a nearly 

full complement of substituents about the perimeter of the macrocycle25 and susceptibility to 

adventitious dehydrogenation (yielding the chlorin or porphyrin, which lack the NIR 

absorption).29,32,33 By contrast with the latter limitation, tolyporphin A,34,35
 one of a series of 

bacteriochlorin pigments36 from the Pacific alga Tolypothrix nodosa, is a stable compound 

owing to the presence of a geminal dialkyl group in each pyrroline ring. Tolyporphin A has 

been examined as a photosensitizer;37 however, the preparation of derivatives thereof has 

apparently not been reported, and the total synthesis of such compounds is arduous.38,39 As 

described in Chapter 1, the Lindsey lab has recently developed a de novo synthetic pathway 

to bacteriochlorins40 that contain a geminal dimethyl group in each pyrroline ring. As with 

the tolyporphins, this structural attribute blocks adventitious dehydrogenation and thereby 

affords a stable macrocycle. This synthetic route has afforded a 5-methoxy-2,12-di-p-

tolylbacteriochlorin, which undergoes bromination selectively at the 15-position.41 The 

resulting 15-bromobacteriochlorin (MeOBC-T-Br15) has been derivatized via a variety of 

Pd-mediated coupling reactions; however, the 2,12-di-p-tolyl groups result in a hydrophobic, 

crystalline product that is unsuited for most PDT applications. The same route has been 

exploited to prepare a bacteriochlorin (HBC-SWT) bearing branched alkyl (“swallowtail”) 
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rather than p-tolyl groups at the 2- and 12-positions; although lipophilic and attractive for 

selected PDT studies, the synthesis of the swallowtail precursor to the bacteriochlorin was 

quite lengthy.42 Extension of this synthetic route has previously afforded a 3,13-

dibromobacteriochlorin, HBC-Br, which lacks the 5-methoxy and 2,12-di-p-tolyl groups and 

is a valuable building block for transformation into bacteriochlorin derivatives.43  
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Chart 4.2. Bacteriochlorin Photosensitizers with NIR absorption. 

 

Chapter 2 described a scalable synthesis of the valuable precursor (DHDPA-Br) to 

HBC-Br. Previously, the functionalization of the 3- and 13-positions by Sonogashira, Stille, 
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and Suzuki coupling reactions as a means to tune the position of the long-wavelength 

absorption band was examined.43 The substituents introduced included formyl, vinyl, 

phenylethynyl, and acetyl groups; the position of the long-wavelength absorption band could 

be shifted from 713 nm (no β-pyrrolic or meso substituents) to 771 nm (3,13-diformyl 

substituents). All of the resulting bacteriochlorins were soluble in organic solvents such as 

toluene. In this chapetr, the derivatization of HBC-Br for passive targeting in PDT is 

described.  

 

Results and Discussion 

I. Carbonylation. Pd-mediated CO-insertion with heterocyclic halides followed by 

treatment with a variety of nucleophiles has afforded diverse substituted heterocycles,44,45 

and has been used with bromochlorins to give formylchlorins.46 This methodology was 

applied to HBC-Br to obtain the diformylbacteriochlorin HBC-F3,13. The CO-insertion 

reaction using palladium catalysts gave multiple products and predominantly the unreacted 

HBC-Br. By contrast, the use of stoichiometric amounts of the palladium reagent resulted in 

HBC-F3,13 in good yield. Thus, reaction of HBC-Br with Pd(PPh3)4 in toluene/DMF at 70 °C 

under an atmosphere of CO for 2 h and subsequent treatment with Bu3SnH afforded 

diformylbacteriochlorin HBC-F3,13 in 60% yield along with the 3-formyl-13-

desbromobacteriochlorin HBC-F3 in 25% yield (Scheme 4.1). The diformylbacteriochlorin 

HBC-F3,13 is a known compound that was previously prepared in very small quantity by 

oxidative cleavage of the corresponding divinylbacteriochlorin.43 
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Scheme 4.1. Pd-Mediated Formylation of HBC-Br. 

 

II. Reductive Amination. Conversion of the diformylbacteriochlorin HBC-F3,13 and 

monoformylbacteriochlorin HBC-F3 to aminomethyl derivatives was examined via reductive 

amination, a process previously demonstrated with an aminophenylporphyrin47 and a 

formylphenylbacteriochlorin41 under mild conditions in dilute solution at room temperature. 

Reductive amination was carried out at modest concentrations (12 mM) with sodium 

triacetoxyborohydride48 in 1,2-dichloroethane containing acetic acid. Reductive amination of 

HBC-F3,13 with dimethylamine, 1-methylpiperazine, or bis(3-dimethylaminopropyl)amine 

afforded HBC-1, HBC-2, or HBC-3, respectively (Scheme 4.2). 

Attempted purification of crude HBC-1, HBC-2, and HBC-3 with silica gel column 

chromatography proved difficult due to the high polarity of the products, and resulted in loss 

of a large amount of product. Hence, the crude bacteriochlorin products, which were quite 

clean, were used without chromatographic purification. Reductive amination of HBC-F3,13 

with bis(2-acetoxyethyl) amine afforded the acetoxy-protected diethanolaminomethyl-

bacteriochlorin. Deprotection of the latter in MeOH with K2CO3 afforded 
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tetrahydroxybacteriochlorin HBC-4 in 33% yield (after two steps) following silica column 

chromatography (Scheme 4.2). 
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Scheme 4.2. Reductive Amination of HBC-F3,13. 
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Similarly, reductive amination of HBC-F3 with dimethylamine, bis(3-

dimethylaminopropyl)amine, or dipropylamine afforded HBC-5, HBC-6 and HBC-7 in 

88%, 70% and 75% yield, respectively, after column chromatography (Scheme 4.3). 

HBC-F3

R2NH, NaBH(OAc)3,
AcOH, ClCH2CH2Cl, rt

N HN

NNH

R2N

NR2 Bacteriochlorin Yield

N

N

N

N

HBC-6 70%

N(CH3)2 HBC-5 88%

HBC-7 75%

 

Scheme 4.3. Reductive Amination of HBC-F3. 

 

Each bacteriochlorin was characterized by 1H NMR spectroscopy, mass spectrometry 

(LD-MS or ESI-MS), and absorption spectroscopy. Each bacteriochlorin gave the expected 

characterization data, including a parent molecule ion (with the exceptions of HBC-3, HBC-

5, and HBC-7 where loss of one dialkylamino unit was observed). 1H NMR spectroscopy of 

each crude product showed no starting material HBC-F3,13 or HBC-F3, and HBC-1–HBC-3 
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were estimated to be approximately 90% pure on the basis of NMR integration and were 

sufficiently pure for subsequent quaternization (vide infra). 

III. Quaternization. To achieve water solubility and to explore the utility of the 

bacteriochlorins in antimicrobial PDT,2,5,6 the amine-containing bacteriochlorins were 

subjected to conditions for quaternization.49 Thus, the overnight reaction of bacteriochlorin 

HBC-1 with excess methyl iodide in CHCl3 at room temperature resulted in precipitation of 

the corresponding diiodide salt HBC-1′ . Similarly, bacteriochlorins HBC-2, HBC-3, HBC-

5, HBC-6, and HBC-7 were converted to the corresponding iodide, diiodide, or tetraiodide 

salt in excellent yield. Bacteriochlorins HBC-2, HBC-3, and HBC-6 contain four, six, and 

three tertiary amines respectively. However, treatment of HBC-2, HBC-3, and HBC-6 only 

methylated the distal nitrogen(s) on each side chain, affording bacteriochlorins HBC-2′ , 

HBC-3′ , and HBC-6′. Evidence in support of this interpretation stems from (1) ESI-MS and 

(2) 1H NMR spectroscopy. (1) MS data for HBC-2′ , HBC-3′, and HBC-6′  show molecule 

ion peaks at m/z = 312.2313, m/z = 207.180, and m/z = 299.7338, respectively, which is 

consistent with a doubly, quadruply, and doubly charged ion with parent molecules of mass 

624.4616 (HBC-2′), 828.7168 (HBC-3′), and 599.4676 Da (HBC-6′). (2) The 1H NMR 

spectrum of HBC-2 shows a singlet at 2.34 ppm (6 protons), which is attributed to the N-

methyl group, whereas in HBC-2′ , the singlet appears at 3.19 ppm and integrates for 12 

protons. In HBC-3, a singlet at 2.21 ppm (24 protons) is attributed to the N-methyl group, 

whereas in HBC-3′ , the singlet appears at 3.10 ppm and integrates for 36 protons. Similarly 

for HBC-6 and HBC-6′ , the N-methyl peaks resonate at 2.20 (12 protons) and 3.09 ppm (18 

protons), respectively. More complex spectra would be expected if the proximal nitrogens 
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were methylated preferentially, and a greater number of charges if both distal and proximal 

nitrogens were quaternized. It deserves emphasis that the pyrrolic or pyrrolinic nitrogens did 

not methylate under these conditions. Attempted alkylation of HBC-7 using excess propyl 

iodide in CHCl3 at 45 °C for 72 h gave recovered starting material rather than the expected 

tripropylaminomethyl bacteriochlorin. 

Each cationic bacteriochlorin was purified by washing the crude product with organic 

solvents such as ether and CH2Cl2/hexanes to give the corresponding quaternary salts that 

were clean by 1H NMR spectroscopy. Purification of HBC-7′  was also achieved by silica gel 

chromatography [CH2Cl2/MeOH (9:1)]. Moreover, the bacteriochlorins employed in crude 

form (HBC-1, HBC-2, and HBC-3) gave the corresponding quaternary salts that were clean 

by 1H NMR spectroscopy. The six cationic bacteriochlorins obtained in this manner are 

shown in Chart 4.3. The cationic bacteriochlorins were characterized by ESI-MS, and by 1H 

NMR spectroscopy in CDCl3 or DMSO-d6. Absorption spectra were collected in H2O or 

CH2Cl2. 
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Chart 4.3. Cationic Bacteriochlorins 

 

IV. Solubility. The disubstituted cationic bacteriochlorins HBC-1′ , HBC-2′ , and 

HBC-3′  were soluble in H2O, giving rapid dissolution at room temperature and 

homogeneous solutions of at least 100 µM concentrations. The monosubstitued 

bacteriochlorins (regardless whether neutral or charged) were readily soluble at room 

temperature in CH2Cl2 or CHCl3. In addition, HBC-6′ , which contains two positive charges, 

was also soluble in H2O at modest concentrations (~0.1 mM). To further examine water 

solubility, an aqueous solution of bacteriochlorin HBC-1′  or HBC-2′  was prepared (~1 mM, 

from ~1 µmol bacteriochlorin in 1 mL of deionized water) at room temperature. After 
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standing for 1 week, bacteriochlorin HBC-1′  showed no precipitation, whereas HBC-2′  

showed a small amount of precipitation. Both bacteriochlorins were recovered intact with no 

noticeable degradation.  

V. Absorption Spectral Properties. The bacteriochlorins prepared in this chapter 

exhibit characteristic bacteriochlorin absorption spectra,24 with near-UV bands and a long-

wavelength band in the NIR region of comparable intensity. The long-wavelength (Qy) 

absorption band for the 7 neutral (noncationic) bacteriochlorins appeared in the range of 

715–724 nm in CH2Cl2. Absorption spectra in H2O were recorded for bacteriochlorins HBC-

1′ , HBC-2′, HBC-3′ , and HBC-6′, and absorption spectra in CH2Cl2 were recorded for 

bacteriochlorins HBC-1′ , HBC-5′ , HBC-6′, and HBC-7′ . The cationic bacteriochlorins 

exhibited absorption spectra that closely resembled those of the neutral precursor 

bacteriochlorins and the absorption band remained quite sharp (fwhm = 13–27 nm). For the 

disubstituted bacteriochlorins, quaternization typically resulted in a bathochromic shift of 2–

4 nm for the quaternized bacteriochlorins in H2O versus the neutral bacteriochlorins in 

CH2Cl2. One exception was HBC-1′ , which exhibited a bathochromic shift of 11 nm in H2O 

and 15 nm in CH2Cl2 versus that of HBC-1 in CH2Cl2. In HBC-1′, the positively charged 

nitrogen is separated from the bacteriochlorin π-system by only a single methylene group. In 

the monosubstituted bacteriochlorins, HBC-5 and HBC-7 showed a small hypsochromic 

shift (2–3 nm) of the Qy band upon quaternization, whereas HBC-6 showed a slight 

bathochromic shift (1 nm) upon quaternization. In HBC-5′  and HBC-7′  the positively 

charged nitrogens are separated from the bacteriochlorin π-system by only a single methylene 
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group. Representative spectra of HBC-F3,13 in CH2Cl2 and HBC-1′  in H2O are shown in 

Figure 4.1. 

 

Figure 4.1. Absorption spectra of HBC-1′  (green) in H2O, λabs 339, 365, 501, 733 nm; and 
HBC-F3,13 (magenta) in CH2Cl2, λabs 362, 537, 772 nm. 
 
 

The absorption spectra of HBC-1′ taken in CH2Cl2 and H2O were comparable and 

showed only slight broadening of the Qy band in H2O (fwhm increased from 16 nm in 

CH2Cl2 to 22 nm in H2O). The Qy band in CH2Cl2 and H2O was at 737 nm and 733 nm, 

respectively, with the other absorption bands varying only little between the two solvents. 

Similarly, the absorption spectra of HBC-6′  taken in CH2Cl2 and H2O were comparable with 

slight broadening of the Qy band in H2O (fwhm increased from 16 nm in CH2Cl2 to 22 nm in 

H2O). In both solvents the λmax for the Qy band was at 719 nm with the other absorption 

bands varying only slightly between the two solvents. This observation further illustrates that 

tetrapyrrole chromophores exhibit very similar spectral features in organic and aqueous 

media if homogeneously dispersed.50,51 



 143 

VI. Comparative Structural Features. Bacteriochlorins HBC-1′–HBC-3′and 

HBC-5′– HBC-7′ , which carry either one, two, or four positive charges, enable investigation 

of the effect of the number of charges on the bacteriochlorin in antimicrobial PDT. 

Comparisons can be made between the monosubstituted bacteriochlorins, which essentially 

have a polar head group (positively charged nitrogen) and a hydrophobic tail (bacteriochlorin 

macrocycle), and their disubstituted analogues, which carry a positive charge on each side of 

the bacteriochlorin macrocycle. Bacteriochlorin HBC-7′  was designed to extend the 

hydrophobic alkyl chains on the quaternized nitrogen to potentially facilitate insertion into a 

phospholipid bilayer.52 Bacteriochlorin HBC-4 bears amphipathic substituents making it 

suitable for cancer PDT. Each cationic bacteriochlorin bacteriochlorin is currently under 

investigation for antibacterial and cancer PDT at Harvard Medical School by Dr. M. R. 

Hamblin.  

Bacteriochlorin HBC-4 bearing four hydroxy groups has already been shown to be an 

effective photosentizer (LD50 = 100 nM) in in vitro PDT studies on HeLa cells using 10 

J/cm2 of 732 nm laser.53 HBC-4 also dispays 1 log of killing at 100 nM and almost 6 logs at 

1 µM, against the gram-positive bacteria S. aureus and 1 log of killing at 10 µM against 

fungal yeast C. albicans.54 By contrast, HBC-4 was much less effective the against gram-

negative bacteria E. coli.54 

 

Conclusion 

A dibromobacteriochlorin bearing a stabilizing geminal dimethyl group in each 

pyrroline ring provides a versatile scaffold for synthetic elaboration via Pd-mediated 
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carbonylation. Subsequent reductive amination enabled the attachment of diverse aminoalkyl 

substituents onto the bacteriochlorin nucleus. The quaternization of aminoalkyl moieties 

introduced one, two or four cationic moieties and thereby imparted water solubility. This 

extensive level of alteration of the local environment of the bacteriochlorin can be 

accomplished while retaining the absorption spectral features characteristic of 

bacteriochlorins. The ability to introduce diverse functional groups and structural motifs 

enables the local environment of the synthetic bacteriochlorin to be tailored across a very 

broad range of polarity, from hydrophilic to amphipathic to lipophilic, which represents a 

desirable attribute for the development of novel NIR-active compounds for applications in 

photomedicine. 

 

Experimental Section 

General Methods. 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were 

collected at room temperature in CDCl3 unless noted otherwise. Absorption spectra were 

obtained in CH2Cl2 or water at room temperature. Bacteriochlorins were analyzed by laser 

desorption mass spectrometry (LD-MS) in the absence of a matrix. Electrospray ionization 

mass spectroscopy (ESI-MS) data are reported for the molecule ion or protonated molecule 

ion. Silica gel (40 µm average particle size) was used for column chromatography. Yields of 

quaternized bacteriochlorins were calculated assuming the presence of iodide counterions. 

3,13-Diformyl-8,8,18,18-tetramethylbacteriochlorin (HBC-F3,13). Following a 

procedure for reductive carbonylation,46 a mixture of HBC-Br (104 mg, 0.200 mmol) and 

Pd(PPh3)4 (463 mg, 0.400 mmol) was dried under vacuum for 1 h. The reaction flask was 
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filled with CO gas, and anhydrous DMF/toluene [10 mL, (1:1)] was added. CO gas was 

bubbled through the stirred reaction mixture for 2 h at 70 °C. After 2 h, the reaction mixture 

was treated with Bu3SnH (107 µL, 0.400 mmol), and then stirred for 10 min. The reaction 

mixture was then cooled to room temperature and filtered through a short Celite column, 

which was eluted with ethyl acetate. The filtrate was concentrated and subjected to column 

chromatography [silica, CH2Cl2]. The 3-formyl-13-desbromobacteriochlorin (20 mg, 25%) 

eluted first, followed by the expected title compound (50 mg, 60%): 1H NMR δ –1.17 (brs, 

2H), 1.95 (s, 12H), 4.42 (s, 4H), 8.65 (s, 2H), 9.12 (s, 2H), 9.58 (s, 2H), 11.14 (s, 2H); 

LDMS obsd 426.8; ESI-MS obsd 427.2124, calcd 427.2128 [(M + H)+, M ) C26H26N4O2]; 

λabs (CH2Cl2) 362, 537, 772 nm. Data for 3-formyl-8,8,18,18-tetramethylbacteriochlorin 

(HBC-F3): 1H NMR δ –0.66 (br s, 1H), –0.42 (br s, 1 H), 1.86 (s, 12 H), 4.21 (s, 2 H), 4.25 

(s, 2 H), 8.30 (s, 1 H), 8.38 (s, 1 H), 8.40 (s, 1 H), 8.54 (m, 2 H), 8.79 (d, J ) 1.65 Hz, 1 H), 

9.32 (s, 1 H), 11.09 (s, 1 H); ESI-MS obsd 399.2181, calcd 399.2179 [(M + H)+, M ) 

C25H26N4O]; λabs (CH2Cl2) 315, 515, 731 nm. 

3,13-Bis(N,N-dimethylaminomethyl)-8,8,18,18-tetramethylbacteriochlorin 

(HBC-1). A solution of HBC-F3,13 (5.7 mg, 0.012 mmol) in 1,2-dichloroethane (1.0 mL) was 

treated with molecular sieves 4 Å (two or three beads) and dimethylamine (60 µL, 0.12 

mmol, 2.0 M in THF). The mixture was stirred at room temperature under argon for 5 min 

before adding NaBH(OAc)3 (10. mg, 0.048 mmol) all at once, followed by glacial acetic acid 

(1.4 µL, 0.024 mmol). The reaction was complete after 4 h as determined by TLC (silica, 

CH2Cl2). After 4 h, the mixture was quenched by the addition of saturated aqueous NaHCO3 

(2 mL) and ethyl acetate. The organic layer was separated, dried (Na2SO4), and concentrated 
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to yield a green solid (6 mg, ∼90% pure, ∼95% yield): 1H NMR δ –2.26 (brs, 2H), 1.96 (s, 

12H), 2.59 (s, 12H), 4.48 (s, 4H), 4.67 (s, 4H), 8.63 (s, 2H), 8.66 (s, 2H), 8.92 (s, 2H); ESI-

MS obsd 243.1741, calcd 243.1729 [(M + 2H)2+, M = C30H40N6]; λabs (CH2Cl2) 343, 369, 

492, 722 nm. 

3,13-Bis[1-(1,4-diaza-4-methylcyclohexyl)methyl]-8,8,18,18-

tetramethylbacteriochlorin (HBC-2). Following the procedure described for preparation of 

HBC-1, reductive amination of HBC-F3,13 (5.0 mg, 0.012 mmol) in 1,2-dichloroethane (1.0 

mL) with 1-methylpiperazine (13.3 µL, 0.120 mmol) gave a green solid (6.8 mg, ~90% pure, 

~95% yield): 1H NMR δ −2.30 (brs, 2H), 1.96 (s, 12H), 2.34 (s, 6H), 2.58 (brs, 8H), 2.91 

(brs, 8H), 4.47 (s, 4H), 4.76 (s, 4H), 8.63 (s, 2H), 8.68 (s, 2H), 8.96 (s, 2H); LD-MS obsd 

594.4, calcd 594.2 (C36H50N8); λabs (CH2Cl2) 343, 368, 492, 722 nm. A sample prepared in 

identical fashion was analyzed by ESI-MS: obsd 298.2160, calcd 298.2152 [(M + 2H)2+, M = 

C36H50N8]. 

3,13-Bis[bis(3-dimethylaminopropyl)aminomethyl]-8,8,18,18-

tetramethylbacteriochlorin (HBC-3). Following the procedure described for preparation of 

HBC-1, reductive amination of HBC-F3,13 (5.0 mg, 0.012 mmol) with bis(3-

dimethylaminopropyl)amine (27.0 µL, 0.120 mmol) for 24 h gave a green solid (9 mg, ~90% 

pure, ~97% yield): 1H NMR δ −2.31 (brs, 2H), 1.92 (brs, 8H), 1.96 (s, 12H), 2.21 (s, 24H), 

2.37 (brs, 8H), 2.80 (t, J = 7.15 Hz, 8H), 4.46 (s, 4H), 4.81 (s, 4H), 8.62 (s, 2H), 8.65 (s, 2H), 

9.02 (s, 2H); ESI-MS obsd 582.4276, calcd 582.4284 [(M′)+, C36H52N7, where M′ = M –

N((CH2)3N(CH3)2)2, M = C46H76N10]; λabs (CH2Cl2) 344, 369, 493, 722 nm. 
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3,13-Bis[bis(2-hydroxyethyl)aminomethyl]-8,8,18,18-tetramethylbacteriochlorin 

(HBC-4). Following the procedure described for the preparation of HBC-1, reductive 

amination of HBC-F3,13 (5.0 mg, 0.012 mmol) with bis(2-acetoxyethyl) amine (45 mg, 0.24 

mmol) at 36 °C for 16 h gave a green solid. TLC analysis showed the disappearance of 

HBC-F3,13. LDMS analysis of the crude product showed a dominant peak at m/z 772.5 (calcd 

772.4, C42H56N6O8). The crude product was deprotected by dissolution in MeOH (10 mL) 

and treatment with K2CO3 (260 mg, 0.48 mmol). After the mixture was stirred at 60 °C for 1 

h, the deprotection was complete as determined by TLC (silica, CH2Cl2). The mixture was 

quenched by the addition of water and ethyl acetate. The organic layer was separated and the 

aqueous layer was extracted twice with ethyl acetate. The combined organic extract was 

dried (Na2SO4) and concentrated to yield a green solid. The crude mixture was subjected to 

column chromatography [silica, ethyl acetate/methanol (9:1 → 4:1)], and the fractions 

containing the desired product were combined and concentrated. The resulting product was 

dissolved in a minimum amount of CH2Cl2 (∼0.5 mL), and hexanes (∼10 mL) was added. 

The resulting precipitate was collected to yield a green solid (2.4 mg, 33%): 1H NMR δ 

−2.21(brs, 2H), 1.91 (s, 2H), 1.93 (s, 2H), 1.95 (s, 12H), 3.09 (t, J = 5.13 Hz, 8H), 3.80 (t, J = 

5.13 Hz, 8H), 4.46 (s, 4H), 4.97 (s, 4H), 8.63 (s, 2H), 8.68 (s, 2H), 8.89 (s, 2H); ESI-MS 

obsd 604.3730, calcd 604.3731 (C34H48N6O4); λabs (CH2Cl2) 343, 369, 494, 724 nm. 

3,13-Bis(trimethylammoniomethyl)-8,8,18,18-tetramethylbacteriochlorin 

diiodide (HBC-1′). Following a standard procedure for amine quaternization,49 a solution of 

HBC-1 (5.7 mg, 0.012 mmol) in CHCl3 (1 mL, stabilized with EtOH) was treated with MeI 

(30 µL, 0.48 mmol, 40 equiv) under argon. The mixture was stirred at room temperature for 
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24 h. At this time a solid had settled on the walls and bottom of the vial. Excess methyl 

iodide and solvent were removed under reduced pressure at ambient temperature. Purification 

of the crude product was achieved by adding anhydrous diethyl ether to the crude product 

(5.0 mL). The mixture was sonicated for 2 min in a benchtop sonication bath. The mixture 

was centrifuged and the supernatant was removed, leaving the desired product as a solid. The 

resulting product was dried under high vacuum to afforded a green solid (7.4 mg, 73%): 1H 

NMR (CD3OD) δ 2.01 (s, 12H), 3.34 (s, 18H), 4.56 (s, 4H), 5.84 (s, 4H), 8.96 (s, 2H), 9.18 

(s, 4H); ESI-MS obsd 257.1886, calcd 257.1887 [M2+, M = C32H46N6]; λabs (H2O) 339, 365, 

501, 733 nm. 

3,13-Bis[(4,4-dimethylpiperazinium-1-yl)methyl]-8,8,18,18-

tetramethylbacteriochlorin diiodide (HBC-2′). Under conditions similar to those described 

above for HBC-1′, crude HBC-2 (6.8 mg) afforded a green solid (7.5 mg, 73%): 1H NMR 

(DMSOd6) δ −2.40 (brs, 2H), 1.93 (s, 12H), 3.13 (brs, 8H), 3.19 (s, 12H), 3.51 (brs, 8H), 

4.46 (s, 4H), 4.89 (s, 4H), 8.84 (brs, 2H), 8.88 (brs, 2H), 9.06 (s, 2H); ESI-MS obsd 

312.2313, calcd 312.2308 [M2+, M = C38H56N8]; λabs (H2O) 339, 365, 495, 726 nm. 

3,13-Bis[bis(3-(trimethylammonio)propyl)aminomethyl]-8,8,18,18-

tetramethylbacteriochlorin tetraiodide (HBC-3′). Under similar conditions as described 

above for HBC-1′, crude HBC-3 (9 mg) afforded a green solid (6.4 mg, 40%): 1H NMR 

(DMSO-d6) δ −2.42 (brs, 2H), 1.93 (s, 12H), 2.12 (m, 8H), 2.82 (m, 8H), 3.10 (s, 36H), 3.42 

(m, 8H, overlapped by H2O signal), 4.46 (s, 4H), 4.89 (s, 4H), 8.89 (s, 2H), 8.95 (s, 2H), 9.04 

(s, 2H); ESI-MS obsd 207.1805, calcd 207.1792 [M4+, M = C50H88N10]; λabs (H2O) 340, 366, 

496, 726 nm. 
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3-(N,N-Dimethylaminomethyl)-8,8,18,18-tetramethylbacteriochlorin (HBC-5). A 

solution of monoformylbacteriochlorin HBC-F3 (5.0 mg, 0.012 mmol) in 1,2-dichloroethane 

(1.0 mL) was treated with dimethylamine (32 µL, 0.062 mmol, 2.0 M in THF). The mixture 

was stirred at room temperature under argon for 5 min before adding NaBH(OAc)3 (5.0 mg, 

0.025 mmol) all at once, followed by glacial acetic acid (1.4 µL, 0.024 mmol). The reaction 

was complete after 6 h as determined by TLC [silica, CH2Cl2]. The mixture was quenched by 

the addition of saturated aqueous NaHCO3 (2 mL) and ethyl acetate. The organic layer was 

separated, dried (Na2SO4), and concentrated. The crude product was subjected to column 

chromatography [silica, CH2Cl2/MeOH (99:1)] to yield a green solid (4.7 mg, 88%): 1H 

NMR δ −2.37 (brs, 1 H), −2.24 (brs, 1 H), 1.96 (s, 12 H), 2.59 (s, 6 H), 4.45 (s, 2 H), 4.50 (s, 

2 H), 4.68 (s, 2 H), 8.65 (s, 1 H), 8.69 (m, 1 H), 8.71 (s, 1 H), 8.72 (m, 1 H), 8.73 (m, 1 H), 

8.80 (s, 1 H), 8.95 (s, 1H); LD-MS obsd 427.9, calcd 427.2 (C27H33N5); ESI-MS obsd 

383.2230, calcd 383.2236 [(M′)+, C25H27N4, where M′ = M – N(CH3)2, M = C27H33N5]; λabs 

(CH2Cl2) 341, 366, 490, 718 nm. 

3-(Trimethylammoniomethyl)-8,8,18,18-tetramethylbacteriochlorin iodide 

(HBC-5′). Following a standard procedure for amine quaternization, a solution of HBC-5 

(7.6 mg, 0.018 mmol) in CHCl3 (1 mL, stabilized with EtOH) was treated with MeI (12 mL, 

0.18 mmol, 10 equiv) under argon. The mixture was stirred at room temperature for 24 h. 

Excess methyl iodide and solvent were removed under reduced pressure at ambient 

temperature. Purification of the crude product was achieved by adding anhydrous diethyl 

ether to the crude product (5.0 mL). The mixture was sonicated for 2 min in a benchtop 

sonication bath. The solid was filtered and washed with dichloromethane/hexanes [2 mL 



 150 

(1:3)] to yield the title compound (10 mg, 98%): 1H NMR δ −1.55 (brs, 1 H), −1.37 (brs, 1 

H), 1.81 (s, 6 H), 1.85 (s, 6 H), 3.69 (s, 9 H), 4.29 (s, 2 H), 4.53 (s, 2 H), 6.25 (s, 2 H), 8.47 

(s, 1 H), 8.49 (s, 1 H), 8.57 (s, 1 H), 8.67 (dd, J = 5.36, 1.79 Hz, 2 H), 8.77 (d, J = 2.20 Hz, 1 

H), 9.43 (s, 1 H); ESI-MS obsd 383.2222, calcd 383.2236 [(M′)+, C25H27N4, where M′ = M – 

N(CH3)3, M = C28H36N5]; λabs (CH2Cl2) 341, 365, 498, 715 nm. 

3-[Bis(3-(dimethylamino)propyl)aminomethyl]-8,8,18,18-

tetramethylbacteriochlorin (HBC-6). Following the procedure described for preparation of 

HBC-5, reductive amination of HBC-F3 (5.0 mg, 0.012 mmol) with bis(3-

dimethylaminopropyl)amine (14 µL, 0.062 mmol) for 16 h gave a green solid (5.0 mg, 70%) 

after column chromatography [silica, CH2Cl2/MeOH (95:5)]: 1H NMR δ −2.38 (brs, 1 H), 

−2.22 (brs, 1 H), 1.90 (m, 4 H), 1.96 (s, 6 H), 1.97 (s, 6 H), 2.20 (s, 12 H), 2.35 (t, J = 7.15 

Hz, 4 H), 2.81 (t, J = 7.15 Hz, 4 H), 4.44 (s, 2 H), 4.47 (s, 2 H), 4.81 (s, 2 H), 8.63 (s, 1 H), 

8.67 (m, 2 H), 8.70 (s, 1 H), 8.72 (m, 1 H), 8.80 (s, 1 H), 9.04 (s, 1 H); LD-MS obsd 570.4; 

ESI-MS obsd 285.7175, calcd 285.7175 [(M + 2H)2+, M = C35H51N7]; λabs (CH2Cl2) 342, 

367, 491, 718 nm. 

3-[Bis(3-(trimethylammonio)propyl)aminomethyl]-8,8,18,18-

tetramethylbacteriochlorin diiodide (HBC-6′). Under similar conditions as described 

above for HBC-5′, HBC-6 (5.0 mg) afforded a green solid (6.3 mg, 82%): 1H NMR 

(DMSO-d6) δ −2.51 (brs, 1 H), −2.42 (brs, 1 H), 1.93 (s, 6 H), 1.94 (s, 6 H), 2.12 (m, 4 H), 

2.82 (m, 4 H), 3.09 (s, 18 H), 3.38 (m, 4 H, overlapped by H2O signal), 4.44 (s, 2 H), 4.48 (s, 

2 H), 4.90 (s, 2 H), 8.88 (brs, 1 H), 8.89 (s, 1 H), 8.91 (d, J = 1.65 Hz, 1 H), 8.93 (s, 1 H), 
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8.95 (s, 1 H), 8.97 (brs, 1 H), 9.07 (s, 1 H); ESI-MS obsd 299.7338, calcd 299.7332 [M2+, M 

= C37H57N7]; λabs (H2O) 339, 364, 493, 719 nm; λabs (CH2Cl2) 342, 367, 491, 719 nm. 

3-(N,N-Dipropylaminomethyl)-8,8,18,18-tetramethylbacteriochlorin (HBC-7). 

Following the procedure described for preparation of HBC-5, reductive amination of HBC-

F3 (7.1 mg, 0.018 mmol) with dipropylamine (15 µL, 0.090 mmol) for 16 h gave a green 

solid (6.3 mg, 75%) after column chromatography [silica, CH2Cl2/MeOH (99:1)]: 1H NMR δ 

−2.33 (brs, 1 H), −2.17 (brs, 1 H), 0.95 (t, J = 7.29, 6 H), 1.76 (m, 4 H), 1.96 (s, 6 H), 1.97 (s, 

6 H), 2.74 (t, J = 7.29, 4 H), 4.43 (s, 2 H), 4.47 (s, 2 H), 4.82 (s, 2 H), 8.63 (s, 1 H), 8.67 (m, 

1 H), 8.69 (s, 2 H), 8.72 (m, 1 H), 8.79 (s, 1 H), 9.04 (s, 1 H); LD-MS obsd 483.5, calcd 

483.3 (C31H41N5); ESI-MS obsd 383.2230, calcd 383.2236 [(M′)+, C25H27N4, where M′ = M 

– N(CH2CH2CH3)2, M = C31H41N5]; λabs (CH2Cl2) 341, 367, 491, 717 nm. 

3-(N-Methyl-N,N-dipropylammoniomethyl)-8,8,18,18-

tetramethylbacteriochlorin (HBC-7′). Under similar conditions as described above for 

HBC-5′ , HBC-7 (5.0 mg) afforded a green solid (5.0 mg, 80%): 1H NMR δ ppm −1.44 (brs, 

1 H), −1.28 (brs, 1 H), 1.11 (t, J = 7.15 Hz, 6 H), 1.87 (s, 6 H), 1.89 (s, 6 H), 1.93 − 2.18 (m, 

4 H), 3.43 (s, 3 H), 3.57 − 3.74 (m, 2 H), 3.74 − 3.92 (m, 2 H), 4.31 (s, 2 H), 4.54 (s, 2 H), 

5.99 (s, 2 H), 8.46 (s, 1 H), 8.51 (s, 1 H), 8.56 (d, J = 1.93 Hz, 1 H), 8.58 (s, 1 H), 8.62 − 8.74 

(m, 2 H), 9.41 (s, 1 H); ESI-MS obsd 383.2230, calcd 383.2236 [(M′)+, C25H27N4, where M′ 

= M – N[(CH3)(CH2CH2CH3)2], M = C32H44N5]; λabs (CH2Cl2) 341, 365, 498, 715 nm. 

 

The results presented in this chapter have been published.55 
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CHAPTER 5 

Fast and Robust Route to Hydroporphyrin–Chalcones with Extended Red or Near-

Infrared Absorption 

 

Introduction 

The de novo synthesis of stable chlorins1 and bacteriochlorins2 is a versatile 

alternative to semisynthetic modification of chlorophylls and bacteriochlorophylls, and 

provides access to chromophores that absorb in the red and near-infrared (NIR) spectral 

region. The development of chromophores that absorb in the red and near-infrared (NIR) 

spectral region is essential for diverse applications including photomedical applications3,4 or 

light harvesting applications (chapter 1).5 

Extension of the de novo syntheses provided a variety of chlorin and bacteriochlorin 

analogues.6–9 Functionalization of the 3- and 13-positions by Pd-mediated (Sonogashira, 

Stille, and Suzuki) coupling reactions provided a means to tune the position of the long-

wavelength absorption band. Two compounds that were previously accessed in this manner 

were an acetylchlorin (FbC-M10A13)6 and a diacetylbacteriochlorin (HBC-A)8 (Scheme 5.1). 
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Scheme 5.1. Synthesis of Acetyl-Hydroporphyrins HBC-A and FbC-M10A13. 

 

The availability of acetyl substituents suggested elaboration into chalcones. 

Chalcones are used in medical therapy,10 as optical materials,11 and as UV-absorption filters 

in polymers.12 Several methods are described in the literature for the preparation of 

chalcones. However, most studies concerning the spectroscopic properties of chalcone 

analogues have focused on carbocycles and heterocycles,13 and only a few examples of 

chalcone-analogues of porphyrins are known, all of which result from the use of a 

formylporphyrin.14 A more recent approach in aldol condensations employs microwave 

irradiation.15,16 Microwave irradiation has been used with porphyrins and hydroporphyrins 

for the formation of the macrocycle,17 metal insertion,18 and functionalization.17,19 

(Contributions to the results presented in this chapter were made by Christian Ruzié). 
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Results and Discussion 

I. Synthesis. This chapter describes the condensation of FbC-M10A13 and HBC-A 

with aryl aldehydes, as well as all trans-retinal, under microwave conditions, which provides 

facile introduction of chalcone substituents on hydroporphyrins. The aldol condensation was 

carried out using the acetylchlorin FbC-M10A13 or diacetylbacteriochlorin HBC-A with 4 

equivalents of the aldehyde and 20 equivalents of NaOH in absolute ethanol at 80 °C under 

microwave irradiation for 40 min in a sealed microwave tube. 

Under these conditions, the 13-acetylchlorin FbC-M10A13 was treated with 

benzaldehyde, trans-cinnamaldehyde, and all-trans-retinal, affording FbC-1, FbC-2, and 

FbC-3, respectively (Table 5.1). The reaction with benzaldehyde and trans-cinnamaldehyde 

gave excellent yields (92% and 90%, respectively). The reaction with all trans-retinal 

afforded the retinyl-chlorin conjugate FbC-3 in 53% yield. 

 

Table 5.1. Chalcone Formation with FbC-M10A13 

N HN

NNH

O

FbC-M10A13

R CHO

NaOH, 
EtOH
MW, 
80 °C

N HN

NNH

O

R

Mes Mes

 
Aldehyde (R) Product Yield (%) 

 FbC-1 92 

 
FbC-2 90 

 

FbC-3 53 
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The same reaction was conducted on 3,13-diacetylbacteriochlorin (HBC-A). The 

aldol condensations with benzaldehyde and trans-cinnamaldehyde afforded the disubstituted 

bacteriochlorins HBC-8 (58%) and HBC-9 (57%), respectively, in good yield. On the other 

hand, the reaction with the all-trans-retinal afforded a mixture of the monosubstituted and the 

disubstituted HBC-10 bacteriochlorins in lower yield (17% and 9%, respectively). Further, 

attempts to determine LD-MS, ESI-MS, or FAB-MS for HBC-10 were unsuccessful. 

 

Table 5.2. Chalcone Formation with HBC-A  

N HN

NNH

O

HBC-A3,13

O

R CHO

NaOH, EtOH
MW, 80 °C

N HN

NNH

O

O

R

R  
Aldehyde (R) Product Yield (%) 

 HBC-8 58 

 
HBC-9 57 

 

HBC-10 9a 

OMOM

OMOM  
HBC-11 24a 

N

 HBC-12 17 

a The monosubstituted bacteriochlorin also was isolated. 
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The lower yields with HBC-A versus FbC-M10A13 may be explained by the fact that 

(1) only one condensation occurs with the chlorin, and (2) FbC-M10A13 is completely soluble 

in EtOH at room temperature. HBC-A is not completely soluble in ethanol at room 

temperature, although the reaction mixture at the end of the reaction appeared homogeneous. 

The influence of substitution on the phenyl ring was studied by the reaction of 3,5-

bis(methoxymethoxy)benzaldehyde20 and 4-(dimethylamino)benzaldehyde to afford HBC-11 

(24%) and HBC-12 (17%), respectively (Table 5.2). 

Each microwave-assisted condensation was carried out at an exploratory scale (0.010 

mmol). The condensations of FbC-M10A13 with benzaldehyde, HBC-A with benzaldehyde, 

and HBC-A with 3,5-bis(methoxymethoxy)benzaldehyde were subsequently conducted on a 

0.10 mmol scale. The latter afforded FbC-1 (54 mg), BC-1 (37 mg), and BC-4 (20 mg) in 

quantities sufficient for a range of studies, and the yields corresponded well to those obtained 

in the exploratory reactions. 

Each chalcone–hydroporphyrin was characterized by 1H NMR, absorption, and 

fluorescence spectroscopy, as well as LD-MS and ESI-MS. Protons of the double bond gave 

two doublets in the 1H NMR spectra with a coupling constant of 15.6 Hz, consistent with 

exclusive presence of the (E) configuration. Each construct exhibited expected spectral 

properties, with the exception of HBC-10, which did not give a peak for the molecule ion 

regardless of mass spectrometric method. 

These reactions demonstrate the generality of this reaction, which proceeds in 

moderate to good yields, and is applicable to different hydroporphyrins (chlorins and 

bacteriochlorins) and a variety of different aldehydes. The reactions with all trans-retinal 
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demonstrate an easy and fast method to access polyenyl-chlorin or -bacteriochlorin 

conjugates.  

Further functionalization was carried out on one chlorin and one bacteriochlorin. 

FbC-1 was converted to the zinc chelate ZnC-1 by the reaction with Zn(OAc)2 for 

spectroscopic studies. For application in PDT, cleavage of the MOM groups in BC-11 was 

carried out in a mixture of 10% aqueous HCl in MeOH9 to afford BC-13 (Scheme 5.2). 

Bacteriochlorin HBC-13 bearing four hydroxy groups has already been investigated for its 

PDT activity, and has been shown to be an effective photosentizer (LD50 = 200 nM) in in 

vitro PDT studies on HeLa cells using 10 J/cm2 of 732 nm laser.21 

N HN

NNH

O

O

10% HCl
MeOH

HBC-11

HO

HO

OH

OH

HBC-13

N N

NN

Zn

O

FbC-1

Zn(OAc)2

ZnC-1

 

Scheme 5.2. Synthesis of ZnC-1 and HBC-13. 

 

Several conventional methods that are described in the literature for the preparation of 

chalcones resulted in very low yields or no reaction. One approach entails a strong alkali salt 

(NaOH, KOH, or Ba(OH)2) in an aqueous alcoholic medium.22,23 Other methods of catalysis 
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have been developed, including SnCl2,15,24 p-toluenesulfonic acid,25 DBU,26 and [Zn(OAc)2, 

2-2′-bipyridine, and DBU].27 Attempted condensation of HBC-A with 3,5-

bis(methoxymethoxy)benzaldehyde and KOH in ethanol at reflux for 3 days afforded a low 

conversion of the starting material HBC-A (~30%), a low proportion of monosubstituted 

bacteriochlorin (15%), and only a trace of the disubstituted bacteriochlorin (HBC-11). A 

second attempt performed with DBU in THF afforded a lower conversion of the starting 

material and only a trace of monosubstituted bacteriochlorin and HBC-9. The third attempt 

using Zn(OAc)2, 2,2′-bipyridine, and DBU in DMF did not show any conversion of the 

starting material to the aldol-condensation products, but rather a mixture of two compounds 

with m/z = 516 and m/z = 724 (the putative zinc chelate of HBC-A and monosubstituted 

bacteriochlorin, respectively). 

II. Spectral Properties. The absorption and emission spectra for the chlorin–

chalcones and bacteriochlorin–chalcones are shown in Figures 5.1 and 5.2, respectively. The 

spectral properties of the hydroporphyrin–chalcones and the benchmark compounds FbC-

M10A13 and HBC-A are listed in Table 5.3. 
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Figure 5.1. Absorption (—) and emission (---) spectra in toluene at room temperature of 
chlorins (normalized at the Qy bands). (A) Entire spectra and (B) expansion of the Qy region. 
The labels and colors in the graph are as follows: FbC-M10A13 (a, blue), FbC-1 (b, black), 
FbC-2 (c, orange), and FbC-3 (d, purple). 
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Figure 5.2. Absorption (—) and emission (---) spectra in toluene at room temperature of 
bacteriochlorins (normalized at the Qy bands). (A) Entire spectra and (B) expansion of the Qy 
region. The labels and colors in the graph are as follows: HBC-A (a, blue), HBC-8 (b, 
black), HBC-9 (c, orange), and HBC-10 (d, purple). 
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Table 5.3. Spectral Properties of Chlorins and Bacteriochlorinsa. 

Compound λBmax 
nmb 

λQy(0,0) 
(fwhm)/nm IQy/IBmax

c λem (fwhm)/nm 

FbC-M10A13 415 658 (11) 0.50 662 (12) 
FbC-1 427 665 (13) 0.61 670 (15) 
FbC-2 429 666 (13) 0.68 670 (14) 
FbC-3 423 667 (15) 0.86 672 (15) 
ZnC-1 422 640 (16) 0.71 646 (18) 
HBC-A 359, 389 768 (21) 1.16 774 (20) 
HBC-8 350, 389 785 (26) 1.22 794 (25) 
HBC-9 354, 399 788 (26) 1.43 796 (24) 
HBC-10 362 792 (28) 1.35 801 (26) 
HBC-11 350, 390 786 (26) 1.73 795 (25) 
HBC-12 391 782 (29) 1.31 790 (25) 
HBC-13d 349, 392 787 (36) 1.33 792 (24) 

aIn toluene at room temperature unless noted otherwise. bPosition of the B-bands. cRatio of 
the intensities of the Qy(0,0) and Bmax bands. dAbsorption and emission in toluene/MeOH. 
 

Several general observations are noteworthy: (1) The spectral range covered by the 

long-wavelength Qy(0,0) band of the chalcone–chlorins (λ = 640–667 nm) and chalcone–

bacteriochlorins (λ = 782–792 nm) extended further into the red or near-infrared region than 

the previously described chlorin or bacteriochlorin analogues.7,8 The bathochromic shift of 

the Qy(0,0) band was 160–205 cm–1 for the chlorin–chalcones and 233–395 cm–1 for the 

bacteriochlorin–chalcones versus their respective acetyl–hydroporphyrin benchmark 

compounds. (2) The Qy(0,0) band remains relatively sharp with a fwhm of 13–16 nm for the 

chlorins and 26–36 nm for the bacteriochlorins. (3) The bathochromic shift is accompanied 

by a relative increase of the intensity of the Qy(0,0) band versus the B band in both chlorins 

and bacteriochlorins. (4) The fluorescence spectra mirror the long-wavelength absorption 

band, exhibiting a strong Qy(0,0) transition and a much weaker, almost negligible Qy(0,1) 
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transition. The width of the Qy(0,0) emission transition remains relatively sharp with a fwhm 

of 14–18 nm in the chlorins and 24–26 nm for the bacteriochlorins. The Stokes shift ranges 

from 90 to 145 cm–1 for the chlorins and from 80 to 144 cm–1 for the bacteriochlorins. 

 

Conclusion 

The results described in this chapter show that acetyl-substituted hydroporphyrins 

provide a versatile scaffold for synthetic elaboration into hydroporphyrin–chalcone 

analogues. The derivatization of acetyl groups proceeds in a facile manner and good yields 

under basic conditions in alcoholic media with microwave irradiation. The reaction scope 

encompasses different hydroporphyrins (chlorins and bacteriochlorins) and a variety of 

aldehydes. While alternative routes to hydroporphyrin–chalcones can be envisaged (e.g., Pd-

mediated coupling of a bromo-hydroporphyrin, carbon monoxide, and an alkene), the ability 

to employ diverse aldehydes (including polyene-carboxaldehydes) makes this simple route 

especially attractive. Indeed, the facile synthesis of retinyl–hydroporphyrin FbC-3 and HBC-

10 suggests extension to longer polyenes of interest in artificial photosynthetic systems. The 

compounds prepared here extend the absorption maxima into the red and NIR regions. The 

sharp absorption and emission bands, intensified long-wavelength absorption, and 

wavelength tunability are attractive for applications such as polychromatic flow cytometry 

and light-harvesting energy-cascade schemes. 
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Experimental Section 

General Methods. 1H NMR (400 MHz) spectra were collected at room temperature 

in CDCl3 unless noted otherwise. Absorption and emission spectra were obtained in toluene 

unless noted otherwise. Bacteriochlorins were analyzed by laser desorption mass 

spectrometry (LD-MS) in the absence of a matrix. Electrospray ionization mass spectroscopy 

(ESI-MS) data are reported for the molecule ion or protonated molecule ion. Anhydrous 

MeOH, CH2Cl2, toluene and DMF were reagent grade and were used as received. 

13-Acetyl-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin (FbC-M10A13). The 

synthesis of Zn(II)-13-acetyl-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin (ZnC-

M10A13) has previously been reported from Zn(II)-13-bromo-17,18-dihydro-10-mesityl-

18,18-dimethylporphyrin (ZnC-M10Br13).7 The standard procedure entails (1) zinc 

demetalation, (2) Pd-mediated coupling with tributyl(1-ethoxyvinyl)tin, (3) acid hydrolysis 

of the product, and (4) zinc metalation. Here, the first three steps of the reported procedure 

were followed to obtain the free base FbC-M10A13 (i.e., omitting the zinc metalation step). 

Data for FbC-M10A13: 1H NMR δ –1.41 (brs, 1H), –1.12 (brs, 1H), 1.86 (s, 6H), 2.02 (s, 6H), 

2.63 (s, 3H), 3.06 (s, 3H), 4.59 (s, 2H), 7.26 (s, 2H), 8.37 (d, J = 4.40 Hz, 1H), 8.74 (s, 1H), 

8.75 (s, 1H), 8.85 (d, J = 4.40 Hz, 1H), 8.90 (s, 1H), 9.10 (d, J = 4.40 Hz, 1H), 9.56 (s, 1H), 

10.07 (s, 1H); ESI-MS obsd 500.25708, calcd 500.25761 (C33H32N4O); λabs 414, 511, 540, 

605, 658 nm. 

General Procedure for Microwave-assisted Synthesis of Hydroporphyrin–

chalcones. Microwave experiments were performed using a CEM Discover Synthesis Unit 

(CEM Corp., Matthews, NC), which was equipped with an infrared sensor for temperature 
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monitoring. The reaction vessels were 10 mL or 80 mL crimp-sealed thick-wall glass tubes 

equipped with a pressure sensor. The contents of each vessel were stirred with a magnetic 

stirrer. A sample of FbC-M10A13 or HBC-A was placed in a glass tubular reaction vessel 

containing a magnetic stir bar. The aldehyde, NaOH, and absolute ethanol were added. The 

vessel was sealed with a septum and subjected to microwave irradiation at 40 W. The 

protocol was as follows: (1) heat from room temperature to 80 °C (irradiate for 2 min), (2) 

hold at 80 °C (irradiate for 18 min), (3) allow to cool to room temperature (~2 min), (4) 

check the reaction mixture by TLC analysis, and (5) repeat steps 1–4 until most of the 

starting material has disappeared. The reaction mixture was transferred to a round bottom 

flask and concentrated. The resulting crude product was dissolved in CH2Cl2 and washed 

with a saturated aqueous solution of NH4Cl. The organic layer was separated, dried over 

Na2SO4, concentrated under reduced pressure, and the residue was chromatographed. 

13-[(E)-3-Phenylprop-2-en-1-onyl]-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (FbC-1). Following the general procedure, FbC-M10A13 (50 mg, 0.10 

mmol), benzaldehyde (40 µL, 0.40 mmol), and NaOH (80 mg, 2.0 mmol) in absolute ethanol 

(50 mL) were heated for 40 min. Chromatography [silica, hexanes/CH2Cl2 (1:0) → (0:1)] 

afforded a green solid (54 mg, 92%): 1H NMR δ –1.36 (s, 1H), –1.02 (s, 1H), 1.89 (s, 6H), 

2.03 (s, 6H), 2.63 (s, 3H), 4.61 (s, 2H), 7.28 (s, 2H), 7.45-7.51 (m, 3H), 7.79 (d, J = 7.1 Hz, 

2H), 7.96 (d, J = 15.6 Hz, 1H), 8.13 (d, J = 15.6 Hz, 1H), 8.36 (d, J = 4.3 Hz, 1H), 8.74 (s, 

1H), 8.75 (d, J = 4.3 Hz, 1H), 8.85 (d, J = 4.5 Hz, 1H), 9.01 (s, 1H), 9.10 (d, J = 4.5 Hz, 1H), 

9.56 (s, 1H), 10.12 (s, 1H); LD-MS obsd 588.6; ESI-MS obsd 589.2958, calcd 589.2967 [(M 

+ H)+, M = C40H36N4O]; λabs 378, 427, 513, 546, 611, 665 nm; λem (λexc 514 nm) = 670 nm. 
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13-[(E)-3-Phenylprop-2-en-1-onyl]-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (ZnC-1). A solution of FbC-1 (21 mg, 0.036 mmol) in CH2Cl2 (2 mL) 

was treated with methanolic Zn(OAc)2·2H2O (400 mg, 1.8 mmol), and the reaction mixture 

was stirred at room temperature for 16 h. Standard workup and chromatography [silica, 

CH2Cl2] gave the desired product (19 mg, 81%): 1H NMR (DMSO-d6) δ 1.82 (s, 6H), 1.95 (s, 

6H), 2.48 (s, 3H), 4.44 (s, 2H), 7.26 (s, 2H), 7.41-7.55 (m, 3H), 7.85-7.90 (m, 2H), 7.90 (d, J 

= 15.6 Hz, 1H), 8.04 (d, J = 15.6 Hz, 1H), 8.04 (d, J = 4.4 Hz, 1H), 8.53 (s, 1H), 8.70 (d, J = 

4.4 Hz, 1H), 8.75 (d, J = 4.4 Hz, 1H), 8.97 (s, 1H), 9.02 (d, J = 4.4 Hz, 1H), 9.39 (s, 1H), 

9.60 (s, 1H); LD-MS obsd 650.5; ESI-MS obsd 650.19993, calcd 650.20241 (C40H34N4OZn); 

λabs 388, 422, 598, 640 nm; λem (λexc 420 nm) = 647 nm. 

13-[(2E,4E)-5-Phenylpenta-2,4-dien-1-onyl]-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (FbC-2). Following the general procedure, FbC-M10A13 (10. mg, 0.020 

mmol), trans-cinnamaldehyde (10 µL, 0.08 mmol), and NaOH (16 mg, 0.40 mmol) in 

absolute ethanol (6 mL) were heated for 20 min. Chromatography [silica, hexanes/CH2Cl2 

(1:0) → (2:3), followed by a second column with pentane/diethyl ether (1:0) → (4:1)] 

afforded a brownish solid (11.1 mg, 90%): 1H NMR δ –1.37 (s, 1H), –1.05 (s, 1H), 1.88 (s, 

6H), 2.02 (s, 6H), 2.65 (s, 3H), 4.60 (s, 2H), 7.11 (d, J = 15.5 Hz, 1H), 7.20-7.28 (m, 2H), 

7.31-7.36 (m, 1H), 7.40 (t, J = 7.0 Hz, 2H), 7.56 (d, J = 7.5 Hz, 2H), 7.62 (d, J = 14.8 Hz, 

1H), 7.91 (dd, J = 14.8 and 10.9 Hz, 1H), 8.37 (d, J = 4.3 Hz, 1H), 8.73 (s, 1H), 8.74 (d, J = 

4.3 Hz, 1H), 8.83 (d, J = 4.7 Hz, 1H), 8.98 (s, 1H), 9.08 (d, J = 4.7 Hz, 1H), 9.55 (s, 1H), 

10.16 (s, 1H); LD-MS obsd 614.9; ESI-MS obsd 615.3112, calcd 615.3124 [(M + H)+, M = 

C42H38N4O]; λabs (CH2Cl2) 381, 429, 516, 546, 611, 666 nm; λem (λexc 516 nm) = 670 nm. 



 170 

13-[(2E,4E,6E,8E,10E)-5,9-Dimethyl-11-(2,6,6-trimethylcyclohex-1-enyl)undeca-

2,4,6,8,10-pentaen-1-onyl]-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin (FbC-3). 

Following the general procedure, FbC-M10A13 (5.0 mg, 0.010 mmol), all-trans-retinal (4.2 

mg, 0.030 mmol), and NaOH (8 mg, 0.2 mmol) in absolute ethanol (3 mL) were heated for 

40 min. Chromatography [silica, pentane/diethyl ether (1:0) → (9:1), followed by a second 

column with hexanes/CH2Cl2 (1:0) → (1:1)] afforded a brownish solid (4.1 mg, 53%): 1H 

NMR δ –1.41 (s, 1H), –1.13 (s, 1H), 1.05 (s, 6H), 1.26-1.50 (m, 2H), 1.60-1.66 (m, 4H), 1.75 

(s, 3H), 1.87 (s, 6H), 2.03 (m, 13H), 2.21 (s, 3H), 2.64 (s, 3H), 4.60 (s, 2H), 6.12-6.32 (m, 

3H), 6.47 (d, J = 15.0 Hz, 1H), 6.57 (d, J = 12.3 Hz, 1H), 6.93 (dd, J = 15.0 and 11.6 Hz, 

1H), 7.27 (s, 2H), 7.48 (d, J = 14.4 Hz, 1H), 8.18 (dd, J = 14.4 and 12.3 Hz, 1H), 8.37 (d, J = 

4.4 Hz, 1H), 8.75 (s, 1H), 8.76 (d, J = 4.4 Hz, 1H), 8.85 (d, J = 4.6 Hz, 1H), 8.93 (s, 1H), 

9.10 (d, J = 4.6 Hz, 1H), 9.57 (s, 1H), 10.13 (s, 1H); LD-MS obsd 768.1; ESI-MS obsd 

767.4683, calcd 767.4689 [(M + H)+, M = C53H58N4O]; λabs (CH2Cl2) 386, 423, 513, 548, 

614, 667 nm; λem (λexc 548 nm) = 672 nm. 

3,13-Bis[(E)-3-phenylprop-2-en-1-onyl]-8,8,18,18-tetramethylbacteriochlorin 

(HBC-8). Following the general procedure, HBC-A (46 mg, 0.10 mmol), benzaldehyde (40 

µL, 0.40 mmol), and NaOH (80 mg, 2.0 mmol) in absolute ethanol (50 mL) were heated for 

40 min. The resulting residue was chromatographed [silica, hexanes/CH2Cl2 (1:0) → (1:4)] to 

afford an orange solid (37 mg, 58%): 1H NMR δ –1.07 (s, 2H), 1.96 (s, 12H), 4.44 (s, 4H), 

7.50-7.54 (m, 6H), 7.86 (d, J = 6.8 Hz, 4H), 8.16 (s, 4H), 8.64 (s, 2H), 9.21 (s, 2H), 9.88 (s, 

2H); LD-MS obsd 630.5; ESI-MS obsd 630.2983, calcd 630.2989 (C42H38N4O2); λabs 350, 

389, 549, 785 nm; λem (λexc 549 nm) = 794 nm. 
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 3,13-Bis[(2E,4E)-5-phenylpenta-2,4-dien-1-onyl]-8,8,18,18-

tetramethylbacteriochlorin (HBC-9). Following the general procedure, HBC-A (4.6 mg, 

0.010 mmol), trans-cinnamaldehyde (5 µL, 0.04 mmol), and NaOH (8 mg, 0.2 mmol) in 

absolute ethanol (3 mL) were heated for 40 min. Chromatography [silica, CH2Cl2, followed 

by a second column with hexanes/acetone (1:0) → (5:95)] afforded a purple solid (3.9 mg, 

57%): 1H NMR (CD2Cl2) δ –1.13 (s, 2H), 1.96 (s, 12H), 4.45 (s, 4H), 7.19 (d, J = 15.5 Hz, 

2H), 7.27-7.40 (m, 4H), 7.44 (t, J = 7.6 Hz, 4H), 7.62 (d, J = 7.4 Hz, 4H), 7.75 (d, J = 14.7 

Hz, 2H), 7.90 (dd, J = 14.7 and 10.8 Hz, 2H), 8.67 (s, 2H), 9.15 (s, 2H), 9.83 (s, 2H); LD-MS 

obsd 682.6; ESI-MS obsd 683.3377, calcd 683.3380 [(M + H)+, M = C46H42N4O2]; λabs 354, 

399, 550, 788 nm; λem (λexc 550 nm) = 796 nm. 

 3-[(2E,4E,6E,8E,10E)-5,9-Dimethyl-11-(2,6,6-trimethylcyclohex-1-enyl)undeca-

2,4,6,8,10-pentaen-1-onyl]-13-acetyl-8,8,18,18-tetramethylbacteriochlorin (HBC-A3R13) 

and 3,13-Bis[(2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-trimethylcyclohex-1-

enyl)undeca-2,4,6,8,10-pentaen-1-onyl]-8,8,18,18-tetramethylbacteriochlorin (HBC-10). 

Following the general procedure, HBC-A (4.6 mg, 0.010 mmol), all-trans-retinal (5.6 mg, 

0.040 mmol), and NaOH (8 mg, 0.2 mmol) in absolute ethanol (3 mL) were heated for 40 

min. Chromatography [silica, hexanes/CH2Cl2 (3:2) → (2:3)] afforded BC-10 (0.9 mg, 9%) 

as well as the monosubstituted bacteriochlorin HBC-A3R13 (1.2 mg, 17%). Data for HBC-

A3R13: 1H NMR (CD2Cl2) δ –1.20 (s, 2H), 1.07 (s, 6H), 1.40–1.70 (m, 4H), 1.76 (s, 3H), 1.95 

(s, 12H), 2.06 (m, 5H), 2.27 (s, 3H), 3.15 (s, 3H), 4.44 (s, 2H), 4.45 (s, 2H), 6.20-6.38 (m, 

3H), 6.57 (d, J = 15.0 Hz, 1H), 6.66 (d, J = 11.4 Hz, 1H), 7.00 (dd, J = 15.0 and 11.4 Hz, 

1H), 7.67 (d, J = 14.4 Hz, 1H), 8.20 (dd, J = 14.4 and 12.1 Hz, 1H), 8.66 (s, 1H), 8.67 (s, 
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1H), 9.11 (d, J = 1.7 Hz, 1H), 9.15 (d, J = 1.7 Hz, 1H), 9.79 (s, 1H), 9.84 (s, 1H); LD-MS 

obsd 720.9; ESI-MS obsd 721.4478, calcd 721.4476 [(M + H)+, M = C48H56N4O2]; λabs 359, 

380, 545, 780 nm; λem (λexc 545 nm) = 787 nm. Data for HBC-10: 1H NMR (CD2Cl2) δ –1.15 

(s, 2H), 1.07 (s, 12H), 1.40-1.70 (m, 8H), 1.75 (s, 6H), 1.95 (s, 12H), 2.06 (m, 10H), 2.26 (s, 

6H), 4.45 (s, 4H), 6.20-6.40 (m, 6H), 6.57 (d, J = 14.9 Hz, 2H), 6.67 (d, J = 12.0 Hz, 2H), 

6.95-7.06 (m, 2H), 7.68 (d, J = 14.4 Hz, 2H), 8.21 (dd, J = 14.4 and 12.0 Hz, 2H), 8.67 (s, 

2H), 9.14 (s, 2H), 9.85 (s, 2H); λabs 362, 555, 738, 792 nm; λem (λexc 555 nm) = 801 nm. 

Attempts to obtain LD-MS, ESI-MS, and FAB-MS data were unsuccessful. 

3,13-Bis[(E)-3-[3,5-bis(methoxymethoxy)phenyl]prop-2-en-1-onyl]-8,8,18,18-

tetramethylbacteriochlorin (HBC-11). Following the general procedure, HBC-A (46 mg, 

0.10 mmol), 3,5-bis(methoxymethoxy)benzaldehyde20 (90 mg, 0.40 mmol), and NaOH (80 

mg, 2.0 mmol) in absolute ethanol (50 mL) were heated for 40 min. Chromatography [silica, 

hexanes/acetone (4:1) → (1:1)] afforded a orange solid (20 mg, 24%): 1H NMR δ –1.07 (s, 

2H), 1.95 (s, 12H), 3.57 (s, 12H), 4.43 (s, 4H), 5.29 (s, 8H), 6.88 (t, J = 1.8 Hz, 2H), 7.20 (d, 

J = 1.8 Hz, 4H), 8.04 (d, J = 15.6 Hz, 2H), 8.11 (d, J = 15.6 Hz, 2H), 8.65 (s, 2H), 9.20 (s, 

2H), 9.86 (s, 2H); LD-MS obsd 871.0; ESI-MS obsd 871.3885, calcd 871.3912 [(M + H)+, M 

= C50H54N4O10]; λabs 350, 390, 549, 786 nm; λem (λexc 549 nm) = 795 nm. 

3,13-Bis[(E)-3-[4-(dimethylamino)phenyl]prop-2-en-1-onyl]-8,8,18,18-

tetramethylbacteriochlorin (HBC-12). Following the general procedure, HBC-A (4.6 mg, 

0.010 mmol), 4-(dimethylamino)benzaldehyde (6.0 mg, 0.040 mmol), and NaOH (8 mg, 0.2 

mmol) in absolute ethanol (3 mL) were heated for 40 min. The resulting residue was 

chromatographed [silica, hexanes/diethyl ether (1:0) → (1:4), then CH2Cl2] to afford a purple 
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solid (1.2 mg, 17%): 1H NMR δ –1.19 (s, 2H), 1.94 (s, 12H), 3.10 (s, 12H), 4.43 (s, 4H), 6.79 

(d, J = 8.7 Hz, 4H), 7.75 (d, J = 8.7 Hz, 4H), 7.98 (d, J = 15.6 Hz, 2H), 8.13 (d, J = 15.6 Hz, 

4H), 8.63 (s, 2H), 9.18 (s, 2H), 9.88 (s, 2H); LD-MS obsd 717.4; ESI-MS obsd 717.3898, 

calcd 717.3911 [(M + H)+, M = C46H48N6O2]; λabs 391, 545, 782 nm; λem (λexc 545 nm) = 790 

nm. 

3,13-Bis[(E)-3-(3,5-dihydroxyphenyl)-prop-2-en-1-onyl]-8,8,18,18-tetramethyl 

bacteriochlorin (HBC-13). A solution of HBC-11 (4.0 mg, 0.004 mmol) in 5 mL of 10% 

aqueous HCl and 5 mL of MeOH was refluxed for 1 h and then neutralized by addition of 

solid NaHCO3. The resulting mixture was filtered. The filtrate was dried over Na2SO4 and 

concentrated under reduced pressure. The resulting residue was chromatographed [silica, 

CHCl3/MeOH (96:4)] to afford a pink solid (2.1 mg, 66%): 1H NMR (acetone-d6 + CD3OD) 

δ 1.98 (s, 12H), 4.47 (s, 4H), 6.51 (t, J = 2.0 Hz, 2H), 6.95 (d, J = 2.0 Hz, 4H), 7.95 (d, J = 

15.6 Hz, 2H), 8.33 (d, J = 15.6 Hz, 2H), 8.89 (s, 2H), 9.65 (s, 2H), 9.89 (s, 2H); LD-MS obsd 

695.1; ESI-MS obsd 694.2773, calcd 694.2785 (C42H38N4O6); λabs (toluene/MeOH) 349, 392, 

550, 787 nm; λem (toluene/MeOH, λexc 550 nm) = 792 nm. 

 

The results presented in this chapter have been published.28 
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CHAPTER 6 

Near Infrared Absorbing Synthetic Bacteriochlorins via  

Condensation of a 3,13-Diformylbacteriochlorin 

 

Introduction 

The synthetic bacteriochlorins accessed via the self-condensation of dihydrodipyrrin-

acetals prove to be remarkably stable towards an array of reaction conditions (i.e. Pd-

coupling, aldol condensation, reductive amination) and provide a powerful alternative to 

semisynthetic modification of chlorophylls and bacteriochlorophylls. To further explore the 

versatility of the synthetic bacteriochlorins and extend the long wavelength absorption band 

further into the NIR region other bacteriochlorin derivatives have been explored. The 

development of chromophores that absorb in the red and near-infrared (NIR) spectral region 

is essential for diverse applications including photomedical applications1,2 or light harvesting 

applications (chapter 1).3 

Chapter 4 described the synthesis of the formyl substituted bacteriochlorin HBC-

F3,13. The availability of HBC-F3,13 suggested elaboration via condensation reactions. The 

condensation between an acetyl substituted bacteriochlorin (HBC-A) and a variety of 

aldehydes to afford chalcone-bacteriochlorins is described in chapter 5 (Scheme 6.1).4 

Therefore, the condensation of HBC-F3,13 with acetophenone to obtain a reverse-chalcone-

bacteriochlorin (compared to the chalcone-bacteriochlorins described in chapter 5) suggested 

itself.  
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Scheme 6.1. Synthesis of Chalcone-Bacteriochlorins. 

 

Further, the formyl groups on the bacteriochlorin provide the opportunity for 

condensation with intermediates of cyanine or styryl dyes (Scheme 6.2). Cyanine and styryl 

dyes have historically been used as sensitizers in photography, but since then have found 

application in a wide variety of fields including fluorescent labels and molecular information 

storage (for a recent review of cyanine dyes, see ref. 5). 
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Scheme 6.2. Formation of Cyanine Dyes. 

 

Results and Discussion  

I. Synthesis. The condensation between HBC-F3,13
 and acetophenone was conducted 

under similar microwave condition as developed for the condensation reactions between 

HBC-A and an aromatic aldehyde (chapter 5). The reaction was carried out using HBC-F3,13 
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with 4 equivalents of the acetophenone and 20 equivalents of NaOH in absolute ethanol at 80 

°C under microwave irradiation in a sealed microwave tube (Scheme 6.3). However, the 

reaction proceeded in low yield of HBC-14 with both starting material and monosubstituted 

bacteriochlorin (observed by LD-MS) remaining in the crude reaction mixture even after 

prolonged reaction time.  
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Scheme 6.3. Synthesis of Reverse-Chalcone-Bacteriochlorin HBC-14. 
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Scheme 6.4. Synthesis of Cyanine-Bacteriochlorin HBC-15. 
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Further, we envisioned the condensation of HBC-F3,13 with N-alkyl quaternary 

ammonium salts to result in cyanine-bacteriochlorins. The reaction of HBC-F3,13 with 1-

ethyl-4-methylpyridinium iodide in the presence of piperidine resulted in HBC-15 after 

purification using reverse phase C-18 column chromatography in 37% yield (Scheme 6.4). 

Similarly, the reaction was carried out using quinaldine ethiodide. The crude reaction 

mixture was purified via successive washing with methanol to result in HBC-16 (Scheme 

6.5). However, HBC-16 was extremely insoluble in a variety of solvents (including CHCl3, 

MeOH, DMF and DMSO), and hence a quality 1H NMR spectrum could not be obtained. 

(Note that VT 1H NMR spectroscopy was attempted in DMSO-d6 up to 100 °C.) Purification 

of HBC-16 by silica chromatography, silica C-18 chromatography, or gel filtration was 

unsuccessful due to the amphiphilic nature and low solubility of HBC-16. 
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Scheme 6.5. Synthesis of Cyanine-Bacteriochlorin HBC-16. 

 

Each bacteriochlorin was characterized by 1H NMR spectroscopy (except HBC-16), 

high resolution mass spectrometry (ESI-MS) and absorption spectroscopy. The small amount 
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of HBC-14 and the limited solubility of HBC-15 and HBC-16 thwarted 13C NMR 

spectroscopy. 

II. Absorption Spectral Properties. The absorption spectra of the reverse-chalcone-

bacteriochlorin HBC-14 and cyanine-bacteriochlorins HBC-15 and HBC-16 are shown in 

Figure 6.1. The absorption spectral properties of the reverse-chalcone-bacteriochlorin HBC-

14 and cyanine-bacteriochlorins HBC-15 and HBC-16 are listed in Table 6.1. The long-

wavelength Qy (0,0) band of HBC-16 becomes quite broad (fwhm = 71 nm) and may be due 

to aggregation. Nonetheless, the spectral range covered by the Qy band of HBC-14 (800 nm) 

and HBC-15 (825 nm) extends further into the red or near-infrared region than the previous 

bacteriochlorin analogues.4,6 Further photophysical studies including determination of 

excited single state lifetimes and fluorescence quantum yields will be carried out in future 

studies by our collaborators. 

 

Table 6.1. Absorption spectral Properties. 

Compound λBmax 
nmc 

λQy(0,0) 
(fwhm)/nm IQy/IBmax

d 

HBC-14a 351 800 (32) 1.72 
HBC-15b 355 825 (46) 1.33 
HBC-16b 360 859 (71) 0.90 

aIn CH2Cl2 at room temperature. bIn DMSO at room temperature. cPosition of the B-bands. 
dRatio of the intensities of the Qy(0,0) and Bmax bands. 
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Figure 6.1. Absorption spectra of bacteriochlorins (normalized at the Qy bands). The colors 
in the graph are as follows: HBC-14 (magenta), HBC-15 (black), and HBC-16 (green). 
 

The results described in this chapter show that formyl-substituted bacteriochlorins 

provide a versatile scaffold for synthetic elaboration into hydroporphyrin–chalcone 

analogues. The derivatization of the formyl group with cyanine dye precursors proceeds in a 

facile manner and good yields under basic conditions in alcoholic media with microwave 

irradiation, while the reverse-chalcone-bacteriochlorin HBC-14 is not readily accessed via 

the diformyl-bacteriochlorin HBC-F3,13. However, alternative routes to HBC-14 can be 

envisaged (e.g., Pd-mediated coupling of HBC-Br and vinylboronates with a β-keto group). 

The compounds prepared in this chapter extend the absorption maxima further into the red 

and NIR regions and are attractive candidates for applications such as polychromatic flow 

cytometry and light-harvesting energy-cascade schemes. 
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Experimental Section 

General Procedure for Microwave-assisted Condensation reactions. Microwave 

experiments were performed using a CEM Discover Synthesis Unit (CEM Corp., Matthews, 

NC), which was equipped with an infrared sensor for temperature monitoring. The reactions 

were carried out in an open vessel. The contents of each vessel were stirred with a magnetic 

stirrer. The reactants were placed a long neck 125 mL round bottom flask and absolute 

ethanol was added. The vessel was placed in the microwave reactor, equipped with a reflux 

condenser and subjected to microwave irradiation at 300 W. The protocol was as follows: (1) 

heat from room temperature to reflux, (2) hold at reflux (irradiate for 30 min), (3) allow to 

cool to room temperature (~2 min), (4) check the reaction mixture by TLC analysis, and (5) 

repeat steps 1–4 until most of the starting material has disappeared. The reaction mixture was 

transferred to a round bottom flask and concentrated. The resulting crude product was 

dissolved in CH2Cl2 and washed with a saturated aqueous solution of NH4Cl. The organic 

layer was separated, dried over Na2SO4, concentrated under reduced pressure, and 

chromatographed. 

3,13-Bis[(E)-3-phenylprop-1-en-2-onyl]-8,8,18,18-tetramethylbacteriochlorin 

(HBC-14). Following the general procedure, HBC-F3,13 (15 mg, 0.035 mmol), acetophenone 

(16 µL, 0.14 mmol), and NaOH (28 mg, 0.70 mmol) in absolute ethanol (17 mL) were heated 

for 2 h as described in the general section. The resulting residue was chromatographed 

[silica, hexanes/CH2Cl2 (1:1) → (1:9)] to afford an orange solid (<1 mg, ~4 %): 1H NMR δ –

1.29 (brs, 2H), 1.97 (s, 12H), 4.44 (s, 4H), 7.58–7.75 (m, 6H), 8.19–8.35 (m, 6H), 8.63 (s, 

2H), 8.99 (s, 2H), 9.07 (s, 2H), 9.25 (d, J = 15.0 Hz, 2H); LD-MS obsd 630.5; ESI-MS obsd 
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631.3064, calcd 631.3068 (C42H38N4O2); λabs (CH2Cl2) 333, 351, 395, 543, 800 nm. 

3,13-Bis[(E)-2-(N-ethyl-4-pyridinium-1-yl)ethenyl]-8,8,18,18-

tetramethylbacteriochlorin Diiodide (HBC-15). Following the general procedure, HBC-

F3,13 (5.0 mg, 0.012 mmol), 1-ethyl-4-methylpyridinium iodide (58 mg, 0.23 mmol), and 

piperidine (23 µL) in absolute ethanol (6.0 mL) were heated for 1.5 h. The resulting residue 

was chromatographed [C-18 silica, H2O/MeOH (1:0) → (0:1)] to afford a green solid (3.8 

mg, 37%): 1H NMR (DMSO-d6) d –1.28 (brs, 2H), 1.63 (t, J = 6.7 Hz, 6H), 1.95 (s, 12H), 

4.45 (s, 4H), 4.63 (q, J = 6.7 Hz, 4H), 8.16 (d, J = 15.9 Hz, 2H), 8.65 (d, J = 6.6 Hz, 4H), 

8.86 (s, 2H), 9.10 (d, J = 6.6 Hz, 4H), 9.32 (s, 2H), 9.44 (s, 2H), 9.48 (d, J = 15.9 Hz, 2H); 

ESI-MS obsd 317.1878, calcd 317.1886 (M2+, M = C42H46N6); λabs (DMSO) 355, 423, 560, 

825 nm. 

3,13-Bis[(E)-2-(N-ethylquinolinium-1-yl)ethenyl]-8,8,18,18-

tetramethylbacteriochlorin Diiodide (HBC-16). Following the general procedure, HBC-

F3,13 (10.0 mg, 0.0234 mmol), quinaldine ethyliodide (140 mg, 0.469 mmol), and piperidine 

(46 µL) in absolute ethanol (12.0 mL) were heated for 40 min. MeOH was added to the 

resulting residue and the suspension was sonicated for 5 min. The mixture was centrifuged 

and the supernatant was decanted. This procedure was repeated 3 times with the remaining 

green solid to afford the title compound (3.9 mg, 17 %): LD-MS obsd 705.5 (M – CH2CH3); 

ESI-MS obsd 367.2040, calcd 367.2043 (M2+, M = C50H50N6); λabs (DMSO) 360, 441, 581, 

859 nm. 
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CHAPTER 7 

De novo Synthesis of Long-Wavelength Absorbing Chlorin-13,15-Dicarboximides 

 

Introduction 

Chlorophylls possess a five-membered exocyclic ring spanning the 13- and 15-

positions. The exocyclic ring contains an oxo moiety at the 131-position and a 

methoxycarbonyl substituent at the 132-position. The electron-withdrawing 13-keto group 

embedded in the exocyclic ring (termed the isocyclic ring) is conjugated with the 

macrocyclic π-system, and causes a significant hyperchromic and bathochromic shift of the 

long-wavelength absorption band. The position and strength of the long-wavelength 

absorption band not only affect the spectral coverage but also are key determinants of the 

energy and properties of the excited singlet state. Thus, alteration of the keto group in the 

isocyclic ring can be used to modify the spectral and excited-state properties of the 

chlorophyll molecules. 

Synthetic manipulation of chlorophylls – both early degradative methods as well as 

constructive modifications that continue in the present era – have focused on alteration of the 

isocyclic ring.1,2 Conant and Moyer first reported that treatment of methyl pheophorbide a in 

ether with methanolic KOH afforded a series of chlorins, of which two purplish brown 

substances were isolated and termed “phaeopurpurins 7 and 18”.3 Fischer identified the 

respective compounds as originating from oxidative opening of the isocyclic ring4 to give a 

chlorin-13,15-dicarboxylic acid and a chlorin bearing a six-membered anhydride ring.4,5 

Fischer further constructed the six-membered imide ring from the chlorin–anhydride 
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“purpurin-18” and its methyl ester6,7 to give the corresponding purpurinimide8,9 (hereafter 

referred to as a chlorin–imide10). 

In the 1990s, Smith carried out a variety of modifications to purpurin-18 as well as 

the related chlorin-e6 and chlorin-p6 analogues (Scheme 7.1).11,12 He also showed that the N-

alkyl chlorin–imide derivative exhibited the long-wavelength absorption band at 706 nm, a 

position bathochromically shifted with respect to that of the parent chlorophyll macrocycle.12 

The shift of the absorption band in the chlorin–imide to longer wavelength made the 

compounds attractive for a number of reasons, particularly as photosensitizers in 

photodynamic therapy (PDT). In PDT, the use of light sources with wavelengths in the red or 

near-infrared region enables deep penetration of tissue,13 which in turn places a premium on 

photosensitizers that are active in the red or near-infrared spectral region. In more recent 

years, the groups of Mironov and of Pandey have significantly expanded the scope of 

chlorin–imides,14–27 including extension to bacteriochlorin–imides derived from 

bacteriochlorophyll a.28–34 The chlorin–imides have been used chiefly as photosensitizers in 

PDT18,35,36 although several studies have been carried out related to artificial 

photosynthesis.20,22–24,37 Limited spectroscopic studies to date suggest that the presence of the 

six-membered imide ring does not significantly alter the excited-state properties of the 

chlorin.38 

A chief attraction of chlorin–imides is the ability to introduce diverse groups at the 

nitrogen of the imide ring. In addition, the presence of the second carbonyl group (at the 15-

position) further stabilizes the macrocycle toward routine handling as evidenced by the 

variety of reported imidation reactions and subsequent applications. Thus, the ready 



 188 

availability of purpurin-18 from chlorophyll a, the bathochromic shift and stability upon 

imide formation, and the diverse imide N-substituents that can be introduced together render 

such chlorin–imides quite attractive for a number of applications. 
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Scheme 7.1 Synthesis of Diverse Chlorins from Chlorophyll a. 

 

On the other hand, the only methods for the synthesis have relied on the modification 

of naturally occurring chlorophylls. The modification of the isocyclic ring usually entails (1) 
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base-promoted, oxidative ring-opening (allomerization) to produce the corresponding diacid; 

and (2) conversion of the resulting diacid (or diester) to the anhydride or imide. The chief 

limitation of this method stems not from the transformation of the isocyclic ring itself, but 

rather the constraints imposed by the nearly full complement of substituents at the β-pyrrolic 

positions of the naturally occurring macrocycles. To our knowledge there are no reports 

concerning the de novo synthesis of chlorin–imides.39 To fulfill the potential of chlorin–

imides in applications as diverse as solar energy conversion, PDT, and fluorescence 

bioimaging requires the ability to tailor the macrocycle at will without constraints imposed 

by the substituents present in the parent chlorophyll structure. 

This chapter describes a de novo synthesis of chlorin–imides. The synthetic route 

builds from the strategies that the Lindsey group developed over the years for the de novo 

synthesis40–42 of chlorins and their subsequent elaboration.43–46 The chlorins bear a geminal 

dimethyl group in the pyrroline ring to stabilize the macrocycle toward adventitious 

dehydrogenation. The new synthetic route entails the Pd-mediated derivatization of 13-

bromochlorins to introduce the methoxycarbonyl or carbamoyl group, (2) regioselective 15-

bromination of the resulting 13-substituted chlorins, and (3) a one-flask Pd-mediated 

carbonylation followed by ring closure. The resulting chlorin–imides bear 0 or 1 β-pyrrolic 

substituents and hence constitute sparsely substituted analogues of the naturally derived 

“purpurinimides” described above. This simple route to tailorable chlorin–imides should 

allow systematic studies of their fundamental spectroscopic and photochemical properties. 

(Contributions to the results presented in this chapter were made by Marcin Ptaszek, 

Dorothée Lahaye and Chinnasamy Muthiah). 
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Results and Discussion 

I. Retrosynthetic Analysis. A retrosynthetic approach to chlorin-13,15-

dicarboximides is outlined in Scheme 7.2. The route to 3,13-disubstituted chlorins relies on 

known reaction of Western and Eastern halves.42 Very recently the Lindsey group also 

developed a method for regioselective 15-bromination of the chlorin.46 Thus, the key issues 

for extension of established routes to the chlorin–imides concern the nature and order of the 

carbonylative reactions at the 13- and 15-positions. Previous studies by our group intended to 

prepare the chlorin bearing alkoxycarbonyl substituents at both the 13- and 15-positions of 

the macrocycle, and build the six-membered imide ring from the corresponding diacid 

following saponification of the ester groups. Eventually, a one-flask Pd-catalyzed 

carbonylation of the 13-carbamoyl/15-bromo-substituted chlorin to form the imide ring was 

employed. The latter approach proved to be more efficient and afforded the expected product 

in fewer steps. 

II. Synthesis. A. Alkoxycarbonylation of Chlorins. One starting chlorin contains 

the 18,18-dimethyl group, a 10-mesityl group, and a 13-bromo group; this chlorin is denoted 

FbC-M10Br13. A second chlorin contains in addition a 3-bromo substituent and is denoted 

FbC-M10Br3,13. Streamlined methods42,47 were applied to gain access to substantial quantities 

of the known46 bromo-chlorin FbC-M10Br13 (in 38% yield from 1.0 mmol of THDP48 and 

Eastern Half43) and the new dibromochlorin FbC-M10Br3,13 (in 25% yield from 0.5 mmol of 

THDP-Br49 and Eastern Half). The starting 3-bromo or 3,13-dibromo-substituted chlorin 

was subjected to Pd-mediated carbonylation using CO and Pd(PPh3)4 in DMF/toluene 

followed by addition of NaOMe to give the corresponding 3-methoxycarbonyl or 3,13-
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bis(methoxycarbonyl)chlorin (Scheme 7.3). In this manner, chlorin-13-monoester FbC-

M10Es13 and chlorin-3,13-diester FbC-M10Es3,13 were obtained in 66% and 83% yield, 

respectively. 
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Scheme 7.2 Retrosynthetic Analysis of Stable Synthetic Chlorin-Imides. 
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Prior studies of the regioselectivity of bromination of chlorins showed an overlay of 

steric effects of substituents at specific sites on the intrinsic electronic reactivity of the 

chlorin.46 Thus, under neutral conditions, 13-unsubstituted chlorins undergo bromination 

regioselectively at the 15-position, whereas 10,13-substituted chlorins undergo bromination 

preferentially at the 7-position. On the other hand, acidic conditions suppress reaction at the 

7-position, and the 10,13-substituted chlorin undergoes bromination regioselectively at the 

15-position.46 Such studies were performed with chlorins bearing 13-acetyl or 13-bromo 

substituents. Here, treatment of 13-ester-substituted chlorins FbC-M10Es13 and FbC-

M10Es3,13 with NBS in acidified CH2Cl2 also afforded regioselective 15-bromination to give 

FbC-M10Es13Br15 (78%) and FbC-M10Es3,13Br15 (72%) (Scheme 7.3). 
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Scheme 7.3. Formation of Methoxycarbonyl Chlorins and Regioselective 15-Bromination. 

 

One-flask palladium-catalyzed reactions that form cyclic imides from the 

corresponding haloesters,50–52 dibromo compounds53,54 or even monoesters55 have been 

described. Initially, this general approach to install the six-membered imide ring was 

investigated. Thus, formation of the imide ring was attempted by reaction of FbC-
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M10Es13Br15 with CO and benzylamine (or propylamine) under various conditions [e.g., 

Pd(PPh3)4 in toluene/DMF; Pd(OAc)2/Xantphos/Et3N in toluene; Pd(OAc)2/PPh3/Cs2CO3 in 

toluene]. This approach proved to be fruitful in certain cases (see below). Attempts at a one-

flask installation of the imide ring on dibromochlorin46 FbC-M10Br13,15 were unsuccessful. 

Accordingly, other approaches for installing the imide ring on 3-unsubstituted chlorins were 

pursued, as described in the next sections. 

B. Chlorin–Diester and Chlorin–Anhydride Formation. The chlorin-13,15-diester 

FbC-M10Es13,15 was sought as an intermediate to introduce the imide unit. After 

investigation of a number of conditions, the reaction of mono-bromo/mono-ester chlorin 

FbC-M10Es13Br15 with CO in THF/MeOH containing Pd(PPh3)4 and K2CO3 afforded the 

desired diester FbC-M10Es13,15 (Scheme 7.4). Efforts to hydrolyze both methoxycarbonyl 

groups were unsuccessful. Although the stepwise route to the chlorin–diester FbC-M10Es13,15 

did not provide a viable route to the chlorin–imide, the chlorin–diester FbC-M10Es13,15 was 

quite attractive for spectroscopic examination. 

The chlorin-13,15-dicarboxylic anhydride also was pursued. Thus, mono-ester chlorin 

FbC-Es13Br15 was subjected to carbonylation with CO in the presence of a stoichiometric 

amount of Pd(PPh3)4 in DMF/toluene. Subsequent treatment of the resulting acylpalladium 

intermediate with aqueous NaOH afforded chlorin–anhydride FbC-M10An in 21% yield 

(Scheme 7.4). Alternatively the chlorin–anhydride FbC-M10An was obtained in 10% yield 

along with the debrominated starting material (66%) using CO, a stoichiometric amount of 

Pd(PPh3)4, Cs2CO3, and H2O (2 equiv) in THF. The chlorin–anhydride FbC-M10An provides 

a valuable benchmark for spectroscopic comparison with the previously described anhydride 
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(i.e., purpurin-18) derived from chlorophyll a. However, with the goal of forming the 

corresponding chlorin–imides, a more direct approach for installing the imide ring was 

pursued. Thus the corresponding 13-carbamoyl substituted chlorins rather than 13-ester 

substituents were investigated. 

 

FbC-M10Es13Br15

N HN

NNH

CO2MeBr

(1) CO, Pd(PPh3)4 (1 mol equiv)
      DMF/toluene (1:1), 2 h
(2) NaOH, H2O

N HN

NNH

OO O

21%

FbC-M10An

N HN

NNH

CO2MeMeO2C

FbC-M10Es13,15

CO, Pd(PPh3)4 (20 mol %)
THF/MeOH (1:1), K2CO3, 24 h

73%

 

Scheme 7.4 Synthesis of FbC-M10An and FbC-M10Es13,15. 
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C. Carbamoylation of Chlorins. The starting 3-bromo or 3,13-dibromo substituted 

chlorin also was subjected to Pd-mediated reaction in the presence of CO and a primary 

amine to introduce the carbamoyl unit. Recently, the Lindsey group employed analogous 

palladium-catalyzed carbamoylation to tailor the perimeter of synthetic bacteriochlorins.56 

This method requires a stoichiometric amount of palladium. Upon application to the chlorins 

here, satisfactory results were obtained in some cases, but in other cases double 

carbonylation (yielding an oxalamide moiety) as well as multiple products were observed. 

For example, treatment of the 13-bromochlorin FbC-M10Br13 to the Pd-mediated 

carbonylation conditions in the absence of an amine followed by propylamine afforded the 

double-carbonylated, oxalamide-substituted chlorin FbC-M10(COCmPr)13 in 38% yield 

(equation 7.1). While this result illustrates the richness of this chemistry, the requirement for 

a stoichiometric amount of palladium catalyst was a significant drawback; therefore, different 

conditions for the carbamoylation process were explored. 

 

N HN

NNH

O

FbC-M10(COCmPr)13

N

O

H

FbC-M10Br13

(1) CO, Pd(PPh3)4

     100 °C, 3 h

(2) propylamine
     60 °C

(eq 7.1)

 

 

Numerous conditions and catalytic systems have been reported for Pd-catalyzed 

alkoxycarbonylation or carbamoylation,57–59 although few are applicable for a low 
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(atmospheric) pressure of CO. In addition, Pd-mediated coupling reactions with tetrapyrrole 

macrocycles typically are carried out in quite dilute solution.60,61 Modified Buchwald 

conditions50 [CO balloon pressure, Pd(OAc)2 (15–30 mol%), Xantphos (15–30 mol%), Et3N 

or Cs2CO3 (3-6 mol equiv), and 2–4 equiv of amine in toluene] proved to be successful. 

Thus, the reaction of FbC-M10Br13 or FbC-M10Br3,13 with benzylamine gave the 

corresponding 3-N-benzylcarbamoylchlorin FbC-M10(CmBn)13 or 3,13-bis(N-

benzylcarbamoyl)chlorin FbC-M10(CmBn)3,13 in 84% or 58% yield, respectively (Scheme 

7.5). Similarly, the reaction of FbC-M10Br13 with aniline gave FbC-M10(CmPh)13 in 64% 

yield. The reaction of FbC-M10Br3,13 with aniline under similar conditions resulted in a low 

yield (25%), whereas the reaction in toluene/DMF (1:1) gave FbC-M10(CmPh)3,13 in 44% 

yield. In each case, examination of the reaction course (TLC and UV-vis) revealed the 

formation and subsequent disappearance of unknown intermediates, and the reaction mixture 

typically contained a small amount of unidentified byproducts. Regardless, the target chlorins 

were obtained in reasonable yield and in satisfactory purity. 

The four 13-carbamoylchlorins were subjected to bromination under acidic 

conditions,46 which suppress bromination in ring B and thereby direct bromination to the 15-

position (Scheme 7.5). Thus, treatment of the chlorin with one equiv of NBS in CH2Cl2/TFA 

solution afforded the corresponding 15-bromochlorin in satisfactory yield, together with a 

small amount of dibromo- or monobromo side products. In each case the product was easily 

purified upon column chromatography. 
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N HN

NNH

R3

Br

FbC-M10Br13     R3 = H

FbC-M10Br3,13   R3 = Br

CO, Pd(OAc)2
Xantphos, base, RNH2 
80 °C

N HN

NNH

R3

O NHR

NBS
CH2Cl2/TFA (10:1)

FbC-M10(CmBn)13Br15     

   R3 = H, R = Bn;  72 %

FbC-M10(CmPh)13Br15     

   R3 = H, R = Ph;  61%

FbC-M10(CmBn)3,13Br15   

   R3 = CONHBn, R = Bn;  71%

FbC-M10(CmPh)3,13Br15   

   R3 = CONHPh, R = Ph;  74%

N HN

NNH

R3

O NHR
Br

FbC-M10(CmBn)13     

   R3 = H, R = Bn;  84%

FbC-M10(CmPh)13     

   R3 = H, R = Ph;  64%

FbC-M10(CmBn)3,13   

   R3 = CONHBn, R = Bn;  58%

FbC-M10(CmPh)3,13   

   R3 = CONHPh, R = Ph; 44%

 

Scheme 7.5. Carbamoylation and Regioselective 15-Bromination of Chlorins. 

 

D. Ring Closure. The four chlorins bearing 13-carbamoyl and 15-bromo substituents 

were subjected to a Pd-mediated domino carbonylation-intramolecular amidation reaction. 

Thus, the reaction of FbC-M10(CmBn)13Br15 with CO in the presence of a stoichiometric 

amount of Pd(PPh3)4 in DMF/toluene (1:1) afforded chlorin–imide FbC-M10I-Bn in 50% 

yield, together with the corresponding debrominated starting material FbC-M10(CmBn)13 

also in 50% yield (Table 7.1, entry 1). However, the same reaction of FbC-

M10(CmBn)13Br15 in toluene alone but with Cs2CO3 afforded the chlorin–isoimide FbC-
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M10Iso-Bn as the major product with only trace amounts of the desired chlorin–imide FbC-

M10I-Bn (entry 2). Similarly, treatment of FbC-M10(CmPh)13Br15 with CO in the presence 

of a stoichiometric amount of Pd(PPh3)4 in toluene afforded chlorin–isoimide FbC-M10Iso-

Ph in 59% yield (entry 3), together with a trace amount of the desired chlorin–imide FbC-

M10I-Ph. In contrast, use of a catalytic amount of Pd(PPh3)4 afforded chiefly the desired 

chlorin–imide without observable amounts of the chlorin–isoimide (entry 4). The reaction of 

3,13-bis(carbamoyl)chlorin FbC-M10(CmBn)3,13Br15 in the presence of a stoichiometric 

amount of Pd(PPh3)4 in toluene afforded both the desired chlorin–imide (32%) and the 

chorin–isoimide (26%) (entry 5). However, the same conditions applied to 3,13-

bis(carbamoyl)chlorin FbC-M10(CmPh)3,13Br15 afforded the chlorin–imide as the only 

observable product in 72% yield (entry 6). Finally, in some cases, particularly with 

stoichiometric amounts of the palladium reagent, the crude reaction mixture showed trace 

amounts of palladium chelated chlorin (upon LD-MS analysis), which could be separated 

from the free base chlorins by column chromatography and was not further analyzed.
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Table 7.1. Carbonylation-Intramolecular Amidation to Give Chlorin–Imides and/or Chlorin–Isoimides. 

N HN

NNH

R3

O NHR
Br

N HN

NNH

NO O

R3

R

N HN

NNH

OO NR

R3

and/or

CO

Pd(PPh3)4

see table

Starting material chlorin-imide chlorin-isoimide  
   Reaction Products (% Yield) 

Entry Starting Material Reaction 
Conditionsa Chlorin–imide Chlorin–isoimide Other 

1 FbC-M10(CmBn)13Br15 

(R3 = H, R = Bn) A FbC-M10I-Bn 
50% –b FbC-M10(CmBn)13 

50%c 

2 FbC-M10(CmBn)13Br15 

(R3 = H, R = Bn) B FbC-M10I-Bn 
Trace 

FbC-M10Iso-Bn 
55% –b 

3 FbC-M10(CmPh)13Br15 

(R3 = H, R = Ph) B FbC-M10I-Ph 
Trace 

FbC-M10Iso-Ph 
59% –b 

4 FbC-M10(CmPh)13Br15 

(R3 = H, R = Ph) C FbC-M10I-Ph 
45% –b FbC-M10(CmPh)13 

Tracec,d 

5 FbC-M10(CmBn)3,13Br15 

(R3 = CONHBn, R = Bn) B FbC-(CmBn)3M10I-Bn 
32% 

FbC-(CmBn)3M10Iso-Bn 
26% –b 

6 FbC-M10(CmPh)3,13Br15 

(R3 = CONHPh, R = Bn) B FbC-(CmBn)3M10I-Ph 
72% –b –b 

aReaction Conditions: (A) Pd(PPh3)4 (1 equiv), CO, toluene/DMF (1:1), no base. (B) Pd(PPh3)4 (1 equiv), CO, toluene, Cs2CO3 (3 
equiv). (C) Pd(PPh3)4 (20% mole), CO, toluene, Cs2CO3 (3 equiv). bNot observed. cDebrominated starting material. dA trace of 
unreacted starting material also was observed. 
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In summary, the Pd-mediated carbonylative ring closure tends to afford a mixture of 

the chlorin–imide and chlorin–isoimide in unpredictable ratio. While methods for the 

conversion of isoimides into imides are known,33,62 most employ strong base. One attempt to 

convert the chlorin–isoimide FbC-(CmBn)3M10Iso-Bn into the corresponding chlorin–imide 

FbC-(CmBn)3M10Iso-Bn via C–N rearrrangement upon refluxing in toluene did not result in 

any noticeable isomerization. The formation of the 6-membered isoimide ring apparently 

stems from nucleophilic attack of the carbonyl oxygen on the intermediate acyl-palladium 

species. Such transformations are precedented in palladium-catalyzed reactions as well as in 

reaction of carboxylic acid derivatives of chlorophylls with amines.21 Key spectral features 

for distinguishing the isomers are described below. 

E. Chlorin–Imide with a Distinct 3-Substituent. The aforementioned methods 

afford the chlorin–imide lacking a 3-substituent or bearing a 3-carbamoyl substituent. In the 

latter case, the 3-carbamoyl substituent is identical to that initially employed at the 13-

position to construct the imide ring. Here a chlorin–imide bearing a different auxochrome at 

the 3-position, namely a 3-methoxycarbonyl group was pursued. Thus, the 3,13-

bis(methoxycarbonyl)chlorin bearing a 15-bromo group (FbC-M10Es3,13Br15) was subjected 

to Pd-mediated carbamoylation with benzylamine in THF containing Pd(PPh3)4 and Cs2CO3. 

Under these conditions the corresponding chlorin–imide FbC-Es3M10I-Bn was obtained in 

57% yield (Scheme 7.6). Attempted imide formation with benzylamine using Pd(OAc)2, 1,3-

bis(diphenylphosphino)propane, and Cs2CO3 in toluene (or Pd(PPh3)4 and Et3N in 

DMF/toluene) resulted mainly in the corresponding debrominated starting material (FbC-

M10Es3,13). No chlorin–isoimide was observed. 



 201 

N HN

NNH

CO2Me

CO, Pd(PPh3)4, Cs2CO3
BnNH2, THF, 80 °C, 20 h

N HN

NNH

NO O

Br

FbC-Es3M10I-Bn

FbC-M10Es3,13Br15

OMeO

OMeO

57%

 

Scheme 7.6. Chlorin–Imide with a Distinct 3-Substituent. 

 

III. Characterization. The new chlorin–anhydride, chlorin–imides, and chlorin–

isoimides were characterized by 1H NMR (and some cases 13C NMR) spectroscopy, mass 

spectrometry (ESI-MS and/or LD-MS) and UV-vis absorption and emission spectroscopy. 

To obtain absolute proof of the putative chlorin–imide and chlorin–isoimide structures, a 

number of samples (including free base and zinc chelates) were examined under different 

conditions to obtain suitable crystals for X-ray analysis. X-ray crystal structures were 

obtained for the free base chlorin–isoimides FbC-M10Iso-Bn and FbC-M10Iso-Ph, and the 

zinc chelate chlorin–imide ZnC-M10I-Ph [obtained by the reaction of FbC-M10I-Ph with 
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Zn(OAc)2]. In each case the X-ray data supported the proposed structures for the chlorin–

imide and chlorin–isoimides as shown in Figure 7.1. The X-ray crystal structure of FbC-

M10Iso-Bn revealed Z stereochemistry of the isoimide moiety, as has been reported for other 

(non-chlorin) isoimides.63 A brief literature search showed that no prior single-crystal X-ray 

data to establish the structure of chlorin–imides versus chlorin–isoimides are reported. While 

X-ray characterization was unambiguous, a more accessible method for distinguishing the 

isomers was sought, as described in the next section. 

 
Figure 7.1. X-ray structures of ZnC-M10I-Ph (A), FbC-M10Iso-Bn (B) and FbC-M10Iso-Ph 
(C). Ellipsoids are at the 50% probability level and nitrogen bound hydrogen atoms were 
drawn with arbitrary radii while all other hydrogen atoms were omitted for clarity. 
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A. Chlorin–Imide versus Chlorin–Isoimide. Three pairs of isomers (chlorin–imide 

and chlorin–isoimide) were examined to identify simple means of spectroscopic distinction 

(Chart 7.1). The UV-Vis absorption spectra of the three pairs of isomers are shown in Figure 

7.2. The long wavelength Qy absorption band of the chlorin–imides (blue) and the chlorin–

isoimides (magenta) vary only slightly for a given pair of isomers. However, the ratio of the 

peak intensity of the Qy and the B band maximum (IQy/IB) is greater for the chlorin–isoimides 

(0.61–0.68) versus that of the chlorin–imides (0.43–0.56). Such a distinction, while 

apparently consistent, is insufficient for reliable structural identification. Attempts to 

differentiate between the chlorin–imide FbC-M10I-Bn and the chlorin–isoimide FbC-

M10Iso-Bn using IR spectroscopy was inconclusive, as the spectra were quite complex and 

there were no sharp distinctions in the IR spectra of the two compounds (Figure 7.3). 

The chlorin–imide and chlorin–isoimide isomeric pairs exhibited quite similar 1H 

NMR spectra; however, one key distinction was evident in each pair examined: the chemical 

shifts of the two pyrrolic N-H protons for the chlorin–imide resonate further downfield (δ = 

0.58 to 0.08 ppm) compared to those of the corresponding chlorin–isoimide (0.07 to –0.41 

ppm). The 1H NMR spectra of pyrrolic N-H protons for FbCM10I-Bn (A) and FbC-M10Iso-

Bn (B) are shown in Figure 7.4. 

In summary, the most accessible operational means of distinguishing chlorin–imide 

and chlorin–isoimide isomers appears to be the difference in chemical shifts of the 

resonances due to the pyrrolic N-H protons. In the case of the N-benzyl isomers, the chemical 

shift of the benzylic –CH2– protons provides a further distinction: the resonance occurs at 

∼5.6 ppm for the chlorin–imides FbC-M10I-Bn and FbC-(CmBn)3M10I-Bn versus ∼5.2 ppm 
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for the corresponding chlorin–isoimides FbC-M10Iso-Bn and FbC-(CmBn)3M10Iso-Bn. On 

the other hand, other regions of the 1H NMR spectra, as well as the 13C NMR spectra vary 

only slightly and inconsistently for the corresponding pairs of isomers, and thus do not 

provide diagnostic tools for their distinction. 

 

N HN

NNH

Mes

NO O

N HN

NNH

Mes

NO O

N HN

NNH

Mes

OO N

N HN

NNH

Mes

OO N

Ph Ph

Ph Ph

O
HN

Ph

O
HN

Ph

FbC-M10I-Bn FbC-M10Iso-Bn

N HN

NNH

Mes

NO O

Ph

N HN

NNH

Mes

OO N

Ph

FbC-M10I-Ph FbC-M10Iso-Ph

FbC-(CmBn)3M10I-Bn FbC-(CmBn)3M10Iso-Bn

chlorin–imides chlorin–isoimides

 

Chart 7.1. Chlorin–Imide and Chlorin–Isoimide Isomeric Pairs. 
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Figure 7.2. Absorption spectral features of chlorin–imides versus chlorin–isoimides (in 
toluene at room temperature, normalized at the B bands). (A) FbC-M10I-Bn (blue), FbC-
M10Iso-Bn (magenta). (B) FbC-M10I-Ph (blue), FbC-M10Iso-Ph (magenta). (C) FbC-
(CmBn)3M10I-Bn (blue), FbC-(CmBn)3M10Iso-Bn (magenta). 
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Figure 7.3. Comparison of IR spectral features of FbC-M10I-Bn (blue) and FbC-M10Iso-Bn 
(magenta). 
 

 
Figure 7.4. Comparison of 1H NMR spectra of pyrrolic N-H protons for FbC-M10I-Bn (A) 
and FbC-M10Iso-Bn (B). 
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In other words, the chemical shift of the pyrrolic N-H protons for the chlorin–imides 

is not shifted upfield to the extent typical of chlorins. Typically, the pyrrolic N-H chemical 

shifts for synthetic chlorins without an exocyclic ring range from –2.0 to –1.0 ppm with a 

separation (Δδ) of the two resonances for the distinct N-H protons (for all chlorins where 

substituents give rise to CS symmetry) ranging from 0–0.4 ppm. For comparison, the 

chemical shifts for the two pyrrolic N-H protons of the 131-oxophorbine FbOP-M10 (a 

synthetic chlorin containing a 5-membered isocyclic ring spanning positions 13 and 15, vide 

infra) are quite far apart (–1.41 and 1.13 ppm; Δδ = 2.54 ppm). The results demonstrate the 

effect of a given exocyclic ring spanning positions 13 and 15 on the ring current of the 

chlorin macrocycle. The chemical shifts and differences in chemical shifts for the pyrrolic 

NH protons of the chlorin–imides, chlorin–isoimides, non-brominated precursors, and the 

previously reported 131-oxophorbine FbOP-M10 are listed in Table 7.2. 

A literature search did not provide any precedence for such a direct comparison of 

chlorin–imide and chlorin–isoimide isomers. However, a similar downfield shift of the 

resonance of the N-H protons was reported for a bacteriochlorin–imide versus that of the 

bacteriochlorin–isoimide,33 as well as for a porphyrin–imide versus that of the corresponding 

porphyrin–isoimide.64 (1H NMR spectroscopy has also been used to assign the structures of 

two bacteriochlorin–isoimide isomers.33) In general, naturally derived chlorin–imides have 

been reported to show chemical shifts for the two N-H protons in the range of –0.69 to 1.04 

ppm.12,15–17,21–23,25,26 For the most part, the Δδ of the resonances for the two N-H protons in a 

given chlorin–imide was <~0.2 ppm (and in some cases only a single peak was 

noted15,17,21,22,25,26). 
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Table 7.2. Comparison of Pyrrolic N-H 1H NMR Chemical Shifts of Chlorin Derivatives. 

Compound 
Pyrrolic NH 
δ (ppm)  Δδ (ppm) 

Chlorin precursors     
FbC-M10(CmBn)13  –1.74, –1.44  0.30 
FbC-M10(CmPh)13  –1.67, –1.35  0.32 
FbC-M10(CmBn)3,13  –1.42  0 
FbC-M10(CmPh)3,13  –1.48  0 

     
Chlorin–imides     

FbC-M10I-Bn  0.08, 0.43  0.35 
FbC-M10I-Ph  0.15, 0.58  0.43 
FbC-(CmBn)3M10I-Bn  0.09, 0.29  0.20 
FbC-(CmBn)3M10I-Ph  0.19, 0.42  0.23 

     
Chlorin–isoimides     

FbC-M10Iso-Bn  –0.55, –0.12  0.43 
FbC-M10Iso-Ph  –0.41, 0.07  0.48 
FbC-(CmBn)3M10Iso-Bn  –0.41, –0.15  0.26 

     
131-oxophorbine     

FbOP-M10  –1.41, 1.13  2.54 
All spectra were obtained in CDCl3. 

B. Absorption Spectral Properties. The chlorin–imides exhibit many absorption 

spectral features typical of chlorins, with strong absorption in the blue region (B band) and a 

moderately strong long-wavelength absorption band (Qy band) in the red region. The long-

wavelength absorption band is relatively sharp with a full-width-at-half-maximum (fwhm) of 

15–18 nm. The emission spectra of this class of compounds mirror the long-wavelength 

absorption band, with a narrow Qy(0,0) band (fwhm 17–18 nm) and a comparatively weak 

Qy(0,1) transition. The Stokes shifts range from 5 to 8 nm. The sharp absorption band renders 

these compounds well suited for use in energy-transfer cascades,65 where a series of 
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chromophores with distinct energy levels can be constructed, or polychromatic flow 

cytometry,66 where a palette of spectrally distinct absorbers is desired. A key requirement for 

such applications is the ability to tune the position of the long-wavelength absorption band in 

a systematic manner. Here we first consider the spectral effects caused by placement of 

various carbonyl substituents at the 3- and/or 13-positions of the chlorin, and then consider 

the spectra of chlorins bearing various exocyclic rings. The 13-acetylchlorin46 FbC-M10A13, 

3,13-diacetylchlorin67 FbC-M10A3,13, and 131-oxophorbine46 FbOP-M10 are included for 

comparison. 

N HN

NNH

R3

FbC-M10A13     R3 = H

FbC-M10A3,13   R3 = Ac

N HN

NNH

O

FbOP-M10

O

 

1. Effects of Carbonyl Substituents. The spectral properties of the 13- and 3,13-

substituted chlorins are listed in Table 7.3. Several comparisons concerning the effects of 

various carbonyl substituents at the 13- or 3,13-positions of the chlorins are as follows: (1) 

The introduction of a carbonyl substituent at the 13-position results in a bathochromic shift of 

the Qy band, which increased in the series carbamide < ester < ketone < oxalamide (Figure 

7.5A). The bathochromic shift is accompanied by a relative increase of the peak intensity of 

the Qy versus B band ratio (IQy/IB). (2) Substitution at the 3-position causes an increase in the 

IQy/IB ratio for the same substituents. (3) The installation of substituents at the 3-position 

causes an additional bathochromic shift of 390, 542 or 618 cm–1 for the carbamide, ester or 
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ketone, respectively. (4) The magnitude of the bathochromic shift reflects the electron-

withdrawing ability of the group attached to the carbonyl moiety in substituents at the 13-

position (amino < alkoxy < alkyl < carbamide). 

 

Table 7.3. Absorption and Emission Spectral Properties of Chlorins with 3- and/or 13-
Substituents.a 

Compound  λQy(0,0) (fwhm)/nm  IQy/IB  λem (fwhm)/nm 

FbC-M10A13  659 (12)  0.50  662 
FbC-M10Es13  653 (11)  0.51  656 
FbC-M10(CmBn)13  652 (13)  0.46  656 
FbC-M10(CmPh)13  654 (14)  0.48  658 
FbC-M10(COCmPr)13  671 (19)  0.61  677 
FbC-M10A3,13  687 (16)  0.76  693 
FbC-M10Es3,13  677 (14)  0.77  681 
FbC-M10(CmBn)3,13  669 (18)  0.55  675 
FbC-M10(CmPh)3,13  673 (21)  0.59  681 

aIn toluene at room temperature. 
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Figure 7.5. Absorption spectra of chlorins (in toluene at room temperature, normalized at the 
B bands). (A) Comparison of 3- and 3,13-substituted chlorins: FbC-M10(CmBn)13 (black, a), 
FbC-M10Es13 (magenta, b), FbC-M10(CmBn)3,13 (blue, c), FbC-M10(COCmPr)13 (orange, 
d), and FbC-M10Es13,15 (green, e). (B) Comparison of carbonyl-substituted chlorins: 
monoester-chlorin FbC-M10Es13 (blue, a), diester-chlorin FbC-M10Es13,15 (magenta, b), and 
chlorin–anhydride FbC-M10An (green, c). 
 
 

The introduction of an ester substituent at the 15-position (FbC-M10Es13,15) has a 

negligible effect (bathochromic shift of only 70 cm–1) on the position of the Qy band versus 

the corresponding 15-unsubstituted chlorin FbC-M10Es13, but does significantly diminish the 
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relative intensity of the Qy band (Figure 7.5B). On the other hand, ring closure to give the 

chlorin–anhydride FbC-M10An causes a significant bathochromic shift (538 cm–1) versus the 

corresponding chlorin–diester FbC-M10Es13,15. This observation illustrates the effect of the 

spatial arrangement and electron-withdrawing features of the carbonyl groups at the 13- and 

15-positions in determining the spectroscopic properties of the chlorin. 

2. Nature of the Exocyclic Ring. The availability of the chlorin-anhydride, chlorin–

imides, and chlorin–isoimides enables a systematic comparison of the effects of various 

exocyclic rings on the position of the long-wavelength absorption band. The spectral 

properties of FbC-M10An and three pairs of chlorin–imides and chlorin–isoimides are listed 

in Table 7.4 and the absorption and emission spectra are shown in Figures 7.6 and 7.7. A set 

of compounds with common substituents (10-mesityl and a geminal dimethyl group in the 

pyrroline ring) but with various exocyclic rings includes the oxophorbine (656 nm), chlorin–

anhydride (680 nm), N-phenyl chlorin–imide (685 nm), and N-phenyl chlorin–isoimide (687 

nm). Thus, the presence of the imide or isoimide ring causes a substantial bathochromic shift 

versus that of the oxophorbine. It is noteworthy that N-hydroxy chlorin–imides (derivatives 

of chlorophylls) have been reported to give a further ~9-nm bathochromic shift versus the N-

H analogue.68 
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Table 7.4. Absorption and Emission Spectral Properties of Chlorins Bearing Various 
Exocyclic Rings.a 

Compound  λQy(0,0) (fwhm)/nm  IQy/IB  λem (fwhm)/nm 

FbOP-M10  656 (11)  0.63  660 (12) 
FbC-M10Iso-Bn  679 (13)  0.61  683 (15) 
FbC-M10An  680 (15)  0.49  685 (17) 
FbC-M10I-Ph  685 (14)  0.44  690 (17) 
FbC-M10I-Bn  686 (15)  0.43  691 (16) 
FbC-M10Iso-Ph  687 (17)  0.65  693 (17) 
FbC-(CmBn)3M10Iso-Bn  699 (18)  0.67  705 (17) 
FbC-(CmBn)3M10I-Bn  708 (19)  0.56  713 (19) 
FbC-(CmPh)3M10I-Ph  709 (19)  0.60  716 (19) 
FbC-Es3M10I-Bn  715 (17)  0.69  720 (18) 
aIn toluene at room temperature. 

 

 
Figure 7.6. Absorption spectra of chlorins bearing various exocyclic rings (in toluene at 
room temperature). The labels and the colors are as follows: 131-oxophorbine FbOP-M10 
(orange, a); chlorin–anhydride FbC-M10An (magenta, b); chlorin–imides FbC-M10I-Bn 
(black, c), FbC-(CmBn)3M10I-Bn (blue, d), and FbC-Es3M10I-Bn (green, e). 
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Figure 7.7. Emission spectra (in toluene at room temperature) of free base chlorin–anhydride 
FbC-M10An (magenta, a), and chlorin–imides FbC-M10I-Bn (black, b), FbC-(CmBn)3M10I-
Bn (blue, c), and FbC-Es3M10I-Bn (green, d). 
 
 

Outlook. The position of the long-wavelength absorption band of a photochemically 

active species is of utmost importance, defining not only a spectral region where absorption 

occurs but also the energy level of the initially formed excited state. In this regard, the 

chlorin–imides and chlorin–isoimides fill a crucial window in the far-red/near-infrared 

spectral region. Prior studies with synthetic chlorins have shown that the position of the long-

wavelength Qy absorption band could be shifted from 603 nm (for the zinc complex of the 

chlorin lacking any β-pyrrolic or meso substituents)42 to 687 nm (for FbC-M10A3,13).67 By 

varying the number and position of substituents at perimeter of the synthetic chlorins, the 

absorption spectral properties could be tuned within that spectral region with few-nanometer 

precision.43,47,67,69–73 Although the presence of the isocyclic ring (e.g., FbOP-M10, λQy(0,0) = 

656 nm) afforded a substantial bathochromic shift relative to the unsubstituted chlorin,46 

investigation of a wide variety of substituents has not yet revealed design strategies for 

pushing the Qy absorption band further toward the near-infrared region. 
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On the other hand, the position of the long-wavelength absorption band in synthetic 

bacteriochlorins ranges from 717 nm for the bacteriochlorin HBC-H lacking any β-pyrrolic 

or meso substituents74 to 785–792 nm for 3,13-bis(chalcone)-substituted bacteriochlorin 

analogues thereof.73 As with chlorins, the presence of a variety of auxochromes at the β-

pyrrolic (2,3,12,13) or 5,15 (meso) positions enable tuning of the Qy band with few-

nanometer precision within this spectral region.56,73,74–77 Recently, the introduction of 

methoxy substituents at the 5- and 15-positions (BC-OMe5,15) was found to cause a 

hypsochromic shift of the Qy band, giving absorption at 707 nm.78 

N HN

NNH

OMe

OMe

BC-OMe5,15

2

3 5

12

1315

N HN

NNH

HBC-H  

Thus, the present spectral region that is accessible via de novo synthesized 

bacteriochlorins is 707–792 nm. The spectral region left untouched by prior chlorins or 

bacteriochlorins (687–707 nm) is nicely matched by the chlorin–(iso)imides, which absorb 

strongly in the region 686–715 nm. Thus, the chlorin–(iso)imides fill a spectral window 

between that of simple chlorins and bacteriochlorins (Figure 7.8). In this regard, a series of 

synthetic tetrapyrrole pigments is now available that affords tunable absorption spanning the 

red and near-infrared region from 600–800 nm. 
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Figure 7.8. Comparison of Qy region absorption bands of chlorins, chlorin–(iso)imides, and 
bacteriochlorins. The chlorin–(iso)imides fill a spectral window defined by chlorins and 
bacteriochlorins. The colors and labels are as follows: chlorin–anhydride FbC-M10An 
(orange, a); chlorin–(iso)imides FbC-M10I-Bn (magenta, b), FbC-(CmBn)3M10Iso-Bn 
(black, c), FbC-(CmBn)3M10I-Bn (blue, d), and FbC-Es3M10I-Bn (green, e). Spectra are in 
toluene at room temperature. 
 
 
Experimental Section 

Streamlined Synthesis of 13-Bromo-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (FbC-M10Br13). A mixture of 2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin 

(THDP, 0.19 g, 1.0 mmol) and 8,9-dibromo-1-formyl-5-mesityldipyrromethane (0.42 g, 0.93 

mmol) in CH2Cl2 (30 mL) was treated with a solution of TsOH·H2O (0.95 g, 5.0 mmol) in 

MeOH (10 mL). The resulting mixture was stirred at room temperature for 30 min. A sample 

of 2,2,6,6-tetramethylpiperidine (5.0 mL, 29 mmol) was added, and the reaction mixture was 

concentrated. The resulting yellow-red solid was suspended in CH3CN (100 mL), to which 

samples of 2,2,6,6-tetramethylpiperidine (5.1 mL, 30 mmol), anhydrous Zn(OAc)2 (2.75 g, 

15.0 mmol) and AgOTf (0.771 g, 3.00 mmol) were added. The resulting mixture was 
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refluxed for 18 h exposed to air, and then concentrated and filtered through silica (CH2Cl2). 

Fractions containing chlorins were collected and concentrated. The resulting blue-green solid 

was dissolved in CH2Cl2 (10 mL), treated with TFA (0.875 mL, 11.4 mmol), and stirred for 4 

h. The reaction mixture was treated with saturated aqueous NaHCO3 and stirred vigorously 

for 5 min. The organic phase was separated, washed (water and brine), dried (Na2SO4) and 

concentrated. Column chromatography [silica, hexanes/CH2Cl2 (2:1)] afforded a green solid 

(0.19 g, 38%). The characterization data (1H NMR, absorption, LD-MS, FAB-MS) were 

consistent with those reported previously.46 

3,13-Dibromo-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin (FbC-

M10Br3,13). A mixture of 8-bromo-2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin (THDP-Br, 

0.134 g, 0.500 mmol) and Western Half (0.220 g, 0.500 mmol) in CH2Cl2 (15 mL) was 

treated with a solution of TsOH·H2O (0.475 g, 2.5 mmol) in methanol (5 mL). The resulting 

mixture was stirred at room temperature for 30 min, treated with 2,2,6,6-

tetramethylpiperidine (2.5 mL, 14 mmol), and concentrated. The resulting solid was 

suspended in CH3CN (50 mL), to which samples of 2,2,6,6-tetramethylpiperidine (2.5 mL, 

14 mmol), anhydrous Zn(OAc)2 (1.35 g, 7.50 mmol), and AgOTf (0.385 g, 1.50 mmol) were 

added. The resulting mixture was refluxed for 18 h exposed to air. The reaction mixture was 

concentrated and filtered through silica (CH2Cl2). Fractions containing chlorin were 

collected, concentrated and demetalated using TFA as described for FbC-M10Br13. Column 

chromatography [silica, hexanes/CH2Cl2 (1:1)] afforded a greenish solid (75.5 mg, 25%): 1H 

NMR δ –1.78 (brs, 2H), 1.85 (s, 6H), 2.04 (s, 6H), 2.61 (s, 3H), 4.63 (s, 2H), 7.25 (s, 2H), 

8.41 (d, J = 4.4 Hz, 1H), 8.63 (s, 1H), 8.75 (s, 1H), 8.90 (d, J = 4.4 Hz, 1H), 8.94 (s, 1H), 
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9.08 (s, 1H), 9.83 (s, 1H) (signal of one N-H proton is not visible); LD-MS obsd 614.0; FAB-

MS obsd 615.0759, calcd 615.0753 [(M + H)+, M = C31H28Br2N2]; λabs 399, 413, 504, 651 

nm. 

General Procedure for the Palladium-catalyzed Carbonylation. Unless noted 

otherwise, all palladium-catalyzed carbonylation reactions were carried out following the 

general procedure described below. The solid materials were placed in a Schlenk flask, and 

the flask was capped with a septum. The flask was evacuated, purged with argon (3 times), 

and subsequently evacuated and purged with carbon monoxide (3 times). The solvent was 

purged with argon (~30 min) and subsequently with carbon monoxide (~30 min). The 

required amount of solvent was then transferred via syringe to the reaction flask, following 

by any required liquid reagents. The reaction flask was placed in a preheated oil bath. For the 

reactions of duration less than ~2 h, a slow flow of carbon monoxide was maintained by a 

long needle (the end of which was placed ~2–3 mm above the solvent level) and a vented 

needle was also provided. For reactions of longer duration, a balloon of carbon monoxide 

was attached in a similar manner but without a vented needle. 

The workup procedure and purification entailed chromatography. In some cases the 

crude reaction mixture showed trace amounts of palladium chelated chlorin (upon LD-MS 

analysis), which could be separated from the free base chlorin target compound as a fast-

running component upon chromatography. In each case where a chlorin–imide and chlorin–

isoimide were observed, the former eluted prior to the latter. 
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CAUTION: Carbon monoxide is toxic. All handling of carbon monoxide should be 

carried out in a well vented fume hood. Use of carbon monoxide sensors in the laboratory 

workspace is advised. 

17,18-Dihydro-10-mesityl-13-methoxycarbonyl-18,18-dimethylporphyrin (FbC-

M10Es13). Samples of FbC-M10Br13 (41.0 mg, 0.0763 mmol) and Pd(PPh3)4 (88.1 mg, 

0.0763 mmol) were reacted in toluene/DMF [7.6 mL, (1:1)] for 2 h at 80 °C under an 

atmosphere of CO as described in the General Procedure. A sample of MeONa (0.14 mL, 

30% in MeOH, ~10 equiv) was added. The resulting deep-green mixture was allowed to cool 

to room temperature and poured into saturated aqueous NH4Cl. The resulting purple-brown 

mixture was extracted with CH2Cl2. The organic extract was washed (water and brine), dried 

(Na2SO4) and concentrated. Column chromatography afforded a trace of des-bromo chlorin 

(FbC-M10, first fraction, green) and the title compound (second fraction, violet-purple) as a 

violet solid (26.1 mg, 66%): 1H NMR δ –1.48 (brs, 1H), –1.18 (brs, 1H), 1.88 (s, 6H), 2.05 

(s, 6H), 2.64 (s, 3H), 4.24 (s, 3H), 4.63 (s, 2H), 7.28 (s, 2H), 8.43 (d, J = 4.4 Hz, 1H), 8.76 

(d, J = 4.4 Hz, 1H, partially overlapped), 8.77 (s, 1H, overlapped), 8.87 (d, J = 4.7 Hz, 1H), 

9.08 (s, 1H), 9.11 (d, J = 4.7 Hz, 1H), 9.59 (s, 1H), 10.02 (s, 1H); 13C NMR (75 MHz) δ 21.5, 

31.1, 46.9, 51.9, 52.2, 94.6, 96.6, 106.3, 121.6, 123.5, 125.3, 128.0, 129.5, 129.7, 130.9, 

132.7, 136.5, 137.6, 137.8, 138.0, 139.2, 142.8, 152.5, 153.8, 163.8, 166.4, 178.0; LD-MS 

obsd 516.3; ESI-MS obsd 517.2593, calcd 517.2598 [(M + H)+, M = C33H32N4O2]; λabs 367, 

405, 508, 653. 

17,18-Dihydro-10-mesityl-3,13-bis(methoxycarbonyl)-18,18-dimethylporphyrin 

(FbC-M10Es3,13). Samples of FbC-M10Br3,13 (123 mg, 0.200 mmol) and Pd(PPh3)4 (463 mg, 
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0.400 mmol) were reacted in DMF/toluene [20 mL, (1:1)] at 80 °C for 2 h under an 

atmosphere of CO as described in the General Procedure. After 2 h, excess NaOMe (216 mg, 

4.00 mmol) in MeOH (10 mL) was added to the reaction mixture. The latter was stirred at 80 

°C for 5 min before cooling to room temperature. A saturated aqueous solution of NH4Cl 

(100 mL) was added, and the mixture was extracted with CH2Cl2. The organic layer was 

separated, filtered through Celite (CH2Cl2), and concentrated. Column chromatography 

[silica, hexanes/CH2Cl2 (1:2)] afforded a purple solid (95 mg, 83%): 1H NMR δ –1.47 (brs, 

2H), 1.84 (s, 6H), 2.04 (s, 6H), 2.62 (s, 3H), 4.22 (s, 3H), 4.35 (s, 3H), 4.63 (s, 2H), 7.24 (s, 

2H), 8.40 (d, J = 4.4 Hz, 1H), 8.85 (s, 1H), 8.90 (d, J = 4.4 Hz, 1H), 9.10 (s, 1H), 9.43 (s, 

1H), 10.04 (s, 1H), 10.61 (s, 1H); ESI-MS obsd 575.2653, calcd 575.2653 [(M + H)+, M = 

C35H34N4O4]; λabs (CH2Cl2) 379, 413, 518, 550, 618, 675 nm. 

15-Bromo-17,18-dihydro-10-mesityl-13-methoxycarbonyl-18,18-

dimethylporphyrin (FbC-M10Es13Br15). A solution of FbC-M10Es13 (29.9 mg, 0.0579 

mmol) in CH2Cl2/TFA mixture [29 mL, (10:1)] was treated with NBS (0.580 mL, 0.10 M in 

CH2Cl2, 0.058 mmol). The deep-green mixture was stirred at room temperature for 30 min. 

Saturated aqueous NaHCO3 was slowly added, and the resulting mixture was stirred for 5 

min. The organic layer was separated, washed (water, brine), dried (Na2SO4) and 

concentrated. Column chromatography (silica, hexanes/CH2Cl2) afforded small amounts of 

unidentified chlorins (first fraction, pink; second fraction, purple) and the product (third 

fraction, purple), which upon concentration afforded a purple solid (27.0 mg, 78%): 1H NMR 

δ –1.40 (brs, 2H), 1.84 (s, 6H), 2.03 (s, 6H), 2.61 (s, 3H), 4.20 (s, 3H), 4.58 (s, 2H), 7.23 (s, 

2H), 8.39 (d, J = 4.4 Hz, 1H), 8.64 (s, 1H), 8.71 (s, 1H, overlapped), 8.72 (d, J = 4.4 Hz, 1H, 
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partially overlapped), 8.84 (d, J = 4.8 Hz, 1H), 9.08 (d, J = 4.8 Hz, 1H), 9.52 (s, 1H); LD-MS 

obsd 594.9, ESI-MS obsd 595.1706, calcd 595.1703 [(M + H)+, M = C33H31BrN4O2); λabs 

365, 405, 509, 535, 598, 649 nm. 

15-Bromo-17,18-dihydro-10-mesityl-3,13-bis(methoxycarbonyl)-18,18-

dimethylporphyrin (FbC-M10Es3,13Br15). A solution of FbC-M10Es3,13 (100 mg, 0.174 

mmol) in CH2Cl2/TFA [70 mL, (10:1)] was treated with NBS (1.74 mL, 0.10 M in CH2Cl2, 

0.174 mmol). The deep-green solution was stirred at room temperature for 1 h. Saturated 

aqueous NaHCO3 was slowly added, and the resulting mixture was stirred for 5 min. The 

organic layer was separated, dried (Na2SO4), and concentrated. Column chromatography 

(silica, CH2Cl2) afforded a purple solid (83 mg, 72%): 1H NMR δ –1.55 (brs, 2 H), 1.82 (s, 6 

H), 2.03 (s, 6 H), 2.59 (s, 3 H), 4.20 (s, 3 H), 4.33 (s, 3 H), 4.60 (s, 2 H), 7.23 (s, 2 H), 8.39 

(d, J = 4.4 Hz, 1 H), 8.70 (s, 1 H), 8.81 (s, 1 H), 8.86 (d, J = 4.4 Hz, 1 H), 9.41 (s, 1 H), 10.53 

(s, 1 H); ESI-MS obsd 653.1761, calcd 653.1763 [(M + H)+, M = C35H33BrN4O4]; λabs 

(CH2Cl2) 378, 414, 520, 551, 615, 671 nm. 

17,18-Dihydro-10-mesityl-18,18-dimethylporphyrin-13,15-dicarboxylic 

anhydride (FbC-M10An). Samples of FbC-M10Es13Br15 (16.4 mg, 0.0275 mmol) and 

Pd(PPh3)4 (3.6 mg, 0.017 mmol) in DMF/toluene [2.75 mL, (1:1)] were reacted at 70 °C for 2 

h under an atmosphere of CO as described in the General Procedure. After 2 h, a 2 M 

aqueous solution of NaOMe (120 mL) was added to the reaction mixture. The latter was 

stirred at 70 °C for 30 min before allowing to cool to room temperature. Saturated aqueous 

NH4Cl was added, and the mixture was extracted with CH2Cl2. The organic layer was 

separated, filtered through Celite (CH2Cl2), and concentrated. Column chromatography 



 222 

(silica, CH2Cl2) gave four fractions; the first fraction consisted of debrominated starting 

material, the second and third fractions contained unidentified chlorins, and the fourth 

fraction afforded the title compound as a purple solid (3.1 mg, 21%): 1H NMR δ 0.19 (brs, 

1H), 0.76 (brs, 1H), 1.86 (s, 6H), 1.98 (s, 6H), 2.58 (s, 3H), 4.80 (s, 2H), 7.22 (s, 2H), 8.21–

8.32 (m, 1H), 8.53 (d, J = 6.33 Hz, 2H), 8.65–8.74 (m, 1H), 8.92–9.02 (m, 2H), 9.32 (s, 1H); 

LD-MS obsd 528.3; ESI-MS obsd 529.2242; calcd 529.2234 [(M + H)+, M = C33H28N4O3]; 

λabs
 414, 549, 680 nm. The same compound was prepared upon reaction of FbC-M10Es13 

(24.5 mg, 0.0411 mmol), Pd(PPh3)4 (47.5 mg, 0.0411 mmol), Cs2CO3 (39.8 mg, 0.124 mmol) 

and H2O (1.4 mL, 0.078 mmol) in THF (5.0 mL) at 80 °C for 16 h under CO atmosphere as 

described in the General Procedure. The reaction mixture was filtered through Celite 

(CH2Cl2) and concentrated. Column chromatography (silica, CH2Cl2) provided debrominated 

starting material (first fraction) and the title compound (second fraction, 2.1 mg, 10%). 

Characterization data (1H NMR, absorption, LD-MS) were consistent with those reported 

above. 

13,15-Bis(methoxycarbonyl)-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin 

(FbC-M10Es13,15). Samples of FbC-M10Es13Br15 (16 mg, 0.026 mmol), Pd(PPh3)4 (6.1 mg, 

5.3 �mol), and K2CO3 (36 mg, 0.011 mmol) in THF/MeOH [1.6 mL, (1:1)] were reacted 

under an atmosphere of CO for 24 h at 85 °C as described in the General Procedure. The 

reaction mixture was filtered through Celite (CH2Cl2) and concentrated. Column 

chromatography [silica, hexanes/CH2Cl2 (3:1 to 1:2)] provided starting material, 

debrominated starting material (FbC-M10Es13), and the title product (purple fraction), which 

upon concentration afforded a purple solid (11 mg, 73%): 1H NMR δ –0.67 (brs, 2H), 1.84 (s, 
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6H), 1.98 (s, 6H), 2.60 (s, 3H), 4.12 (s, 3H), 4.15 (s, 3H), 4.67 (s, 2H), 7.22 (s, 2H), 8.28 (d, J 

= 4.5 Hz, 1H), 8.62 (m, 2H), 8.75 (m, 2H), 9.00 (d, J = 4.8 Hz, 1H), 9.41 (s, 1H); LD-MS 

obsd 574.5; FAB-MS obsd 575.26528, calcd 575.26583 [(M + H)+, M = C35H34N4O4]; λabs 

361, 404, 506, 535, 602, 654 nm. 

17,18-Dihydro-10-mesityl-18,18-dimethyl-13-[2-(N-propylamino)-1,2-

diooxoethyl)porphyrin (FbC-M10(COCmPr)13). Samples of FbC-M10Br13 (25 mg, 0.046 

mmol) and Pd(PPh3)4 (54 mg, 0.046 mmol) were reacted in toluene/DMF [3 mL, (1:1)] for 3 

h at 100 °C under an atmosphere of CO as described in the General Procedure. The reaction 

mixture was cooled to ~60 °C, whereupon excess propylamine (0.50 mL) was added. Upon 

cooling to room temperature, the green-brown mixture was diluted with CH2Cl2, filtered 

through Celite (CH2Cl2) and concentrated. Column chromatography (silica, CH2Cl2) afforded 

a green solid (10 mg, 38%): 1H NMR δ –0.89 (brs, 1H), –0.54 (brs, 1H), 1.08 (t, J = 7.4 Hz, 

3H), 1.73–1.80 (m, 2H), 1.87 (s, 6H), 2.01 (s, 6H), 2.59 (s, 3H), 3.50 (app q, J = 6.8 Hz, 2H), 

4.54 (s, 2H), 7.21 (s, 2H), 7.71 (app t, J = 5.8 Hz, 1H), 8.33 (d, J = 4.4 Hz, 1H), 8.63 (s, 1H), 

8.66 (d, J = 4.4 Hz, 1H), 8.78 (d, J = 4.7 Hz, 1H), 9.02 (d, J = 4.7 Hz, 1H), 9.44 (s, 1H), 9.87 

(s, 1H), 9.93 (s, 1H); 13C NMR δ 11.5, 21.3, 21.5, 22.8, 30.7, 41.3, 46.6, 51.6, 94.3, 96.7, 

106.3, 123.2, 125.3, 125.5, 127.9, 129.8, 131.2, 132.5, 133.1, 133.6, 136.8, 136.9, 152.6, 

154.4, 162.4, 164.7, 178.8, 184.7; LD-MS obsd 571.2; ESI-MS obsd 572.3020, calcd 

572.3020 [(M + H)+, M = C36H37N5O2]; λabs 347, 376, 427, 518, 553, 615, 671 nm. 

13-(N-Benzylcarbamoyl)-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin 

(FbC-M10(CmBn)13). Samples of FbC-M10Br13 (40.0 mg, 0.0744 mmol), Pd(OAc)2 (2.5 

mg, 0.011 mmol), Xantphos (6.5 mg, 0.011 mmol), Cs2CO3 (72.7 mg, 0.223 mmol) and 
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benzylamine (16 �L, 0.15 mmol) were reacted in toluene (3.0 mL) for 12 h at 80 °C under 

an atmosphere of CO as described in the General Procedure. The reaction mixture was 

concentrated and chromatographed (silica, CH2Cl2) to afford a green solid (37.1 mg, 84%); 

1H NMR δ –1.74 (brs, 1H), –1.44 (brs, 1H), 1.85 (s, 6H), 2.04 (s, 6H), 2.61 (s, 3H), 4.63 (s, 

2H), 4.97 (d, J = 5.6 Hz, 2H), 7.04 (app t, J = 5.6 Hz, 1H), 7.25 (s, 2H), 7.34–7.38 (m, 1H), 

7.42–7.46 (m, 2H), 7.60–7.62 (m, 2H), 8.40 (d, J = 4.3 Hz, 1H), 8.71 (s, 1H), 8.81 (d, J = 4.4 

Hz, 1H), 8.83 (s, 1H), 8.91 (d, J = 4.7 Hz, 1H), 9.15 (d, J = 4.6 1H), 9.65 (s, 1H), 10.09 (s, 

1H); 13C NMR δ 21.5, 21.7, 31.2, 44.4, 46.6, 52.0, 94.8, 97.2, 106.3, 122.0, 124.3, 125.0, 

126.1, 127.9, 128.0, 128.5, 129.1, 129.2, 131.0, 132.3, 132.9, 136.1, 137.4, 137.7, 138.0, 

138.7, 139.3, 142.3, 152.5, 153.3, 163.7, 166.1, 177.4; LD-MS obsd 591.5; ESI-MS obsd 

592.3064, calcd 592.3071 [(M + H)+, M = C39H37N5O]; λabs 368, 405, 416, 508, 535, 600, 

654 nm. 

13-(N-Phenylcarbamoyl)-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin 

(FbC-M10(CmPh)13). Samples of FbC-M10Br13 (40.0 mg, 0.0744 mmol), Pd(OAc)2 (2.5 mg, 

0.011 mmol), Xantphos (6.5 mg, 0.011 mmol), Et3N (31 �L, 0.22 mmol) and aniline (14 �L, 

0.15 mmol) in toluene (3 mL) were reacted for 20 h at 80 °C under an atmosphere of CO as 

described in the General Procedure. The reaction mixture was concentrated and 

chromatographed (silica, CH2Cl2) to afford a green solid (27.5 mg, 64%): 1H NMR δ –1.67 

(brs, 1H), –1.35 (brs, 1H), 1.88 (s, 6H), 2.04 (s, 6H), 2.63 (s, 3H), 4.60 (s, 2H), 7.23–7.25 (m, 

1H, partially overlapped with CHCl3 signal), 7.29 (s, 2H), 7.47–7.51 (m, 2H), 7.90 (app d, J 

= 8.0 Hz, 2H), 8.41 (s, 1H, partially overlapped), 8.42 (d, J = 4.4 Hz, 1H, partially 

overlapped), 8.80–8.82 (m, 3H, three overlapped signals), 8.99 (d, J = 4.8 Hz, 1H), 9.15 (d, J 
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= 4.8 Hz, 1H), 9.6 (s, 1H), 10.0 (s, 1H); 13C NMR (75 MHz) δ 21.6, 21.7, 31.1, 46.9, 51.9, 

94.8, 97.0, 106.3, 120.8, 122.3, 124.2, 124.8, 125.2, 126.3, 128.1, 129.4, 131.0, 132.5, 133.0, 

136.4, 137.4, 137.7, 138.1, 138.4, 139.4, 142.5, 152.6, 153.6, 163.8, 164.4, 177.7 (signal of 

one carbon is not visible); LD-MS obsd 577.7; ESI-MS obsd 578.2912, calcd 578.2914 [(M 

+ H)+, M = C38H35N5O]; λabs 368, 405, 416, 508, 535, 600, 654 nm. 

3,13-Bis(N-benzylcarbamoyl)-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (FbC-M10(CmBn)3,13). Samples of FbC-M10Br3,13 (32.9 mg, 0.0533 

mmol), Pd(OAc)2 (3.6 mg, 0.017 mmol), Xantphos (9.2 mg, 0.016 mmol), benzylamine (24 

�L, 0.21 mmol) and Cs2CO3 (52.1 mg, 0.160 mmol) in toluene (2.1 mL) were reacted at 80 

°C for 14 h under an atmosphere of CO as described in the General Procedure. The pink 

reaction mixture was concentrated under high vacuum, and the resulting solid was dissolved 

in CH2Cl2 and poured on a short silica column (CH2Cl2). Column chromatography [silica, 

hexanes/CH2Cl2/ethyl acetate (5:10:1) afforded a pink solid (20.9 mg, 54%): 1H NMR δ –

1.42 (brs, 2 H), 1.82 (s, 6H), 2.01 (s, 6H), 2.60 (s, 3H), 4.61 (s, 2H), 4.96 (d, J = 5.8 Hz, 2H), 

5.07 (d, J = 5.7 Hz, 2H), 6.99–7.02 (m, 1H), 7.19–7.15 (m, 1H), 7.24 (s, 2H), 7.34–7.50 (m, 

6H), 7.58–7.66 (m, 4H), 8.35 (d, J = 4.4 Hz, 1H), 8.70 (s, 1H), 8.79 (s, 1H), 8.88 (d, J = 4.4 

Hz, 1H), 9.07 (s, 1H), 10.06 (s, 1H), 10.62 (s, 1H); LD-MS obsd 724.9; ESI-MS obsd 

725.3587, calcd 725.3599 [(M + H)+, M = C47H44N6O2]; λabs 375, 410, 515, 545, 613, 669 

nm. The same compound was prepared upon replacement of Cs2CO3 with Et3N: Samples of 

FbC-M10Br3,13 (61.6 mg, 0.100 mmol), Pd(OAc)2 (6.7 mg, 0.033 mmol), Xantphos (17.3 

mg, 0.033 mmol), benzylamine (44 �L, 0.40 mmol) and Et3N (84 �L, 0.60 mmol) in toluene 

(4 mL) were reacted under CO atmosphere at 80 °C for 3 h, affording upon analogous 
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workup a pink-purple solid (41.8 mg, 58%). Characterization data (1H NMR, absorption, LD-

MS, ESI-MS) are consistent with those reported above. 

3,13-Bis(N-phenylcarbamoyl)-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (FbC-M10(CmPh)3,13). Samples of FbC-M10Br3,13 (100. mg, 0.162 

mmol), Pd(OAc)2 (11.1 mg, 0.0487 mmol), Xantphos (28.3 mg, 0.0487 mmol), Cs2CO3 (316 

mg, 0.973 mmol) and aniline (60 µL, 0.65 mmol) were reacted in DMF/toluene [6.6 mL, 

(1:1)] for 20 h at 80 °C under an atmosphere of CO as described in the General Procedure. 

The reaction mixture was filtered through Celite (ethyl acetate) and concentrated. Column 

chromatography on a short silica column (CH2Cl2) afforded a red-brown solid (50 mg, 44%): 

1H NMR δ –1.48 (brs, 2 H), 1.87 (s, 6 H), 2.00 (s, 6 H), 2.62 (s, 3 H), 4.58 (s, 2 H), 7.18–

7.25 (m, 1 H), 7.28 (s, 2 H), 7.27–7.33 (m, 1 H), 7.46–7.55 (m, 4 H), 7.90 (d, J = 7.7 Hz, 2 

H), 7.98 (d, J = 7.7 Hz, 2 H), 8.38 (d, J = 4.4 Hz, 1 H), 8.42 (s, 1 H), 8.66 (s, 1 H), 8.83 (s, 1 

H), 8.86 (s, 1 H), 8.89 (d, J = 4.40 Hz, 1 H), 9.21 (s, 1 H), 10.02 (s, 1 H), 10.61 (s, 1 H); ESI-

MS obsd 697.3283, calcd 679.3286 [(M + H)+, M = C45H40N6O2]; λabs (CH2Cl2) 412, 515, 

548, 615, 671 nm. 

13-(N-Benzylcarbamoyl)-15-bromo-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (FbC-M10(CmBn)13Br15). A solution of FbC-M10(CmBn)13 (30.5 mg, 

0.0515 mmol) in CH2Cl2/TFA [20.6 mL, (10:1)] was treated with NBS (0.52 mL, 0.10 M in 

CH2Cl2, 0.052 mmol). The deep-green solution was stirred at room temperature for 1 h. 

Saturated aqueous NaHCO3 was slowly added, and the resulting mixture was stirred for 5 

min. The organic layer was separated, dried (Na2SO4), and concentrated. Column 

chromatography (silica, CH2Cl2) provided an unidentified first fraction (pink), starting 
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material (second fraction), an unidentified fraction (third, pink) and the title compound 

(purple fraction); concentration of the latter afforded a purple solid (24.5 mg, 71%): 1H NMR 

δ –1.60 (brs, 2H), 1.83 (s, 6H), 2.03 (s, 6H), 2.62 (s, 3H), 4.60 (s, 2H), 4.92 (d, J = 5.4 Hz, 

2H), 6.59 (t, J = 5.4 Hz, 1H), 7.24 (s, 2H), 7.31–7.36 (m, 1H), 7.39–7.43 (m, 2H), 7.56–7.58 

(m, 2H), 8.40–8.41 (m, 1H), 8.64 (s, 1H), 8.74–8.76 (m, 1H, partially overlapped), 8.76 (s, 

1H, partially overlapped), 8.87 (d, J = 4.7 Hz, 1H), 9.11 (d, J = 4.7 Hz, 1H), 9.57 (s, 1H), 

(signal of one N-H proton is not visible); LD-MS obsd 590.5 (M – Br)+; ESI-MS obsd 

670.2166, calcd 670.2176 [(M + H)+, M = C39H36BrN5O]; λabs 364, 405, 509, 534, 596, 648 

nm. 

15-Bromo-13-(N-phenylcarbamoyl)-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (FbC-M10(CmPh)13Br15). A solution of FbC-M10(CmPh)13 (27.0 mg, 

0.0467 mmol) in CH2Cl2/TFA [18.6 mL, (10:1)] was treated with NBS (0.47 mL, 0.10 M in 

CH2Cl2, 0.047 mmol). The deep-green reaction mixture was stirred at room temperature for 

45 min. Saturated aqueous NaHCO3 was slowly added, and the resulting mixture was 

vigorously stirred for 5 min. The organic layer was separated, washed (water, brine), dried 

(Na2SO4) and concentrated. Column chromatography [silica, hexanes/CH2Cl2 (1:3)] gave 

four fractions; the first purple fraction was an unidentified chlorin, the second greenish 

fraction was unreacted starting material, the third fraction was an unidentified chlorin, and 

the fourth fraction afforded the title compound as a purple solid (18.7 mg, 61%): 1H NMR δ 

–1.51 (brs, 2H), 1.84 (s, 6H), 2.04 (s, 6H), 2.59 (s, 3H), 4.59 (s, 2H), 7.21–7.24 (m, 1H, 

partially overlapped), 7.22 (s, 2H), 7.44–7.48 (m 2H), 7.84 (app d, J = 7.7 Hz, 2H), 7.99 (s, 

1H), 8.41 (d, J = 4.4 Hz, 1H); 8.70 (s, 1H), 8.75 (d, J = 4.4 Hz, partially overlapped), 8.76 (s, 



 228 

1H), 8.90 (d, J = 4.4 Hz, 1H), 9.12 (d, J = 4.4 Hz, 1H), 9.57 (s, 1H); ESI-MS obsd 656.2015, 

calcd 656.2025 [(M + H)+, M = C38H34BrN5O]; λabs 365, 405, 509, 534, 596, 649 nm. 

15-Bromo-3,13-bis(N-benzylcarbamoyl)-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (FbC-M10(CmBn)3,13Br15). A solution of FbC-M10(CmBn)3,13 (20.5 

mg, 0.0283 mmol) in CH2Cl2/TFA [11.3 mL, (10:1)] was treated with NBS (0.283 mL, 0.10 

M in CH2Cl2, 0.028 mmol). The resulting deep-green mixture was stirred at room 

temperature for 40 min, whereupon another batch of NBS (0.056 mL, 0.0056 mmol) was 

added, and the reaction mixture was stirred for an additional 30 min. Saturated aqueous 

NaHCO3 was added slowly, and the resulting mixture was stirred vigorously for 5 min. The 

organic layer was separated, washed (water and brine), dried (Na2SO4), and concentrated. 

The resulting purple solid was dissolved in CH2Cl2 (with the aid of sonication) and 

chromatographed [silica, hexanes/CH2Cl2/ethyl acetate (5:10:1)] to afford traces of unknown 

substances, unreacted starting material (highly fluorescent, purple fraction) and the expected 

product; concentration of the latter afforded a violet solid (16.2 mg, 71%): 1H NMR δ –1.65 

(brs, 1H), 1.80 (s, 6H), 1.88 (s, 6H), 2.60 (s, 3H), 4.49 (s, 2H), 4.91 (d, J = 5.6 Hz, 2H), 5.05 

(d, J = 5.6 Hz, 2H), 6.59 (t, J = 5.6 Hz, 1H), 7.23 (s, 2H), 7.26 (1H, overlapped with CHCl3 

signal), 7.34–7.48 (m, 6H), 7.56–7.64 (m, 4H), 8.36 (d, J = 4.4 Hz, 1H), 8.62 (s, 1H), 8.65 (s, 

1H), 8.83 (d, J = 4.4 Hz, 1H), 9.05 (s, 1H), 10.56 (s, 1H) (signal of one N-H proton is not 

visible); LD-MS obsd 723.4 (M – Br)+; ESI-MS obsd 803.2698, calcd 803.2704 [(M + H)+, 

M = C47H43BrN6O2]; λabs 374, 411, 517, 547, 611, 666 nm. 

15-Bromo-3,13-bis(N-phenylcarbamoyl)-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin (FbC-M10(CmPh)3,13Br15). A solution of FbC-M10(CmPh)3,13 (50 mg, 
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0.072 mmol) in CH2Cl2/TFA [30 mL, (10:1)] was treated with NBS (0.72 mL, 0.10 M in 

CH2Cl2, 0.072 mmol). The deep-green solution was stirred at room temperature for 1 h. 

Saturated aqueous NaHCO3 was slowly added, and the resulting mixture was stirred for 5 

min. The organic layer was separated, dried (Na2SO4), and concentrated. Column 

chromatography on a short silica column (CH2Cl2) afforded a red-brown solid (41 mg, 74%): 

1H NMR δ –1.55 (brs, 2 H), 1.84 (s, 6 H), 1.98 (s, 6 H), 2.59 (s, 3 H), 4.56 (s, 2 H), 7.23 (s, 2 

H), 7.29–7.34 (m, 2 H), 7.48 (t, J = 7.8 Hz, 2 H), 7.55 (t, J = 7.8 Hz, 2 H), 7.85 (d, J = 7.7 

Hz, 2 H), 7.98 (d, J = 7.7 Hz, 2 H), 8.02 (s, 1 H), 8.39 (d, J = 4.4 Hz, 1 H), 8.64 (s, 1 H), 8.75 

(s, 1 H), 8.77 (s, 1 H), 8.85 (d, J = 4.4 Hz, 1 H), 9.20 (s, 1 H), 10.55 (s, 1 H); ESI-MS obsd 

775.2393, calcd 775.2391 [(M + H)+, M = C45H39BrN6O2]; λabs (CH2Cl2) 412, 518, 549, 614, 

668 nm. 

152-N-Benzyl-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin-13,15-

dicarboximide (FbC-M10I-Bn). Samples of FbC-M10(CmBn)13Br15 (15.2 mg, 0.0226 

mmol) and Pd(PPh3)4 (26.1 mg, 0.0226 mmol) were reacted in toluene/DMF [1.5 mL, (1:1)] 

at 80 °C for 2 h under an atmosphere of CO as described in the General Procedure. The flow 

of CO was then stopped, and reaction mixture was kept at 80 °C for 1 h. The reaction 

mixture was filtered through Celite (CH2Cl2) and concentrated. Column chromatography 

(silica, CH2Cl2) provided the title compound (first fraction, purple) and debrominated starting 

material (second fraction, 6.5 mg). Data for the title compound: purple solid (7 mg, 50%); 1H 

NMR δ 0.08 (brs, 1H), 0.43 (brs, 1H), 1.86 (s, 6H), 1.95 (s, 6H), 2.58 (s, 3H), 4.82 (s, 2H), 

5.67 (s, 2H), 7.20 (s, 2H), 7.24–7.28 (m, 1H, partially overlapped with residual CHCl3), 

7.34–7.39 (m, 2H), 7.74–7.76 (m, 2H), 8.26 (d, J = 4.4 Hz, 1H), 8.53 (s, 1H), 8,53 (d, 
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partially overlapped with singlet), 8.66 (d, J = 4.8 Hz, 1H), 8.94 (d, J = 4.8 Hz, 1H), 8.99 (s, 

1H), 9.32 (s, 1H); 13C NMR (75 MHz) δ 21.4, 21.6, 31.5, 46.4, 51.4, 54.0, 93.7, 96.1, 110.2, 

119.7, 123.9, 125.9, 127.1, 128.3, 128.5, 128.7, 128.8, 131.1, 133.2, 133.7, 136.6, 137.1, 

138.4, 138.6, 138.7, 140.3, 144.5, 147.3, 153.2, 154.2, 164.5, 171.9, 180.9; LD-MS obsd 

618.0; ESI-MS obsd 618.2866, calcd 618.2864 [(M + H)+, M = C40H35N5O2]; λabs
 363, 420, 

553, 686 nm. 

132-N-Benzylimino-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin-13,15-

dicarboximide (FbC-M10Iso-Bn). Samples of FbC-M10(CmBn)13Br15 (24.3 mg, 0.0362 

mmol), Pd(PPh3)4 (41.8 mg, 0.0362 mmol) and Cs2CO3 (35.7 mg, 0.109 mmol) were reacted 

in toluene (1.5 mL) at 80 °C for 2 h under an atmosphere of CO as described in the General 

Procedure. The resulting mixture was diluted with CH2Cl2, filtered through Celite and 

concentrated. Column chromatography (silica, CH2Cl2) afforded a trace of FbC-M10I-Bn 

(first fraction, purple), and the title compound (second fraction, purple), which upon 

concentration afforded a purple solid (12.2 mg, 55%): 1H NMR δ – 0.55 (brs, 1H), – 0.12 

(brs, 1H), 1.84 (s, 6H), 2.02 (s, 6H), 2.57 (s, 3H), 4.92 (s, 2H), 5.24 (s, 2H), 7.20 (s, 2H), 

7.30–7.33 (m, 1H), 7.40–7.45 (m, 2H), 7.64–7.67 (m, 2H), 8.30 (d, J = 4.4 Hz, 1H), 8.65 (d, 

J = 4.4 Hz, 1H), 8.70 (s, 1H), 8.77 (d, J = 4.8 Hz, 1H), 9.04 (s, 1H), 9.06 (d, J = 4.8 Hz, 1H), 

9.51 (s, 1H); 13C NMR (75 MHz) δ 21.1, 21.4, 31.3, 46.2, 51.2, 53.8, 53.5, 95.8, 110.0, 

119.5, 123.7, 125.7, 126.9, 128.0, 128.3, 128.5, 128.6, 130.9, 132.9, 130.0, 133.5, 136.4, 

136.9, 138.2, 138.35, 138.44, 140.1, 144.3, 147.0, 152.9, 153.9, 164.2, 171.7, 180.7; LD-MS 

obsd 617.8, 526.7 (M – Bn)+; ESI-MS obsd 618.2857, calcd 618.2864 [(M + H)+, M = 

C40H35N5O2]; λabs 363, 414, 507, 544, 625, 679 nm.  
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132-N-Phenylimino-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin-13,15-

dicarboximide (FbC-M10I-Ph). Samples of FbC-M10(CmPh)13Br15 (7.0 mg 0.011 mmol), 

Pd(PPh3)4 (2.5 mg, 0.0022 mmol), and Cs2CO3 (10.7 mg, 0.033 mmol) were reacted in 

toluene (1 ml) at 80 °C for 14 h under an atmosphere of CO as described in the General 

Procedure. The reaction mixture was diluted with CH2Cl2, filtered through Celite and 

chromatographed [silica, hexanes/CH2Cl2, (1:1 to 3:1)] to afford a trace of debrominated 

starting material (first fraction), unreacted starting material (second fraction), and the title 

compound (third fraction, 3 mg, 45%): 1H NMR δ 0.15 (brs, 1H), 0.58 (brs, 1H), 1.88 (s, 

6H), 1.93 (s, 6H), 2.58 (s, 3H), 4.79 (s, 2H), 7.21 (s, 2H), 7.56–7.58 (m, 3H), 7.63–7.68 (m, 

2H), 8.26 (d, J = 4.4 Hz, 1H), 8.55 (d, J = 4.4 Hz, 1H), 8.55 (s, 1H, overlapped with doublet), 

8.68 (d, J = 4.8 Hz, 1H), 8.97 (d, J = 4.8 Hz, 1H), 9.03 (s, 1H), 9.34 (s, 1H); LD-MS obsd 

603.8; ESI-MS obsd 604.2712, calcd 604.2707 [(M + H)+, M = C39H33N5O2]; λabs 364, 419, 

551, 685 nm. 

132-N-Phenylimino-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin-13,15-

dicarboxisoimide (FbC-M10Iso-Ph). Samples of FbC-M10(CmPh)13Br15 (23.5 mg, 0.0358 

mmol), Pd(PPh3)4 (41.3 mg, 0.0358 mg) and Cs2CO3 (35.0 mg, 0.107 mmol) were reacted in 

toluene (1.4 mL) at 80 °C for 2 h under an atmosphere of CO as described in the General 

Procedure. The resulting mixture was diluted with CH2Cl2, filtered through Celite and 

concentrated. Column chromatography [silica, hexanes/CH2Cl2 (1:3)] afforded a purple solid 

(12.8 mg, 59%): 1H NMR δ –0.41 (brs, 1H), 0.07 (brs, 1H); 1.90 (s, 6H), 2.00 (s, 6H), 2.59 

(s, 3H), 4.87 (s, 2H), 7.24 (s, 2H), 7.23–7.24 (m, 1H, overlapped with singlet), 7.47–7.51 (m, 

2H), 7.53–7.56 (m, 2H), 8.33 (d, J = 4.4 Hz, 1H), 8.65 (d, J = 4.4 Hz, 1H), 8.68 (s, 1H), 8.76 
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(d, J = 4.7 Hz, 1H), 9.05 (d, J = 4.7 Hz, 1H), 9.13 (s, 1H), 9.49 (s, 1H); 13C NMR δ 21.1, 

21.4, 31.2, 46.2, 53.7, 93.5, 95.9, 109.9, 119.3, 123.7, 124.1, 124.8, 126.0, 128.1, 128.6, 

128.9, 131.1, 133.0, 133.2, 133.6, 136.3, 137.2, 138.3, 138.5, 144.7, 145.4, 145.7, 153.0, 

154.3, 164.0, 172.0, 181.2 (signal of one carbon is not visible); ESI-MS obsd 604.2711, calcd 

604.2707 [(M + H)+, M = C39H33N5O2]; λabs 367, 418, 512, 550, 634, 687 nm. 

152-N-Benzyl-3-(N-benzylcarbamoyl)-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin-13,15-dicarboximide (FbC-(CmBn)3M10I-Bn). Samples of FbC-

M10(CmBn)3,13Br15 (20.5 mg, 0.0255 mmol), Pd(PPh3)4 (29.5 mg, 0.0255 mmol) and 

Cs2CO3 (25 mg, 0.077 mmol) were reacted in toluene (4.0 mL) at 80 °C for 20 h under an 

atmosphere of CO as described in the General Procedure. The reaction mixture was filtered 

through Celite (ethyl acetate) and concentrated. Column chromatography (silica, CH2Cl2) 

gave two fractions; the first fraction afforded the title compound as a purple solid (6.1 mg, 

32%); the second fraction afforded the chlorin–isoimide FbC-(CmBn)3M10Iso-Bn as a 

purple solid (5.0 mg, 26%). Data for FbC-(CmBn)3M10I-Bn: 1H NMR δ 0.11 (brs, 1H), 0.29 

(brs, 1H), 1.85 (s, 6H), 1.92 (s, 6H), 2.58 (s, 3H), 4.82 (s, 2H), 5.01 (d, J = 5.8 Hz, 2H), 5.66 

(s, 2H), 7.21 (s, 2H), 7.32–7.44 (m, 3H), 7.43–7.52 (m, 2H), 7.55–7.64 (m, 2H), 7.66–7.79 

(m, 3H), 8.25 (d, J = 4.4 Hz, 1H), 8.53 (s, 1H), 8.65 (d, J = 4.7 Hz, 1H), 8.85 (s, 1H), 9.05 (s, 

1H), 10.34 (s, 1H); ESI-MS obsd 751.3392, calcd 751.3391 [(M + H)+, M = C48H42N6O3]; 

λabs 378, 424, 564, 708 nm. Data for FbC-(CmBn)3M10Iso-Bn: 1H NMR δ –0.42 (brs, 1H), –

0.14 (brs, 1H), 1.83 (s, 6H), 1.97 (s, 6H), 2.57 (s, 3H), 4.90 (s, 2H), 5.03 (d, J = 5.6 Hz, 2H), 

5.23 (s, 2H), 7.20 (s, 2H), 7.43 (m, 5 H), 7.57–7.67 (m, 3H), 7.67–7.80 (m, 2H), 8.26 (d, J = 
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4.4 Hz, 1H), 8.66 (s, 1H), 8.74 (d, J = 4.4 Hz, 1H), 8.93 (s, 1H), 9.06 (s, 1H), 10.52 (s, 1H); 

ESI-MS obsd 751.3393, calcd 751.3391 [(M + H)+, M = C48H42N6O3]; λabs 418, 555, 699 nm. 

152-N-Phenyl-3-(N-phenylcarbamoyl)-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin-13,15-dicarboximide (FbC-(CmPh)3M10I-Ph). Samples of FbC-

M10(CmPh)3,13Br15 (10.0 mg, 0.0129 mmol), Pd(PPh3)4 (14.8 mg, 0.0129 mmol) and 

Cs2CO3 (12.6 mg, 0.0387 mmol) were reacted in toluene (2.0 mL) at 80 °C for 20 h under an 

atmosphere of CO as described in the General Procedure. The reaction mixture was filtered 

through Celite (ethyl acetate) and concentrated. Column chromatography on a short silica 

column (CH2Cl2) afforded a purple-green solid (6.7 mg, 72%): 1H NMR δ 0.19 (brs, 1 H), 

0.42 (brs, 1 H), 1.87 (s, 6 H), 1.92 (s, 6 H), 2.58 (s, 3 H), 4.80 (s, 2 H), 7.22 (s, 2 H), 7.53 (m, 

6 H), 7.64 (d, J = 7.4 Hz, 2 H), 7.93 (d, J = 7.7 Hz, 2 H), 8.25 (d, J = 4.4 Hz, 1 H), 8.55 (s, 1 

H), 8.60 (s, 1 H), 8.66 (d, J = 4.7 Hz, 1 H), 8.98 (s, 1 H), 9.11 (s, 1 H), 10.35 (s, 1 H); ESI-

MS obsd 723.3076, calcd 723.3078 [(M + H)+, M = C46H38N6O3]; λabs (CH2Cl2) 422, 565, 

660, 710 nm. 

152-N-Benzyl-3-methoxycarbonyl-17,18-dihydro-10-mesityl-18,18-

dimethylporphyrin-13,15-dicarboximide (FbC-Es3M10I-Bn). Samples FbC-M10Es3,13Br15 

(35.5 mg, 0.0543 mmol), Pd(PPh3)4 (63.0 mg, 0.0543 mmol), Cs2CO3 (54 mg, 0.16 mmol) 

and benzylamine (12 µL, 0.11 mmol) were reacted in THF (3.6 mL) at 80 °C for 20 h under 

an atmosphere of CO as described in the General Procedure. The reaction mixture was 

filtered through Celite (ethyl acetate) and concentrated. Column chromatography (silica, 

CH2Cl2) afforded a green solid (21 mg, 57%): 1H NMR δ 0.19 (brs, 1 H), (a signal for one 

NH proton was not visible), 1.85 (s, 6 H), 1.95 (s, 6 H), 2.58 (s, 3 H), 4.32 (s, 3 H), 4.84 (s, 2 
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H), 5.67 (s, 2 H), 7.21 (s, 2 H), 7.34–7.39 (m, 3 H), 7.74 (d, J = 6.9 Hz, 2 H), 8.27 (d, J = 4.4 

Hz, 1 H), 8.63 (s, 1 H), 8.69 (d, J = 4.4 Hz, 1 H), 9.07 (s, 1 H), 9.23 (s, 1 H), 10.35 (s, 1 H); 

ESI-MS obsd 676.2922, calcd 676.2918 [(M + H)+, M = C42H37N5O4]; λabs (CH2Cl2) 379, 

424, 568, 659, 715 nm. 

Zn(II)-132-N-Phenylimino-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin-

13,15-dicarboximide (ZnC-M10I-Ph). A solution of FbC-M10I-Ph (2.0 mg, 0.033 mmol) in 

CH2Cl2 (1.0 mL) was treated with 0.1 mL of methanolic Zn(OAc)2·2H2O (37 mg, 0.17 

mmol), and the reaction mixture was stirred at room temperature for 16 h. Standard workup 

and chromatography (silica, CH2Cl2) gave the title compound (2 mg, 90%): 1H NMR δ 1.89 

(s, 6H), 1.89 (s, 6H), 2.56 (s, 3H), 4.73 (s, 2H), 7.18 (s, 2H), 7.45–7.57 (m, 3H), 7.58–7.67 

(m, 2H), 8.13–8.20 (m, 1H), 8.23–8.29 (m, 1H), 8.44–8.52 (m, 2H), 8.78–8.88 (m, 1H), 8.96 

(s, 1H), 9.12 (s, 1H); ESI-MS obsd 666.1849, calcd 666.1842 [(M + H)+, M = C39H31N5O2]; 

λabs 425, 558, 615, 661 nm. 

 

The results presented in this chapter have been published.79 
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CHAPTER 8 

De Novo Synthesis and Photophysical Characterization of Annulated Bacteriochlorins.  

Mimicking and Extending the Properties of Bacteriochlorophylls 

 

Introduction 

Bacteriochlorins absorb strongly in the near-infrared spectral region1 and hence are 

attractive candidates for a wide variety of photochemical studies, including artificial 

photosynthesis,2–9 photodynamic therapy (PDT),10–23 optical imaging,24–26 and perhaps flow 

cytometry.24,27 Naturally occurring 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 8.1, panel A).28 

Bacteriochlorophylls also possess a five-membered ring (ring E) that encompasses the 13- 

and 15-positions; the ring contains a 131-oxo moiety and a 132-methoxycarbonyl substituent. 

Synthetic manipulation of bacteriochlorophylls has afforded a number of derivatives 

including (i) bacteriopyropheophorbides, which lack the 132-methoxycarbonyl substituent, 

the phytyl-like chain, and the central magnesium;2–4,29,30 and (ii) bacteriopurpurinimides 

(hereafter referred to as bacteriochlorin–imides), which bear a six-membered imide ring 

(Chart 8.1, panel B).6,12,16,17,31–37 

The presence of the imide ring in bacteriochlorin–imides provides a number of 

attractions including (1) a hyperchromic and bathochromic shift of the long-wavelength 

absorption band; (2) the ability to introduce diverse groups at the nitrogen of the imide ring;38 
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and (3) increased stability of the macrocycle toward routine handling due to the presence of 

the second carbonyl group at the 15-position. 
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Chart 8.1. (A) Naturally Occurring Bacteriochlorophylls. (B) Derivatives of Naturally 
Occurring Bacteriochlorophylls. (C) Nomenclature of the Core Macrocycles. 
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So far, bacteriochlorins bearing the five membered oxopentano or six-membered 

imide ring have only been available from the natural compounds or upon semisynthesis 

therefrom, respectively, although synthetic porphyrins and chlorins with a wide variety of 

annulated rings have been prepared.39,40 Two significant problems in the preparation of 

derivatives of bacteriochlorophylls include limited stability36,41,42 and poor synthetic 

malleability owing to the presence of a nearly full complement of substituents about the 

perimeter of the macrocycle.13,18 The synthesis of bacteriochlorins by reduction or addition of 

porphyrins or chlorins is appropriate for a number of applications but generally suffers from 

a lack of regiocontrol.43 

Over the past decade the Lindsey group has been developing a de novo synthesis of 

bacteriochlorins.44–46 The route affords bacteriochlorins wherein each pyrroline ring contains 

a geminal dimethyl group rather than the trans-dialkyl and exo-ethylidene moieties of the 

naturally occurring bacteriochlorophylls. As described in the previous chapters, the geminal 

dimethyl group has the attractive feature of stabilizing the macrocycle toward adventitious 

dehydrogenation. Synthetic bacteriochlorins bearing diverse substituents at specific sites in 

the pyrrolic units have been prepared, and selected derivatization processes of the 

bacteriochlorins have been examined (including regioselective bromination); however, no 

annulated rings have yet been introduced.44–51 Here the de novo route is extended to create 

stable, tailorable analogues of the fundamental bacterio-131-oxophorbine and 

bacteriochlorin-13,15-dicarboximide macrocyclic skeletons (Chart 8.1, panel C).52 The 

synthesis and spectroscopic analysis of such synthetic macrocycles is essential for 
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understanding the structural features that underpin the characteristic spectral properties of the 

naturally occurring bacteriochlorophylls. 

 

Results and Discussion 

I. Retrosynthetic Analysis. An approach to stable bacterio-131-oxophorbine and 

bacteriochlorin-13,15-dicarboximide macrocycles is outlined in Scheme 8.1. The 

bacteriochlorin macrocycle is created upon acid-catalyzed condensation of a 

dihydrodipyrrin–acetal. Subsequent derivatization to install the annulated rings builds on the 

strategies that have been developed in chlorin chemistry for the preparation of the 131-

oxophorbine53 and chlorin–imide54 frameworks (see chapter 7). Thus, the construction of 

both rings relies on regioselective 15-bromination followed by intramolecular Pd-mediated 

ring closure. Access to the former requires the presence of a 13-acetyl group for α-arylation55 

whereas the latter requires a 13-ester group for carbonylation and imidation.  

II. Regioselective 15-Bromination. A number of 5-methoxy substituted 

bacteriochlorins are known to undergo regioselective 15-bromination.46,47 Therefore, an 

initial approach to the target bacteriochlorin-131-oxophorbine was to convert the 3,13-

dibromo-5-methoxybacteriochlorin MeOBC-Br to the 3,13-diacetyl-5-

methoxybacteriochlorin MeOBC-A followed by 15-bromination and Pd-mediated ring 

closure. However, the presence of 3,13-diacetyl groups in MeOBC-A caused loss of 

regioselectivity during the bromination step (Scheme 8.2). This result was not entirely 

surprising, given that the same loss of regioselectivity was observed in the case of a 

bacteriochlorin bearing 3,13-diester groups.46 MeOBC-A was treated with ethylene glycol 
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and TMSCl56 to form the ketal-protected analogue MeOBC-K in an attempt to mitigate the 

electron-withdrawing effect of the acetyl group, but again regioselective bromination was not 

obtained (Scheme 8.2). 

 

Scheme 8.1. Retrosynthetic Analysis of Stable Synthetic Bacteriochlorins Containing a Fifth 
Ring. 
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Scheme 8.2. Attempted Synthesis of a 15-Bromo-3,13-Diacetylbacteriochlorin. 

 

To effect regioselective 15-bromination in the presence of electron-withdrawing 

substituents (e.g., acetyl or ester), the remaining β-pyrrolic positions need to be blocked, 

which can be achieved with alkyl groups. Indeed, as shown in chapter 3, regioselective 
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bromination of 2,12-diethyl-3,13-diethoxycarbonyl-5-methoxybacteriochlorin MeOBC-EtEs 

to give the key precursor to the bacteriochlorin-13,15-dicarboximides, the 15-

bromobacteriochlorin MeOBC-EtEs-Br15 (Scheme 8.3).46 The use of bacteriochlorins 

wherein the three β-pyrrole sites that are not integral to ring E are substituted (i.e., positions 

2, 3, and 12) proved to be an essential requirement for the approaches developed here to 

introduce the two ring E motifs. 

 

 

Scheme 8.3. Prior Demonstration of Regioselective 15-Bromination. 

 

 III. Synthesis. The target bacterio-131-oxophorbine was pursued via the intermediacy 

of dihydrodipyrrin–acetal DHDPA-MeBr, which bears bromo and methyl substituents at the 

β-pyrrolic positions (Scheme 8.4). Upon conversion to the bacteriochlorin, the bromo 

substituent provides a synthetic handle for introduction of the acetyl group, and the methyl 

group prevents bromination at the pyrrole positions during 15-bromination. Preparation of 

DHDPA-MeBr closely follows the optimized condition for a dihydrodipyrrin–acetal lacking 

the methyl group on the pyrrole (see chapter 2).50 The synthesis of DHDPA-MeBr entails 

formation of 3-methyl-pyrrole-2-carboxaldehyde (2-Me) by photochemical rearrangement of 

4-picoline-N-oxide,57 bromination to give bromopyrrole 2-MeBr, tosyl-protection of the 
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pyrrole (2-MeBr′), nitro-aldol (Henry) condensation followed by reduction to give the 2-(2-

nitroethyl)pyrrole 4-MeBr′ , Michael addition with the α,β-unsaturated ketone-acetal 544 to 

give the nitrohexanone-pyrrole 6-MeBr′ , removal of the tosyl group (6-MeBr), and 

McMurry-type ring closure to DHDPA-MeBr. The presence of the tosyl group was 

necessary to increase the stability of key intermediates. NOTE: The 2-(2-nitrovinyl)pyrrole 

intermediate (3) (see chapter 2) was not isolated in pure form here and is not shown in 

Scheme 8.4. 

 Dihydrodipyrrin–acetal DHDPA-MeBr was subjected to self-condensation 

conditions optimized for selective formation of either the 5-methoxybacteriochlorin or the 5-

unsubstituted-bacteriochlorin.44,46 Thus, self-condensation of DHDPA-MeBr in CH2Cl2 

containing TMSOTf/2,6-DTBP gave MeOBC-MeBr; self-condensation in CH3CN 

containing BF3·O(Et)2 gave HBC-MeBr. Stille coupling of each bacteriochlorin with 

tributyl(1-ethoxyvinyl)tin58 followed by acidic hydrolysis gave diacetylbacteriochlorins 

MeOBC-MeA and HBC-MeA. (Note: The reactions were carried out in THF for 23 h45 

instead of DMF/CH3CN59 for 2 h; the latter afforded mono-reacted bromo-

acetylbacteriochlorin.) 15-Bromination of 5-methoxybacteriochlorin MeOBC-MeA 

proceeded smoothly to give MeOBC-MeA-Br15, whereas treatment of 5-unsubstituted-

bacteriochlorin HBC-MeA with 1 equiv of NBS gave the 5,15-dibromobacteriochlorin BC-

MeA-Br5,15 as the major product. Nonetheless, Pd-mediated intramolecular α-arylation of 

MeOBC-MeA-Br15 created ring E and thereby completed the synthesis of the 5-

methoxybacterio-131-oxophorbine MeOBOP (Scheme 8.5). Attempted double cyclization of 

BC-MeA-Br5,15 to give the bacteriochlorin-31,131-dioxophorbine was unsuccessful. 
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Scheme 8.4. Synthesis of a Bromo–Dihydrodipyrrin–Acetal. 
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Scheme 8.5. Synthesis of a Bacterio-131-Oxophorbine. 
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For the synthesis of bacteriochlorin-13,15-dicarboximides, the known diester-

bacteriochlorins46 MeOBC-EtEs and HBC-EtEs were subjected to bromination. As before 

(Scheme 8.3), the bromination of 5-methoxybacteriochlorin MeOBC-EtEs proceeded 

smoothly to give the 15-bromobacteriochlorin MeOBC-EtEs-Br15.46 On the other hand, 

HBC-EtEs gave predominantly the 5,15-dibrominated product; however, the mono-

brominated HBC-EtEs-Br15 was isolated in sufficient quantities to complete the synthesis. 

Treatment of MeOBC-EtEs-Br15 or HBC-EtEs-Br15 in the presence of benzylamine to one-

flask Pd-mediated carbamoylation and ring closure resulted in the bacteriochlorin-13,15-

dicarboximide MeOBC-I or HBC-I, respectively (Scheme 8.6). 

IV. Structural Characterization. The bacteriochlorins were characterized by 1H 

NMR spectroscopy, IR spectroscopy, high resolution mass spectrometry (ESI-MS), 

absorption spectroscopy and fluorescence spectroscopy. The 1H NMR data is disscused first. 

In general, a bacteriochlorin that has C2h symmetry (such as the H-BC-type macrocycles 

lacking the fifth ring or the 15-bromo substituent) exhibits a relatively simple 1H NMR 

spectrum. Introduction of a single substituent (e.g., 5-methoxy, 15-bromo or ring E) results in 

Cs symmetry whereupon a number of otherwise identical structural elements in the respective 

A,C and B,D rings become magnetically non-equivalent and split into distinct signals. The 

non-equivalent entities include the two pyrrolic N-H protons, the pair of geminal dimethyl 

groups, the CH2 group in each of the two pyrroline rings, and any β-pyrrolic substituents 

(e.g., methyl unit of the acetyl group in MeOBC-MeA). The synthetic bacteriochlorins 

synthesized to date typically exhibit a broad upfield peak in the region δ –2.40–0.12 ppm 

(pyrrolic N-H protons), a singlet between δ 1.81–2.02 ppm (geminal dimethyl groups), and a 
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singlet between δ 4.30–4.50 ppm (pyrroline CH2 groups). The 1H NMR signal for the 5-

methoxy group generally resonates in the region δ 3.68–4.48 ppm.44–46 

 

 

Scheme 8.6. Synthesis of a Bacteriochlorin-13,15-Dicarboximide. 

 

The 1H NMR spectrum of bacterio-131-oxophorbine MeOBOP displays the 

aforementioned features characteristic of bacteriochlorins with Cs symmetry. In addition, the 

two protons at the 132-position (ring E) resonate as a singlet at δ 4.88 ppm, to be compared 
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with the ABX pattern of the diastereotopic 132-protons of bacteriopyro-131-

oxophorbines.3,29,36,60 The chemical shift range is comparable to those of bacteriochlorophyll 

a derivatives (δ 4.76–5.31 ppm) and synthetic chlorophyll analogues (131-oxophorbines, δ 

5.03–5.16 ppm).53,59 

The bacteriochlorin-13,15-dicarboximides MeOBC-I and HBC-I also display 1H 

NMR spectral features characteristic of bacteriochlorins with Cs symmetry. The 1H NMR 

spectra of MeOBC-I and HBC-I also provide information on the formation of the imide 

and/or isoimide ring, which are ever-present possibilities in the imidation process. In chlorin 

chemistry, the 13-ester-15-bromochlorin gave exclusively the chlorin–imide, whereas imide 

and isoimide mixtures were sometimes observed upon reaction of the 13-carbamoyl-15-

bromochlorin.54 A convenient method for distinguishing the two isomers relied on the 

chemical shift of the methylene protons of the N-benzyl (iso)imide: δ 5.6 ppm for the 

chlorin–imides versus 5.2 ppm for the corresponding chlorin–isoimides.54 In the work 

reported in this chapter, MeOBC-I and HBC-I were each obtained from the corresponding 

13-ester-15-bromobacteriochlorin, and the benzylic protons of MeOBC-I and HBC-I 

resonated at δ 5.67 and 5.68 ppm, respectively. Such data by analogy with the chlorins are 

consistent with the formation of bacteriochlorin–imides.  

 The IR spectrum of MeOBOP shows carbonyl stretching bands at 1687 and 1630 

cm–1, along with bands at 2918–2954 cm–1 (C-H) and 3435 cm–1 (N-H). In comparison, the 

carbonyl stretch of a bacteriochlorin in a dyad (bacteriopyropheophorbide-pyromellitimide) 

occurs at 1695 cm–1,3 whereas that of a zinc chelate of a bacterio-131-oxophorbine appeared 

at 1682 cm–1.61 The carbonyl stretch for a variety of methyl pyropheophorbides (chlorins) 
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occurs in the region 1650–1699 cm–1.62,63 Tamiaki has used IR extensively to identify 

hydrogen-bonding with hydroporphyrin carbonyl groups in supramolecular assemblies.61,63 

The IR spectra of MeOBC-I and HBC-I show carbonyl stretching bands in the range of 

1647–1682 cm–1, along with bands in the region 2848–2959 cm–1 (C-H) and 3386–3435 cm–1 

(N-H). To our knowledge, IR data have not been reported for other bacteriochlorin–imides. 

V. Absorption Spectra. The annulated bacteriochlorins prepared here exhibit 

characteristic bacteriochlorin absorption spectra,1 with near-ultraviolet (Soret or B) bands, a 

long-wavelength feature, the Qy(0,0) band, in the near-infrared region of comparable peak 

intensity, and the weaker Qx bands in the intervening region (500–600 nm). The position of 

the long wavelength absorption band of a photochemically active species is of central 

importance, defining not only the spectral region where absorption occurs but also the energy 

of the lowest singlet excited-state, which dominates key photophysical properties. These 

properties include fluorescence and, for the native bacteriochlorophylls, the energy- and 

electron-transfer reactions of photosynthesis.  

Prior studies with synthetic bacteriochlorins have shown that the position of the 

Qy(0,0) band could be tuned from 707 nm to 792 nm (typically measured in toluene).44–46,51 

The synthetic bacterio-131-oxophorbine MeOBOP (733 nm) absorbs in this range, to be 

compared with that of methyl bacteriopyropheophorbide a (754 nm in CH2Cl2).29 

Bacteriopheophytin a (BPh-a), which differs from methyl bacteriopyropheophorbide a 

owing to the presence of a 132-methoxycarbonyl group and a long alkyl ester chain, also 

absorbs at 750–760 nm in hydrocarbon solvents.64,65 The bacteriochlorin–imides MeOBC-I 

(793 nm) and HBC-I (818 nm) exhibit Qy(0,0) bands that extend further into the near 
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infrared. The Qy(0,0) band of bacteriochlorin–imides derived from bacteriochlorophyll a 

occurs in the same spectral range (800–830 nm).32,33,36  

The spectra of MeOBOP, MeOBC-I and HBC-I in toluene are shown in Figure 8.1. 

The Qy(0,0) positions are listed in Table 8.1 along with those of a number of bacteriochlorin 

benchmarks that lack the annulated ring E. Reference molecules for MeOBOP include a set 

of 3,13-diacetylbacteriochlorins: MeOBC-MeA (743 nm), MeOBC-A (740 nm), HBC-MeA 

(766 nm) and HBC-A (768 nm). The first three of these 3,13-diacetylbacteriochlorins were 

prepared here (Schemes 8.2 and 8.5) whereas HBC-A (Chart 8.2) was synthesized previously 

(chapter 5).45 Comparison among the four 3,13-diacetylbacteriochlorins shows that (1) the 5-

methoxy group results in an average 25-nm hypsochromic shift in the Qy(0,0) position, and 

(2) the 2,12-dimethyl groups have little (< 3 nm) effect on the Qy(0,0) position. The first 

point, regarding the 5-methoxy group, is also made upon comparison of the Qy(0,0) positions 

of bacteriochlorins MeOBC-EtEs (739 nm) and HBC-EtEs (761 nm).46 The latter two 

compounds (Scheme 8.6) serve as benchmarks for the two bacteriochlorin–imides (MeOBC-

I and HBC-I): the benchmarks contain the 2,12-diethyl and 3-ester groups but lack the 

13,15-dicarboximide moiety. The Qy(0,0) position for MeOBC-I (793 nm) and HBC-I (818 

nm), like the three pairs of bacteriochlorins noted above, shows a 25-nm hypsochromic shift 

due to the 5-methoxy group. Interestingly, the impact of the 5-methoxy group is diminished 

in bacteriochlorins that lack a carbonyl moiety (acetyl, ester, imide) at the 3,13-positions. 

This point is seen upon comparison of the Qy(0,0) positions of bacteriochlorins MeOBC-H 

(709 nm)46 and HBC-H (713 nm)45 that bear one or no substituents, respectively, other than 

the geminal dimethyl groups (Chart 8.2). 
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Figure 8.1. Absorption (  solid lines) and emission (--- dashed lines) spectra (normalized) 
in toluene at room temperature of MeOBOP (blue), MeOBC-I (green), and HBC-I 
(magenta). 
 

 

 

Chart 8.2. Benchmark Bacteriochlorins Prepared Previously.45 
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Table 8.1. Photophysical Properties of Bacteriochlorin Compounds.a 

Compound 
Cmpd 

code for 
Fig. 8.2 

λQyabs 
(nm) 

λQyem 
(nm) 

IQy/IB
b Φf

 c τs 
(ns)d 

HOMO − LUMO 
(eV)e 

HOMO-1 − LUMO+1 
(eV)f 

Targets:         
HBC-I a 818 823 1.3 0.036 1.9 1.92 4.01 
MeOBC-I b 793 798 1.0 0.052 2.2 2.02 3.92 
MeOBOP h 733 739 0.93 0.19 4.6 2.18 3.86 
Benchmarks:         
HBC-H i 713 716 0.85 0.17 4.0 2.26 4.06 
HBC-A c 768 771 1.2 0.11 2.9 2.05 3.95 
HBC-MeA  766     2.02 3.94 
HBC-EtEs d 761 775 0.94 0.14 3.3 2.10 3.98 
MeOBC-H j 709 711 0.87 0.25 5.0 2.28 3.98 
MeOBC-A f 740 747 0.96 0.14 3.8 2.14 3.88 
MeOBC-MeA  e 743 749 0.95 0.13 3.4 2.14 3.87 
MeOBC-EtEs g 739 749 1.1 0.17 4.3 2.16 3.91 
BPh-ag  758 768 0.69 0.10 2.7 2.03h 3.89h 
Fictive:         
MeOBC-MeAMe15       2.17 3.80 

aIn toluene at room temperature unless noted otherwise. bRatio of the peak intensities of the Qy(0,0) and B bands. cFluorescence 
quantum yield (error ± 7%). dLifetime of the lowest singlet excited state measured using fluorescence techniques (error ± 7%). Values 
for several of the benchmark compounds were reported in ref. 45. eEnergy gap between the LUMO and HOMO orbitals. fEnergy gap 
between the LUMO+1 and HOMO-1 orbitals. gValues are in toluene. The values in ethanol are λabs = 750 nm, λem = 768 nm, IQy/IB = 
0.39, Φf = 0.081, and τs = 2.3 ns. A value of τs = 2.0 ns in acetone/methanol 7:3 was found in ref 65. hDFT calculations were 
performed with the truncated phytyl tail ‐CH2CH=C(CH3)(CH2CH3). 
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VI. Fluorescence Spectra, Quantum Yields, and Singlet Excited-State Lifetimes. 

(Note: these studies were carried out by collaborators Eunkyung Yang and Dewey Holten at 

Washington University in St. Louis, Missouri).  

The fluorescence spectra of MeOBOP, MeOBC-I and HBC-I in toluene are shown 

in Figure 8.1 (dotted lines). Each fluorescence spectrum is dominated by the Qy(0,0) band, 

which lies ~5 nm to longer wavelength than the corresponding Qy(0,0) absorption feature. 

The same is generally true for the benchmark bacteriochlorins listed in Table 8.1; exceptions 

include HBC-EtEs and MeOBC-EtEs, which show larger (~15 nm) Stokes shifts, 

suggesting greater changes in structure or solvent interactions upon photoexcitation.  

The bathochromic shift of the Qy(0,0) band of MeOBOP, MeOBC-I and HBC-I 

(733 nm, 793 nm, 818 nm) is accompanied by a decrease in the fluorescence yield (0.19, 

0.052, 0.036) and shortening of the singlet excited-state lifetime (4.6 ns, 2.2 ns, 1.9 ns). The 

same is true of the benchmark bacteriochlorins. These data are plotted in Figures 8.2C and D 

and listed in Table 8.1. For comparison, the average singlet excited-state lifetime of 

bacteriopheophytin a is 2.0–2.7 ns and has a Qy(0,0) band at 750–760 nm in organic solvents 

(Table 8.1).64,65 Thus, the two synthetic bacteriochlorin–imides absorb at significantly longer 

wavelengths (by ~40 and ~70 nm) than the natural pigment and yet have comparable excited-

state lifetime.  
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Figure 8.2. Orbital energies, energy gaps, singlet excited-state lifetime, and fluorescence 
yield as a function of the Qy(0,0) energy (bottom axis) and wavelength (top axis). For each 
plot, the solid symbols are for the three target compounds, MeOBOP, MeOBC-I and HBC-
I, and the open symbols are for the benchmark bacteriochlorins. The letter code (a–j) at the 
bottom of panel A gives the left-to-right order of the data points for each plot in the Figure 
and identifies the compounds as listed in the first two columns of Table 8.1. 
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VII. Frontier Molecular Orbitals and Electronic Properties. (Note: these studies 

were carried out by collaborators James R. Diers and David F. Bocian at the University of 

California Riverside).  

The energies and electron-density distributions of the frontier molecular orbitals 

(MOs) of the bacterio-131-oxophorbine, bacteriochlorin–imides, and benchmark compounds 

were obtained from density functional theory (DFT) calculations. Such methods were also 

applied to the fictive bacteriochlorin MeOBC-MeAMe15 (Chart 8.3), which differs from the 

benchmark compound MeOBC-MeA in the addition of a 15-methyl substituent. 

Examination of MeOBC-MeAMe15 provides deeper insight into the origin of the effects 

caused by the formation of the fifth ring. The four frontier molecular orbitals and energy 

levels for nine compounds are shown in Table 8.2 and Table 8.3. 

 
Chart 8.3. Fictive Bacteriochlorin for which DFT Calculations were Performed. 

 

The key results of the DFT calculations for MeOBOP, MeOBC-I, HBC-I and 

representative benchmark synthetic and fictive compounds are summarized in Figure 8.2. 

This figure shows the characteristics of the four frontier orbitals: the highest occupied 

molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), the HOMO-1, 

and LUMO+1. The energies of these MOs are plotted as a function of the Qy(0,0) absorption-
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band energy/wavelength in Figure 8.2A, and analogous plots for the HOMO − LUMO 

energy gap and HOMO-1 − LUMO+1 energy gap are shown in Figure 8.2B. In each of these 

plots, the data for the key target compounds (MeOBOP, MeOBC-I and HBC-I) are given by 

closed symbols and those for the benchmark bacteriochlorins by open symbols. The values 

for the HOMO − LUMO and HOMO-1 − LUMO+1 energy gaps for the various compounds 

are listed in Table 8.1. These two energy gaps are relevant to the spectral analysis given 

below. 
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Table 8.2. Molecular-Orbital Energies and Electron-Density Distributions of Bacteriochlorin 
Compounds. 

 HBC-I MeOBC-I MeOBOP BPh-aa 

Structure N HN

NNH

EtO2C

Et

Et

NO O

 

N HN

NNH

OMeEtO2C

Et

Et

NO O

 

N HN

NNH

O

O

OMe

 

N HN

NNH

O

O

RO
O O

O

 

LUMO+1 
(eV) 

 

  
  

 −1.50 −1.51 −1.31 −1.41 

LUMO 
(eV) 

  
  

 −2.99 −2.89 −2.63 −2.84 

HOMO 
(eV) 

  
  

 −4.91 −4.91 −4.81 −4.87 

HOMO-1 
(eV) 

  
  

 −5.51 −5.43 −5.17 −5.30 
aFor BPh-a, calculations were performed with a truncated phytyl tail 
[‐CH2‐CH=C(CH3)(CH2CH3)], which is omitted in the display here. 
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Table 8.3. Molecular-Orbital Energies and Electron-Density Distributions of Bacteriochlorin 
Compounds. 

 MeOBC- 
MeAMe15 

MeOBC-
MeA MeOBC-A MeOBC-H HBC-H 

Structure 
N HN

NNH

OMe
O

O  

N HN

NNH

OMe
O

O  

N HN

NNH

OMe
O

O  
N HN

NNH

OMe

 
N HN

NNH

 

LUMO+1 
(eV) 

 
     

 −1.22  −1.25 −1.33 −0.93 −0.93 

LUMO (eV) 

     

 −2.50 −2.56 −2.70 −2.20 −2.20 

HOMO 
(eV) 

     

 −4.67 −4.70 −4.84 −4.48 −4.46 

HOMO-1 
(eV) 

    
 

 

 −5.02 −5.12 −5.21 −4.91 −4.99 
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The salient points from the DFT calculations and the relationship to the observed 

spectral properties are as follows: 

 (1) The slopes of the trend lines given in Figure 8.2A show that the LUMO (m = 3.2) 

is more strongly connected with the wavelength/energy of the Qy(0,0) absorption band than 

are the HOMO (m = 1.8), LUMO+1 (m = 2.3) and HOMO-1 (m = 2.4). These differences 

can be traced to the generally greater electron density in the LUMO at the substituent sites 

(Table 8.3). The most important sites in this regard are the 3,13-positions of the carbonyl 

substituents (acetyl, ester, imide) of MeOBOP, MeOBC-I, HBC-I and the benchmark 

bacteriochlorins. These sites (and the 2,12-positions) are on the molecular y-axis, which is 

the axis on which the Qy optical transition is polarized.  

 (2) In Gouterman’s four-orbital model,66,67 the position of the Qy(0,0) absorption band 

depends on the average value of the HOMO − LUMO energy gap and the HOMO-1 − 

LUMO+1 energy gap. Because of the trends in the individual molecular orbitals described 

above and shown in Figure 8.2A, there is a much greater variation in the HOMO − LUMO 

energy gap versus the HOMO-1 − LUMO+1 energy gap for MeOBOP, MeOBC-I, HBC-I 

and the benchmark bacteriochlorins (Table 8.1). The consequence is a much greater 

magnitude of the slope of the trend line for the HOMO − LUMO energy gap (m = 1.4) versus 

the HOMO-1 − LUMO+1 energy gap (m = −0.05) plotted against the Qy(0,0) 

wavelength/energy (Figure 8.2B). Consequently, the wavelength/position of the Qy(0,0) band 

is dominated by the HOMO − LUMO energy gap for the bacterio-131-oxophorbine, 

bacteriochlorin−imides, and bacteriochlorins described here. In turn, following the findings 
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given in point (1), the spectral position is dictated much more strongly by the dependence of 

the LUMO than the HOMO on the macrocycle-substituent pattern for these molecules.  

 (3) The DFT calculations reproduce the effect of the 5-methoxy group on the position 

of the Qy(0,0) wavelength/energy. This can be seen by comparing the value for the Qy(0,0) 

wavelength and the HOMO − LUMO energy gap for the following pairs of 3,13-carbonyl-

containing (acetyl, ester, imide) compounds (Table 8.1): MeOBC-I (793 nm, 2.02 eV) versus 

HBC-I (818 nm, 1.92 eV); MeOBC-EtEs (739 nm, 2.16 eV) versus HBC-EtEs (761 nm, 

2.10 eV); MeOBC-MeA (743 nm, 2.14 eV) versus HBC-MeA (766 nm, 2.02 eV); and 

MeOBC-A (740 nm, 2.14 eV) versus HBC-A (768 nm, 2.05 eV). For these pairs of 

compounds (with versus without the 5-methoxy group), the average bathochromic shift is 24 

nm and the average shift in the HOMO − LUMO gap to lower energy is 0.09 eV. By 

comparison, the values for MeOBC-H (709 nm, 2.28 eV) versus HBC-H (713 nm, 2.26 eV) 

reveal a much smaller spectral shift of 4 nm and a corresponding smaller molecular-orbital 

energy-gap shift of 0.02 eV. Obviously there is interplay between the electron-donating 

ability of the 5-methoxy group and the sensitivity of the 3,13-positions to the presence of 

auxochromes such as carbonyl moieties. 

 (4) The DFT calculations of the benchmark compounds reproduce the finding that the 

2,12-dimethyl groups of bacterio-131-oxophorbine MeOBOP, and in analogy the 2-ethyl 

group of MeOBC-I and HBC-I, have little effect. This result is shown by the Qy(0,0) 

wavelength and the HOMO − LUMO energy gap for the following pairs of compounds: 

HBC-A (768 nm, 2.05 eV) versus HBC-MeA (766 nm, 2.02 eV); and MeOBC-A (740 nm, 

2.14 eV) versus MeOBC-MeA (743 nm, 2.14 eV). In both cases the presence of the 2,12-
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dimethyl groups results in ≤ 3 nm spectral shift and a ≤ 0.03 eV shift in the molecular-orbital 

energy gap. Collectively, these results suggest that the alkyl groups at the 2- or 12-positions 

of MeOBOP, MeOBC-I and HBC-I, and by implication the native photosynthetic pigments 

such as BPh-a (Table 8.2), play an insignificant role in determining the spectral properties of 

these molecules.  

 (5) The data and analysis given above (Table 8.1 and Figures 8.1 and 8.2) provide 

insights into which substituents are most responsible for the spectral characteristics of 

MeOBOP versus that of the benchmark bacteriochlorin MeOBC-H. The Qy(0,0) position 

and HOMO − LUMO gap for MeOBC-H (709 nm, 2.28 eV) are strongly affected upon the 

addition of the 3,13-diacetyl groups (MeOBC-A: 740 nm, 2.14 eV), with little further effect 

upon addition of the 2,12-dimethyl groups (MeOBC-MeA: 743 nm, 2.14 eV). The final step 

to obtain MeOBOP (733 nm, 2.18 eV) is closure to form the five-membered ring. The latter 

can be thought of as first, placement of a substituent at the 15-methyl group, and second, ring 

closure accompanied by structural/electronic effects such as ring strain and shift toward 

planarity. To gain insights into the effect of the 15-substituent, DFT calculations were carried 

out on the fictive bacteriochlorin MeOBC-MeAMe15, wherein a methyl group is placed at 

the 15-position (Chart 8.3, Tables 8.1 and 8.3). The HOMO − LUMO energy gap (2.17 eV) 

for this fictive compound is between those for MeOBC-MeA (2.14 eV) and MeOBOP (2.18 

eV), consistent with a modest effect of substitution at the 15-position. Given the small (0.03–

0.04 eV) energy shifts involved, however, the effects of 15-substitution versus ring closure 

(once the 13-acetyl group is in place) are of uncertain relative magnitude in dictating the 

ultimate spectral properties of the bacterio-131-oxophorbine chromophores.  
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Outlook 

Bacteriochlorophylls are Nature’s pigments for absorption of sunlight in the near-

infrared region. The ability to utilize such compounds in diverse artificial systems – such as 

artificial photosynthesis, clinical diagnostics, and photomedicine – depends on versatile 

synthetic methods that afford stable macrocycles and that enable the spectral properties to be 

tuned at will. The designs that have been chosen employ a geminal dimethyl group in each 

pyrroline ring to ensure stability toward adventitious dehydrogenation. The resulting 

synthetic bacteriochlorins thus differ slightly in structure from the natural pigments, yet are 

more robust toward routine handling and synthetic manipulation. Here the ability to install an 

exocyclic ring, either the five-membered “ring E” as occurs in all bacteriochlorophylls, or the 

six-membered imide ring characteristic of derivatives of bacteriochlorophylls commonly 

known as bacteriopurpurinimides has been explored.  

Of the de novo synthesized bacteriochlorins that have been described in the previous 

chapters, MeOBC-H46 and HBC-H45 are at the shorter wavelength end of the range of 

Qy(0,0) absorption positions while the two bacteriochlorin–imides MeOBC-I and HBC-I are 

at the longer extreme. In comparison the naturally occurring bacteriochlorin tolyporphin A 

(wherein each pyrroline ring bears a geminal dialkyl unit and an oxo group) absorbs at 678 

nm.68 The ability to tune the absorption band almost at will from ~680–820 nm bodes well 

for the use of synthetic bacteriochlorins, bacterio-131-oxophorbines, and bacteriochlorin-

13,15-dicarboximides in diverse photochemical applications. The pursuit of such applications 

will be facilitated by the fluorescence yields (0.036–0.19), singlet excited-state lifetimes 

(1.9–4.6 ns), and photostability of the bacterio-131-oxophorbine and bacteriochlorin-13,15-
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dicarboximides prepared here, as well as the obvious sites for synthetic elaboration provided 

by the keto and N-imide groups of the annulated ring E. 

 

Experimental Section 

 General Methods. 1H NMR spectra (300 MHz) and 13C NMR spectra (100 MHz) 

were collected at room temperature in CDCl3. 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. Laser-

desorption mass spectrometry was performed without any matrix. Electrospray ionization 

mass spectrometry (ESI-MS) data are reported for the molecule ion or protonated molecule 

ion. Known compounds 3-methyl-pyrrole-2-carboxaldehyde (2),57 1,1-dimethoxy-4-methyl-

3-penten-2-one (5),44 and two bacteriochlorins (HBC-EtEs, MeOBC-EtEs-Br15)46 were 

prepared according to literature procedures. 

 3,13-Diacetyl-5-methoxy-8,8,18,18-tetramethylbacteriochlorin (MeOBC-A). 

Following a procedure for replacement of a bromo group with an acetyl group on a 

bacteriochlorin with modification,46,58 a mixture of MeOBC-Br (108 mg, 0.194 mmol), 

tributyl(1-ethoxyvinyl)tin (135 µL, 0.388 mmol), and (PPh3)2PdCl2 (56 mg, 0.078 mmol) was 

heated in acetonitrile/DMF [20 mL, (3:2)] at 85 °C for 1.5 h. The reaction mixture was 

treated with 10% aqueous HCl (50 mL) at room temperature for 20 min and then diluted with 

CH2Cl2. The reaction mixture was poured into a saturated aqueous solution of NaHCO3 and 

extracted with dichloromethane. The organic layer was dried (Na2SO4), concentrated and 

chromatographed (silica, CH2Cl2) to afford a purple solid (64 mg, 68%): 1H NMR δ –1.68 
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(brs, 1H), –1.31 (brs, 1H), 1.90 (s, 6H), 1.95 (s, 6H), 3.08 (s, 3H), 3.16 (s, 3H), 4.18 (s, 3H), 

4.36 (s, 2H), 4.39 (s, 2H), 8.54 (s, 1H), 8.63 (s, 1H), 8.66 (d, J = 2.2 Hz, 1H), 9.08 (d, J = 

1.93 Hz, 1H), 9.77 (s, 1H); 13C NMR δ 29.9, 31.0, 31.3, 33.2, 45.5, 46.1, 48.2, 51.6, 64.9, 

97.6, 99.6, 99.8, 121.3, 125.7, 128.3, 129.1, 133.0, 135.1, 135.6, 135.7, 135.9, 157.2, 162.5, 

169.2, 172.8, 197.0, 202.5; ESI-MS obsd 485.25401; calcd 485.25527 [(M + H)+, M = 

C29H32N4O3]; λabs (CH2Cl2) 362, 530, 742 nm. 

 3,13-Bis(2-methyl-1,3-dioxolan-2-yl)-5-methoxy-8,8,18,18-tetramethylbacterio-

chlorin (MeOBC-K). Following a known procedure,56 solution of MeOBC-A (20.0 mg, 

0.0413 mmol) in CH2Cl2 (3.5 mL) was treated with ethylene glycol (470 µL, 82.6 mmol) and 

TMSCl (422 µL, 3.30 mmol). The mixture was stirred at room temperature for 6 h. A 

saturated aqueous solution of NaHCO3 was added and the mixture was extracted with 

CH2Cl2. The organic layer was separated, dried (Na2SO4) and concentrated under vacuum. 

Column chromatography (alumina, CH2Cl2) afforded a green solid (17 mg, 72%): 1H NMR δ 

–2.06 (brs, 1H), –1.86 (brs, 1H), 1.95 (s, 6H), 1.95 (s, 6H), 2.33 (s, 3H), 2.40 (s, 3H), 4.12–

4.33 (m, 4H), 4.25 (s, 3H), 4.34–4.50 (m, 4H), 4.42 (s, 2H), 4.44 (s, 2H), 8.58 (s, 1H), 8.58 

(s, 1H), 8.73 (d, J = 2.75 Hz, 1H), 8.79 (d, J = 2.75 Hz, 1H), 9.08 (s, 1H); LD-MS obsd 

572.7, calcd 572.3 (C33H40N4O5); λabs (CH2Cl2) 356, 367, 505, 715 nm. 

4-Bromo-3-methylpyrrole-2-carboxaldehyde (2-MeBr). Following a general 

procedure,50 a stirred solution of 3-methyl-pyrrole-2-carboxaldehyde (2-Me, 5.63 g, 51.6 

mmol) in THF (52 mL) was cooled to 0 °C. NBS (9.19 g, 51.6 mmol; reagent grade, 

unrecrystallized) was added all at once. The reaction mixture was stirred for 15 min at 0 °C 

under argon before the solvent was removed on a rotary evaporator. The resulting solid was 
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dried under high vacuum for 2 h. Water (100 mL, room temperature) was added to the flask 

and the suspension was filtered (Büchner funnel). The filter cake was washed with an 

additional 100 mL of water. The solid filtered material was recrystallized from water/ethanol 

as follows. The solid filtered material was transferred to a 250 mL round bottom flask 

equipped with a reflux condenser. Water/ethanol (150 mL, 5:1) were added and the mixture 

was refluxed in a hot water bath until all solid material had dissolved. Upon allowing the 

solution to cool to room temperature the product crystallized. The mixture was cooled to 4 

°C for 2 h to promote more crystallization. The mixture was vacuum-filtered and the 

resulting off-white crystals were dried under high vacuum for 24 h (7.78 g, 80 %): mp 140–

143 °C; 1H NMR δ 2.32 (s, 3H), 7.08 (d, J = 3.3 Hz, 1H), 9.60 (s, 1H), 9.95 (brs, 1H); 13C 

NMR δ 9.8, 101.7, 126.0, 129.3, 131.7, 177.9; ESI-MS obsd 187.9708, calcd 187.9706 [(M + 

H)+, M = C6H6BrNO]. 

4-Bromo-3-methyl-2-formyl-N-tosylpyrrole (2-MeBr′). Following a general 

procedure,50 a stirred suspension of 60% NaH (2.5 g, 62 mmol) in dry THF (42 mL, distilled) 

was cooled to 0 °C under argon. The mixture was treated portionwise with 2-MeBr (7.78 g, 

41.4 mmol). The mixture was stirred for 30 min at 0 °C before treating all at once with p-

toluenesulfonyl chloride (8.00 g, 41.4 mmol). The reaction mixture was stirred at room 

temperature for 3 h, whereupon water (100 mL) was slowly added to quench the reaction. 

Ethyl acetate (100 mL) was added, and the organic layer was separated. The organic layer 

was washed with brine, dried (Na2SO4), and concentrated to a solid. The solid was dried 

under high vacuum for 2 h. The crude solid material was dissolved in 100 mL hexanes/ethyl 

acetate (5:1) by refluxing in a hot water bath. Upon allowing the solution to cool to room 
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temperature the product crystallized. The mixture was cooled overnight at –10 °C to promote 

additional crystallization. The mixture was vacuum-filtered, and the resulting light brown 

crystals were dried under high vacuum (9.73 g, 69%): mp 152–155 °C; 1H NMR δ 2.29 (s, 

3H), 2.43 (s, 3H), 7.34 (d, J = 8.5 Hz, 2H), 7.55 (s, 1H), 7.76 (d, J = 8.5 Hz, 2H), 10.14 (s, 

1H); 13C NMR δ 2.1, 22.0, 106.2, 126.8, 127.6, 129.1, 130.6, 135.2, 136.4, 146.5, 180.1; 

Anal. Calcd for C13H12BrNO3S: C, 45.63; H, 3.53; N, 4.09. Found: C, 45.71; H, 3.44; N, 

4.11. 

4-Bromo-3-methyl-2-(2-nitroethyl)-N-tosylpyrrole (4-MeBr′). Following a general 

procedure,50 a stirred mixture of 2-MeBr′  (7.73 g, 28.5 mmol) in the form of a finely ground 

powder, potassium acetate (2.24 g, 22.8 mmol), methylamine hydrochloride (1.54 g, 22.8 

mmol), and acetic acid (0.1 mL) in absolute ethanol (10 mL) was treated with nitromethane 

(4.0 mL, 78 mmol). The mixture was stirred for 2 h, whereupon water was added (100 mL) 

and the resulting yellow precipitate was filtered by vacuum filtration. The solid filtered 

material was washed with water (200 mL) followed by cold ethanol (~100 mL, 0 °C) until 

the eluant was clear. The yellow filtered solid was dried overnight under high vacuum. The 

crude solid material was dissolved in dry THF (117 mL, distilled). The solution was cooled 

to –10 °C (internal temperature, using an acetone bath with a few pieces of dry ice) under 

argon. The solution was treated with 95% LiBH4 (0.64 g, 28 mmol) all at once under 

vigorous stirring. The reaction mixture was stirred for ~15 min at –10 °C, until all of the 

starting material disappeared (starting material: CH=CHNO2: d, J = 13.6 Hz, 8.56 ppm; 

product: CH2CH2NO2: t, J = 7.3 Hz, 4.54 ppm and 3.36 ppm), whereupon the reaction 

mixture was quenched by slowly adding a cold saturated aqueous NH4Cl solution (200 mL, 0 
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°C). The mixture was extracted with ethyl acetate (200 mL). The organic layer was washed 

with brine, dried (Na2SO4), and concentrated to a solid. The solid was dried under high 

vacuum for 2 h. The crude solid material was dissolved in 100 mL of 2-propanol by refluxing 

in a hot water bath. Upon cooling the solution to –10 °C the product crystallized. The 

mixture was vacuum-filtered, and the resulting light brown crystals were dried under high 

vacuum (9.03 g, 82%): mp 85 °C; 1H NMR δ 1.92 (s, 3H), 2.43 (s, 3H), 3.36 (t, J = 7.3 Hz, 

2H), 4.54 (t, J = 7.3 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.34 (s, 1H), 7.66 (d, J = 8.4 Hz, 2H); 

13C NMR δ 10.5, 21.9, 24.3, 74.3, 105.2, 121.7, 124.3, 124.9, 126.9, 130.6, 135.6, 146.0; 

ESI-MS obsd 387.0024, calcd 387.0009 [(M + H)+, M = C14H15BrN2O4S]; 

6-(4-Bromo-3-methyl-N-tosylpyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-

nitrohexan-2-one (6-MeBr′). Following a general procedure,50 a mixture of 4-MeBr′  (9.00 

g, 23.3 mmol) and 1,1-dimethoxy-4-methyl-3-penten-2-one 5 (11.1 g, 69.9 mmol, 3 equiv) 

was treated with DBU (10.5 mL, 69.9 mmol). The reaction mixture was stirred for 15 min 

under argon. A saturated solution of cold aqueous NH4Cl (50 mL, 0 °C) was added. The 

mixture was extracted with ethyl acetate (100 mL). The organic layer was washed with brine, 

dried (Na2SO4), concentrated and dried overnight under high vacuum. Addition of diethyl 

ether (50 mL) to the resulting solid, trituration, and filtration afforded a pale brown solid 

(11.0 g, 86%): mp 114–115 °C; 1H NMR δ 1.22 (s, 3H), 1.27 (s, 3H), 1.85 (s, 3H), 2.42 (s, 

3H), 2.64, 2.74 (AB, 2J = 19.0 Hz, 2H), 3.15 (ABX, 2JAB = 15.4 Hz, 3JBX = 1.8 Hz, 1H), 3.32 

(ABX, 2JAB = 15.4 Hz, 3JAX = 11.7 Hz, 1H), 3.41 (s, 3H), 3.43 (s, 3H), 4.37 (s, 1H), 5.19 

(ABX, 3JAX = 11.7 Hz, 3JBX = 1.8 Hz, 1H), 7.28 (s, 1H), 7.31 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 

8.1 Hz, 2H); 13C NMR δ 10.7, 21.9, 23.8, 24.0, 25.9, 36.8, 44.2, 55.28, 55.29, 94.4, 104.9, 
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105.9, 122.6, 125.1, 125.9, 126.7, 130.5, 135.9, 145.6, 203.2; Anal. Calcd for 

C22H29BrN2O7S: C, 48.44; H, 5.36; N, 5.14. Found: C, 48.70; H, 5.30; N, 5.17. 

6-(4-Bromo-3-methyl-1H-pyrrol-2-yl)-1,1-dimethoxy-4,4-dimethyl-5-nitrohexan-

2-one (6-MeBr). Following a general procedure,50 a sample of 6-MeBr′  (9.12 g, 16.7 mmol) 

was treated with TBAF (34 mL, 1.0 M in THF, 34 mmol), and the reaction mixture was 

stirred for 1 h at reflux. A saturated solution of aqueous NaHCO3 (100 mL) was added 

followed by ethyl acetate (50 mL). The mixture was extracted with ethyl acetate. The organic 

layer was dried (Na2SO4), concentrated to a brown oil, dried under high vacuum for 2 h, and 

chromatographed (silica, CH2Cl2) to give a light brown oil (4.00 g, 61%): 1H NMR δ 1.13 (s, 

3H), 1.22 (s, 3H), 1.95 (s, 3H), 2.60, 2.70 (AB, 2J = 18.8 Hz, 2H), 2.99 (ABX, 2JAB = 15.4 

Hz, 3JBX = 2.5 Hz, 1H), 3.24 (ABX, 2JAB = 15.4 Hz, 3JAX = 11.8 Hz, 1H), 3.41 (s, 3H), 3.42 

(s, 3H), 4.38 (s, 1H), 5.12 (ABX, 3JAX = 11.8 Hz, 3JBX = 2.5 Hz, 1H), 6.59 (s, 1H), 8.29 (brs, 

1H); 13C NMR δ 9.8, 24.4, 24.4, 25.6, 36.6, 45.4, 55.39, 55.40, 94.1, 99.0, 104.7, 116.1, 

116.7, 122.5, 204.2; ESI-MS obsd 391.0864, calcd 391.0863 [(M + H)+, M = C15H23BrN2O5]. 

8-Bromo-2,3-dihydro-1-(1,1-dimethoxymethyl)-3,3,7-trimethyldipyrrin 

(DHDPA-MeBr). Following a procedure for the synthesis of bromo–dihydrodipyrrin–

acetals,50 in a first flask a solution of 6-MeBr (4.77 g, 12.2 mmol) in freshly distilled THF 

(30 mL) at 0 °C was treated with freshly prepared NaOMe (3.3 g, 61 mmol). The resulting 

mixture was stirred and degassed by bubbling argon through the solution for 45 min. In a 

second flask purged with argon, TiCl3 (46 mL, 20% in 3% HCl solution, 73 mmol), THF (90 

mL), NH4OAc (35 g, 0.46 mol), and degassed water (50 mL) were combined under argon 

and the solution was degassed by bubbling argon through the solution for 45 min. Then the 
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first flask mixture was transferred via cannula to the buffered TiCl3 solution. The resulting 

mixture was stirred at room temperature for 16 h under argon. A saturated solution of 

aqueous NaHCO3 (300 mL) was added followed by ethyl acetate (200 mL). The mixture was 

extracted with ethyl acetate. The organic layer was dried (Na2SO4), concentrated to a brown 

oil, dried under high vacuum for 2 h, and chromatographed on a short alumina column 

(neutral alumina, CH2Cl2) to give a light brown oil (1.40 g, 34%): 1H NMR δ 1.22 (s, 6H), 

2.10 (s, 3H), 2.62 (s, 2H), 3.44 (s, 6H), 5.01 (s, 1H), 5.80 (s, 1H), 6.73–6.84 (m, 1H), 10.66 

(brs, 1H); 13C NMR δ 10.1, 29.4, 40.5, 48.4, 54.8, 99.6, 102.9, 105.1, 117.3, 117.9, 127.5, 

159.9, 174.7; ESI-MS obsd 341.0865, calcd 341.0859 [(M + H)+, M = C15H21BrN2O2]. 

3,13-Dibromo-5-methoxy-2,8,8,12,18,18-hexamethylbacteriochlorin (MeOBC-

MeBr). Following a general procedure,46 a solution of 1 (675 mg, 1.98 mmol, 18 mM) in 

anhydrous CH2Cl2 (110 mL) was treated first with 2,6-DTBP (3.61 mL, 15.8 mmol, 144 

mM) and second with TMSOTf (1.44 mL, 7.92 mmol, 72 mM). The reaction mixture was 

stirred at room temperature for 16 h. The reaction mixture was concentrated, and the residue 

was chromatographed [silica, hexanes/CH2Cl2 (1:1)]. A single green band was collected and 

concentrated to a green solid (122 mg, 21%): 1H NMR δ –1.99 (brs, 1H), –1.78 (brs, 1H), 

1.94 (s, 6H), 1.96 (s, 6H), 3.38 (s, 3H), 3.41 (s, 3H), 4.32 (s, 3H), 4.40 (s, 2H), 4.43 (s, 2H), 

8.53 (s, 1H), 8.57 (s, 1H), 8.72 (s, 1H); 13C NMR δ 13.0, 13.2, 31.2, 31.4, 45.9, 46.1, 47.6, 

52.0, 64.5, 94.1, 94.4, 95.8, 106.8, 113.0, 125.7, 129.9, 131.8, 132.4, 133.8, 134.9, 160.9; 

ESI-MS obsd 585.0837, calcd 585.0859 [(M + H)+, M = C27H30Br2N4O]; λabs (CH2Cl2) 351, 

373, 502, 725 nm. 
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3,13-Dibromo-2,8,8,12,18,18-hexamethylbacteriochlorin (HBC-MeBr). Following 

a general procedure,44,46 a solution of 1 (1.36 g, 3.99 mmol, 5 mM) in anhydrous CH3CN 

(800 mL) was treated with BF3·O(Et)2 (4.9 mL, 40 mmol, 50 mM). The reaction mixture was 

stirred at room temperature for 16 h. Excess TEA (6.0 mL) was added to the reaction 

mixture. The reaction mixture was concentrated, and the residue was chromatographed 

[silica, hexanes/CH2Cl2 (1:1)] to afford a green solid (139 mg, 13%): 1H NMR δ –2.15 (brs, 

2H), 1.96 (s, 12H), 3.40 (s, 6H), 4.46 (s, 4H), 8.60 (s, 2H), 8.87 (s, 2H); ESI-MS obsd 

555.0745, calcd 555.0753 [(M + H)+, M = C26H28Br2N4]; λabs (CH2Cl2) 346, 371, 491, 731 

nm. 

3,13-Diacetyl-5-methoxy-2,8,8,12,18,18-hexamethylbacteriochlorin (MeOBC-

MeA). Following a procedure for replacement of a bromo group with an acetyl group on a 

bacteriochlorin,45,58 a mixture of MeOBC-MeBr (82 mg, 0.14 mmol), tributyl(1-

ethoxyvinyl)tin (195 µL, 0.56 mmol) and (PPh3)2PdCl2 (98 mg, 0.14 mmol) was refluxed in 

THF (14 mL) for 23 h in a Schlenk flask. The reaction mixture was treated with 10% 

aqueous HCl (40 mL) at room temperature for 10 min. The reaction mixture was poured into 

a saturated aqueous solution of NaHCO3 and extracted with dichloromethane. The organic 

layer was dried (Na2SO4), concentrated and chromatographed [silica, CH2Cl2/EtOAc (99:1)] 

to give a purple solid (23 mg, 32%): 1H NMR δ –1.84 (brs, 1H), –1.55 (brs, 1H), 1.93 (s, 

6H), 1.97 (s, 6H), 2.98 (s, 3H), 3.20 (s, 3H), 3.33 (s, 3H), 3.62 (s, 3H), 4.15 (s, 3H), 4.35 (s, 

2H), 4.39 (s, 2H), 8.50 (s, 1H), 8.64 (s, 1H), 9.35 (s, 1H); ESI-MS obsd 513.2857, calcd 

513.2860 [(M + H)+, M = C31H36N4O3]; λabs (CH2Cl2) 362, 523, 743 nm. 
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3,13-Diacetyl-2,8,8,12,18,18-hexamethylbacteriochlorin (HBC-MeA). Following a 

procedure for replacement of a bromo group with an acetyl group on a bacteriochlorin,45,58 a 

mixture of HBC-MeBr (40 mg, 0.072 mmol), tributyl(1-ethoxyvinyl)tin (100 µL, 0.288 

mmol) and (PPh3)2PdCl2 (51 mg, 0.072 mmol) was refluxed in THF (7 mL) for 23 h in a 

Schlenk flask. The reaction mixture was treated with 10% aqueous HCl (40 mL) at room 

temperature for 10 min. The reaction mixture was poured into a saturated aqueous solution of 

NaHCO3 and extracted with dichloromethane. The organic layer was dried (Na2SO4), 

concentrated and chromatographed (silica, CH2Cl2) to give a purple solid (12 mg, 35%): 1H 

NMR δ –1.32 (brs, 2H), 1.94 (s, 12H), 3.19 (s, 6H), 3.61 (s, 6H), 4.39 (s, 4H), 8.59 (s, 2H), 

9.35 (s, 2H); ESI-MS obsd 483.2755, calcd 483.2755 [(M + H)+, M = C30H34N4O2]; λabs 

(CH2Cl2) 359, 389, 523, 766 nm. 

3,13-Diacetyl-15-bromo-5-methoxy-2,8,8,12,18,18-hexamethylbacteriochlorin 

(MeOBC-MeA-Br15). A solution of MeOBC-MeA (8.0 mg, 0.015 mmol) in THF (6.5 mL) 

was treated with NBS (2.9 mg, 0.015 mmol, from 0.50 M freshly prepared THF stock 

solution) at room temperature for 1 h. TLC analysis (silica, CH2Cl2) showed the 

disappearance of starting material and the presence of only one new spot. The reaction 

mixture was diluted with CH2Cl2 and washed with saturated aqueous NaHCO3. The organic 

layer was dried (Na2SO4), concentrated and chromatographed (silica, CH2Cl2) to afford a 

green solid (6.2 mg, 70%): 1H NMR δ –2.09 (brs, 1H), –1.87 (brs, 1H), 1.94 (s, 6H), 1.95 (s, 

6H), 2.99 (s, 3H), 3.03 (s, 3H), 3.31 (s, 3H), 3.34 (s, 3H), 4.15 (s, 3H), 4.35 (s, 2H), 4.41 (s, 

2H), 8.51 (s, 1H), 8.58 (s, 1H); ESI-MS obsd 512.2782, calcd 512.2782 [(M – Br + H)+, M = 

C31H35BrN4O3]; λabs (CH2Cl2) 365, 376, 517, 726 nm. 
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3,13-Diacetyl-5,15-dibromo-2,8,8,12,18,18-hexamethylbacteriochlorin (BC-MeA-

Br5,15). A solution of HBC-MeA (17 mg, 0.035 mmol) in THF (18 mL) was treated with 

NBS (6.3 mg, 0.035 mmol, from 0.50 M freshly prepared THF stock solution) at room 

temperature for 1 h. TLC analysis (silica, CH2Cl2) showed unreacted starting material and a 

new component. The reaction mixture was diluted with CH2Cl2 and washed with saturated 

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

(silica, CH2Cl2). The first band (purple) was remaining starting bacteriochlorin (4.0 mg) and 

the second band (green) was the (dibrominated) title compound (5.0 mg, 22%): 1H NMR δ –

1.77 (brs, 2H), 1.94 (s, 12H), 3.04 (s, 6H), 3.32 (s, 6H), 4.42 (s, 4H), 8.56 (s, 2H); ESI-MS 

obsd 638.0887 and 559.1700, calcd 638.0892 and 559.1709 [(M)+ and (M-Br)+, M = 

C30H32Br2N4O2]; λabs (CH2Cl2) 359, 381, 518, 732 nm. 

 3-Acetyl-5-methoxy-2,8,8,12,18,18-hexamethylbacterio-131-oxophorbine 

(MeOBOP). Following a reported procedure,53 a mixture of MeOBC-MeA-Br15 (9.0 mg, 

0.015 mmol), Cs2CO3 (25 mg, 0.077 mmol), and (PPh3)2PdCl2 (11 mg, 0.015 mmol) was 

refluxed in toluene (1.6 mL) for 20 h in a Schlenk flask. The reaction mixture was cooled to 

room temperature and chromatographed [silica, CH2Cl2/THF (99:1)] to afford a purple solid 

(6.6 mg, 86%): 1H NMR δ –1.39 (brs, 1H), 0.12 (brs, 1H), 1.90 (s, 6H), 1.91 (s, 6H), 2.91 (s, 

3H), 3.23 (s, 3H), 3.46 (s, 3H), 4.05 (s, 2H), 4.07 (s, 3H), 4.27 (s, 2H), 4.88 (s, 2H), 8.25 (s, 

1H), 8.39 (s, 1H); ESI-MS obsd 511.2701, calcd 511.2704 [(M + H)+, M = C31H34N4O3]; IR 

(NaCl) ν, cm–1 3435, 2954, 2918, 2850, 1687, 1630, 1360, 1226, 1132, 1084; λabs (toluene) 

359, 372, 530, 733 nm. 
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 152-N-Benzyl-3-ethoxycarbonyl-2,12-diethyl-5-methoxy-8,8,18,18-tetramethyl-

bacteriochlorin-13,15-dicarboximide (MeOBC-I). Following a reported procedure,54 a 

mixture of MeOBC-EtEs-Br15 (7.7 mg, 0.011 mmol), Pd(PPh3)4 (13 mg, 0.011 mmol), and 

Cs2CO3 (11 mg, 0.034 mmol) were dried under high vacuum in a Schlenk flask for 1 h. The 

flask was then filled with CO and THF (1.5 mL) containing benzylamine (5 µL, 0.05 mmol) 

was added. The reaction mixture was then stirred at 80 °C for 20 h under a CO atmosphere. 

The reaction mixture was cooled to room temperature and chromatographed (silica, CH2Cl2) 

to afford a purple solid (4.8 mg, 62%): 1H NMR δ –0.90 (brs, 1H), –0.43 (brs, 1H), 1.61 (t, J 

= 7.2 Hz, 3H), 1.73 (m, 6H), 1.87 (s, 6H), 1.90 (s, 6H), 3.73 (q, J = 7.7 Hz, 2H), 4.15–4.28 

(q, J = 7.2 Hz, 2H), 4.22 (s, 3H), 4.25 (s, 2H), 4.69 (s, 2H), 4.75 (q, J = 7.2 Hz, 2H), 5.67 (s, 

2H), 7.32–7.44 (m, 3H), 7.74 (d, J = 7.4 Hz, 2H), 8.40 (s, 1H), 8.68 (s, 1H); ESI-MS obsd 

688.3496, calcd 688.3493 [(M + H)+, M = C41H45N5O5]; IR (NaCl) ν, cm–1 3435, 3386, 2959, 

2919, 1728, 1682, 1647, 1537, 1215, 1149, 1126, 1088; λabs (toluene) 351, 371, 407, 550, 

793 nm. 

15-Bromo-3,13-diethoxycarbonyl-2,12-diethyl-8,8,18,18-

tetramethylbacteriochlorin (HBC-EtEs-Br15). A solution of HBC-EtEs (50 mg, 0.088 

mmol) in THF (35 mL) was treated with NBS (16 mg, 0.088 mmol, from 0.50 M freshly 

prepared THF stock solution) at room temperature for 1 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) to afford a green solid (10. 

mg, 18%): 1H NMR δ –1.61 (brs, 1H), –1.50 (brs, 1H), 1.60 (t, J = 7.2 Hz, 6H), 1.66–1.84 

(m, 6H), 1.94 (s, 6H), 1.95 (s, 6H), 3.82 (q, J = 7.7 Hz, 2H), 4.15 (q, J = 7.4 Hz, 2H), 4.41 (s, 



 279 

2H), 4.43 (s, 2H), 4.77 (m, 4H), 8.58 (s, 1H), 8.64 (s, 1H), 9.63 (s, 1H); ESI-MS obsd 

649.2383, calcd 649.2384 [(M + H)+, M = C34H41BrN4O4]; λabs (CH2Cl2) 354, 380, 520, 748 

nm. 

 152-N-Benzyl-3-ethoxycarbonyl-2,12-diethyl-8,8,18,18-

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

procedure,54 a mixture of HBC-EtEs-Br15 (9.7 mg, 0.011 mmol), Pd(PPh3)4 (17 mg, 0.015 

mmol), and Cs2CO3 (15 mg, 0.045 mmol) were dried under high vacuum in a Schlenk flask. 

The flask was then filled with CO and THF (2.0 mL) containing benzylamine (7 µL, 0.06 

mmol) was added. The reaction mixture was then stirred at 80 °C for 20 h under a CO 

atmosphere. The reaction mixture was cooled to room temperature and chromatographed 

(silica, CH2Cl2) to afford a purple solid (4.0 mg, 44%): 1H NMR δ –0.69 (brs, 1H), –0.47 

(brs, 1H), 1.71 (m, 9H), 1.90 (s, 6H), 1.92 (s, 6H), 3.99–4.15 (q, J = 7.2 Hz, 2H), 4.16–4.29 

(q, J = 7.4 Hz, 2 H), 4.33 (s, 2H), 4.72 (s, 2H), 4.77 (q, J = 7.2 Hz, 2H), 5.68 (s, 2H), 7.31–

7.44 (m, 3H), 7.70–7.82 (m, 2H), 8.56 (s, 1H), 8.71 (s, 1H), 9.54 (s, 1H); ESI-MS obsd 

658.3399, calcd 658.3388 [(M + H)+, M = C40H43N5O4]; IR (NaCl) ν, cm–1 3431, 2956, 2918, 

2848, 1680, 1649, 1423, 1217, 1149, 1095; λabs (toluene) 359, 408, 544, 818 nm. 

Photophysical Measurements. Static absorption and fluorescence measurements 

were performed as described previously.69,70 Argon-purged solutions of the samples in 

toluene with an absorbance of ≤0.10 at the excitation wavelength were used for the 

fluorescence spectral, quantum yield, and lifetime measurements. Fluorescence lifetimes 

were obtained using a phase modulation technique and Soret-band excitation70 or via decay 

measurements using Soret-region excitation pulses obtained from a nitrogen-pumped dye 
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laser and time-correlated-single-photon-counting detection. Emission measurements 

employed 2-4 nm excitation- and detection-monochromator bandwidths and 0.2 nm data 

intervals. Emission spectra were corrected for detection-system spectral response. 

Fluorescence quantum yields were determined relative to free base tetraphenylporphyrin (Φf 

= 0.090),71 chlorophyll a in benzene (Φf = 0.325)72 or chlorophyll a in toluene (which was 

found here to have the same value as in benzene).  

 Density Functional Theory Calculations. DFT calculations were performed with 

Spartan ’08 for Windows version 1.2.0 in parallel mode73 on a PC equipped with an Intel i7-

975 cpu, 24 GB ram, and three 300 GB, 10 k rpm hard drives. The hybrid B3LYP functional 

and the 6-31G* set were employed. The equilibrium geometries were fully optimized using 

the default parameters of the Spartan ‘08 program.  

  

The results in this chapter have been published.74 
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CHAPTER 9 

Conclusion 

 

Recent advances in the de novo synthesis of chlorins and bacteriochlorins, many of 

which have been outlined in the previous chapters, have opened the door to the investigation 

of analogues of the naturally occurring chlorophylls and bacteriochlorophylls. The geminal 

dimethyl groups make these molecules very stable and resistant to adventitious oxidation that 

occurs for the naturally occurring pigments. Independent access to all positions of the chlorin 

macrocycle is possible using a variety of synthetic approaches (Chart 9.1). Methods for 

bacteriochlorin synthesis, while less advanced than that of chlorins, have greatly been 

improved and afford access to nearly all positions of the macrocycle (Chart 9.2). 

 

 

Chart 9.1. Synthetic Chlorophyll Analogues. 
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Chart 9.2. Synthetic Bacteriochlorophyll Analogues. 

 

Through the choice of the substituents pattern and central metal ion, the electronic 

structure of each macrocycle (i.e., energies and electron distributions in the frontier 

molecular orbitals) can be varied with consequent systematic tunability of the photophysical 

and redox properties. The long-wavelength (Qy) band of the available synthetic chlorins 

ranges from 603–687 nm, while the chlorin-(iso)imides described in chapter 7 extend the Qy 

absorption band further into the red region (680–715 nm), and the synthetic bacteriochlorins 

described in the previous chapters have Qy absorption bands ranging from 707–859 nm. All 

together, the Qy absorption band of the synthetic chlorins and bacteriochlorins can be tuned 

from ~600–850 nm with almost nanometer precision. (Figure 9.1). 

Peripheral substituents can be used not only to tune photophysical properties but also 

to change the solubility in various milieu (i.e., hydrophobic, amphipathic, hydrophilic) or to 

provide bioconjugatable linkers. Several bacteriochlorins described herein have already been 

studied for their PDT activity and prove to be promising candidates for the treatment of 

various cancers and microbial infections. 
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Figure 9.1. Spectral coverage of Qy absorption bands of chlorins, chlorin–(iso)imides, and 
bacteriochlorins. 


