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Abstract
Five routes to stable chlorins bearing 0 or 1 meso substituents have been investigated, among which
reaction of a 9-bromo-1-formyldipyrromethane and 2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin
proved most effective. Application of this route afforded metallochlorins [Cu(II), Zn(II), Pd(II)]
including the chlorin lacking any β-pyrrole and meso substituents.
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1. Introduction
The dihydroporphyrins known as chlorins constitute the chromophore of plant chlorophylls.
In comparison with porphyrins, chlorins absorb more strongly in the red region of the spectrum.
1 The prototypical chlorins are chlorophyll a and chlorophyll b, whose structure and absorption
spectra are shown in Figure 1. The spectra differ owing to the presence of the methyl group or
the formyl group at the 7-position. Thus, chlorin spectra can be significantly altered upon
modification of even a single substituent. To gain a deep understanding of the effects of
substituents on the spectral properties of chlorins requires the ability to prepare chlorins bearing
diverse patterns of substituents. To tailor chlorins for use in diverse applications also requires
a fundamental understanding of how substituents alter reactivity. A comprehensive treatment
of the effects of substituents requires access to chlorins bearing a systematic progression of
substituents, beginning with no substituents and proceeding to one, two, or more groups at
designated locations. An ultimate objective of this work is to be able to design and synthesize
chlorins that exhibit desired spectral and photophysical properties for diverse applications
ranging from artificial photosynthesis to photomedicine.

Surprisingly few systematic studies are available concerning the effects of substituents on
chlorin properties. The dearth stems largely from synthetic limitations. Two simple routes to
chlorins entail (1) derivatization of naturally occurring chlorins,3 and (2) reduction/
derivatization of synthetic porphyrins.4 The former route is constrained by the numerous
substituents present in the naturally occurring macrocycles. The lack of regioselectivity of the
latter route typically limits the scope to the reduction of porphyrins having substitution patterns
(giving 4-fold or 2-fold symmetry) wherein regioisomers cannot form. Benchmark chlorins of
the latter type include meso-tetraphenylchlorin (H2TPC)5 and octaethylchlorin (H2OEC),6
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which are commercially available, and 5,15-diphenylchlorin.7 Analogues such as meso-
tetrakis(3-hydroxyphenyl)chlorin,8 2,3-dihydroxy-meso-tetraphenylchlorin,9 and diverse
5,15-diarylchlorins10 have been prepared for studies of photodynamic therapy.

The chlorin lacking any substituents, 2,3-dihydroporphine (known as “chlorin” itself, here
termed H2Chlorin; Chart 1), has been the subject of theoretical calculations11 and numerous
spectroscopic studies.12-69 The latter include fundamental studies to probe chlorin features,
as well as spectral hole-burning experiments to probe the utility of chlorins in optical
information storage applications. However, such a potentially valuable benchmark has not been
employed for studies of reactivity (other than dehydrogenation70), presumably owing to the
limited quantities of available material. The only reported synthesis of H2Chlorin entails
Grignard-mediated cyclization of 2-(N,N-dimethylaminomethyl)pyrrole.71,72 Photoreduction
of zinc porphine affords the corresponding ZnChlorin73 but no preparative procedure has
been reported. Regardless, all of the hydroporphyrins shown in Chart 1 are susceptible in an
aerobic environment to adventitious dehydrogenation to give the porphyrin, and thus have
limited stability toward routine handling in the laboratory.

The naturally occurring chlorins bonellin (a non-photosynthetic pigment) and Faktor I (a
biosynthetic intermediate) each contain a geminal dialkyl group in the pyrroline ring, which
stabilizes the chlorin to dehydrogenation (Chart 2). Total syntheses of these “C-methylated
chlorins” and other naturally occurring chlorins have been developed; however, such syntheses
are necessarily elaborate owing to the challenges of installing the multiple β-pyrrolic and
pyrrolinic substituents.74

The methodology developed for preparing bonellin and Faktor I has been extended to gain
access to synthetic chlorins bearing more simple substituent patterns (while retaining the
geminal dimethyl group).75-78 Two routes that we developed in this regard include (I) reaction
of a 9-bromodipyrromethane-1-carbinol (Eastern half) and a 1,3,3-trimethyltetrahydrodipyrrin
(Western half),76 and (II) reaction of a 9-bromodipyrromethane-1-carboxaldehyde (Eastern
half) and the same 1,3,3-trimethyltetrahydrodipyrrin (Western half). The two routes are shown
in Scheme 1. The Western half incorporates a geminal dimethyl group that ensures the presence
of the reduced, pyrroline ring in the resulting chlorin, thereby precluding adventitious
dehydrogenation leading to the porphyrin. In each case, the reaction proceeds in a two-step
process of condensation of the Eastern and Western halves to give a 1-methyl-19-bromo-bilane
derivative, and metal-mediated oxidative cyclization of the latter to give the corresponding
chlorin.

The two routes are similar in a number of respects but also differ in the conditions for
condensation, nature of the acyclic intermediate, and substituent patterns in the resulting
chlorins. Route I has provided access to chlorins bearing two substituents (5,10-,75,76 5,12-,
79 5,8-79) or three substituents (2,5,12-,79 5,10,15-,80 5,10,20-80) at sites other than the
pyrroline ring, and each chlorin has contained a 5-substituent (see Figure 1 for chlorin
numbering system). Reasonable yields of chlorin macrocycle formation (12-45%) have
facilitated preparation of 5,10-disubstituted chlorins in >100-mg quantities, as required for a
variety of applications. Route II, developed very recently and described herein, has been
applied to access zinc chlorins bearing two substituents (3,13-), three substituents (3,10,13-),
and no meso- or β-pyrrole substituents.77 By contrast with route I where each chlorin contains
a 5-substituent, the development of route II for the synthesis of sparsely substituted, 5-
unsubstituted chlorins has presented a number of unexpected challenges.

In this paper, we describe the investigation of the synthesis of sterically uncongested, stable
chlorins possessing no β-pyrrole substituents and no or only one meso substituent (at the 5- or
10-position). A 5-substituted chlorin was prepared via route I. Five routes were investigated
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to prepare 5-unsubstituted chlorins. The investigation entailed use of two types of Western
halves and five types of Eastern halves. The routes found suitable for preparing 5-unsubstituted
chlorins include route II (described above), two modified versions of route II designed to
facilitate implementation and increase the scope, and a new route that entails reaction of a 9-
formyltetrahydrodipyrrin and a dipyrromethane. The synthetic routes described herein have
enabled examination of the fundamental reactivity, structure, and spectral properties of stable
chlorins bearing few or no substituents, as are described in the companion papers.81,82

2. Results and discussion
The shorthand nomenclature for the chlorins described herein employs the following
abbreviations with superscripts to denote substituents and their positions: B (3,5-di-tert-
butylphenyl), P (phenyl), M (mesityl), and T (p-tolyl).

2.1. Synthesis of chlorins bearing one substituent (5-position)
The synthesis of a chlorin bearing a lone substituent located at the 5-position was carried out
following route I76 (Scheme 1). Thus, acylation83 of dipyrromethane (1a)84 using
benzothioate 2-B76 or 2-T85 gave the 1-acyldipyrromethane 3-B or 3-T in 71% or 39% yield,
respectively (Scheme 2). Treatment of 3-B with NBS afforded 4-B in 53% yield. Reduction
of 4-B with NaBH4 gave the corresponding carbinol 4-B-OH (Eastern half), which upon
condensation with 2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin (5, Western half)76 using TFA
gave the tetrahydrobilene-a (6-B) in 53% yield. Treatment of the latter to metal-mediated
oxidative cyclization conditions [AgOTf, 2,2,6,6-tetramethylpiperidine (TMPi) and Zn
(OAc)2 in refluxing CH3CN exposed to air] afforded chlorin ZnC-B5 in 17% yield. The same
approach was used with 1-acyldipyrromethane 3-T, but the limited stability of the
corresponding 9-bromo species 4-T prompted in situ conversion to the chlorin. Thus,
bromination of 3-T and subsequent condensation with 5 yielded putative tetrahydrobilene-a
6-T, which was converted to chlorin ZnC-T5 in 7% overall yield (from 3-T).

2.2. Synthesis of chlorins lacking a 5-substituent
(1) Retrosynthetic analysis—We investigated five routes (I–V) to the target chlorin
bearing no substituents (R = H) or one substituent at the 10-position (R = aryl), as shown in
Scheme 3. The routes are based on the ready availability of dipyrromethanes (1) and the
tetrahydrodipyrrin 5. The 2 + 2 synthesis of a chlorin entails condensation of an Eastern half
(composed of two pyrrole units) and a Western half (composed of one pyrrole and one pyrroline
unit). The two halves must have complementary sets of reactive nucleophilic and electrophilic
positions. The routes differ from each other in the placement of reactive groups on the two
halves: the α-pyrrolic position and the pyrrolinic methyl group react as nucleophiles, whereas
the α-bromo-, formyl, and hydroxymethylpyrrolic groups serve as electrophiles.

The routes also differ in the nature of the intermediates expected upon condensation of the
Eastern half and Western half. The intermediates are shown in the retrosynthetic scheme.
Intermediate A is a 2,3,4,5-tetrahydrobilene-a, B is a 2,3,4,5-tetrahydrobiladiene-ab, and C is
a 2,3,4,5-tetrahydrobilatriene-abc. While the intermediates obtained upon condensation are
typically not characterized but instead are treated to the conditions for metal-mediated
oxidative cyclization, the differing oxidation state of A, B, and C are expected to give rise to
different properties and ease of oxidation.

A key issue in the condensation concerns the lability of the Eastern half and Western half under
the reaction conditions employed, particularly the level of acid present in the condensation. A
requirement for stronger acidic conditions is expected for the condensation in each of routes
I–V (pyrrolic-carboxaldehyde or 1° pyrrole-carbinol) to give a 5-unsubstituted chlorin versus
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that employed to give a 5-substituted chlorin (2° pyrrole-carbinol in route I). However, strong
acid causes the Western half 5 to undergo irreversible rearrangement to a bicyclic product,
76 and Eastern halves can undergo cleavage. The liberation of free pyrrolic species upon
acidolysis of an Eastern half opens the door to the formation of chlorin byproducts as well as
porphyrin species. Dipyrromethanes bearing meso-aryl substituents are more prone to
acidolysis than those lacking a meso substituent.86 Even in the absence of acid, bromo-
dipyrromethanes (e.g., many of the Eastern halves) are inherently reactive. Thus, conditions
to force the reaction of Eastern and Western halves, such as strong acid or elevated temperature,
are of limited utility.

(2) Route I—Access to a 5-unsubstituted chlorin via route I (Scheme 1) requires use of a 1°
carbinol rather than a 2° carbinol. The synthesis of such chlorins required preparation of 1-
formyldipyrromethanes. Thus, Grignard-mediated formylation (with phenyl formate) of
dipyrromethane (1a), 5-phenyldipyrromethane (1b) and 5-mesityldipyrromethane (1c) gave
the corresponding 1-formyldipyrromethanes 7a-c.87 Treatment of 7c with NBS gave the 1-
bromo-9-formyldipyrromethane 8c in 67% yield. Reduction of 8c with NaBH4 afforded the 1-
bromo-9-hydroxymethyldipyrromethane 8c-OH. Reaction of 8c-OH with 5 under the standard
conditions75 of TFA catalysis followed by metal-mediated oxidative cyclization afforded the
corresponding chlorin ZnC-M10 in <1% yield (Scheme 4). We attributed the low yield to the
poor reactivity of the 1° carbinol. Related studies of the reaction of similar dipyrromethane-
carbinols in porphyrin-forming conditions have also given quite low yields.88

(3) Route II
(a) Standard procedure Route II utilizes a 1-bromo-9-formyldipyrromethane (Eastern half)
and the tetrahydrodipyrrin (Western half). Treatment of a 1-formyldipyrromethane (7a-c) with
NBS gave the corresponding 9-bromo-1-formyldipyrromethane 8a-c in yields of 55-78%. The
condensation of 9-bromo-1-formyldipyrromethane (8a) and Western half 5 was carried out
with 1 equiv of BF3·O(Et)2 in CH3CN, which gave no reaction after 15 minutes, while excess
BF3·O(Et)2 resulted in decomposition of 5. Battersby reported the condensation of a 1-
formyldipyrromethane and a tetrahydrodipyrrin using p-toluenesulfonic acid (p-TsOH·H2O)
in MeOH, affording an intermediate 2,3,4,5-tetrahydrobiladiene-ab on the path to a copper
chlorin.89 Note that the Eastern half and Western half reactants employed by Battersby
contained several β-substituents and no meso substituents. We performed the condensation of
8a and 5 using 13.5 mM reactants and 5 molar equiv (68 mM) of p-TsOH·H2O in methanol
(Scheme 5). The putative protonated 2,3,4,5-tetrahydrobiladiene-ab was observed with a
maximum absorption centered at 480 nm (to be compared with Battersby's tetrahydrobiladiene-
ab at 496 nm89), an absorption characteristic of dipyrrin chromophores.

The crude mixture was then subjected to the standard conditions76 for metal-mediated
oxidative cyclization, affording the desired zinc chlorin ZnC in 9% yield. The similar reaction
of 9-bromo-1-formyldipyrromethane 8b or 8c afforded ZnC-P10 or ZnC-M10 in 10% or 12%
yield, respectively. A microscale study of the concentration dependence of the condensation
of 8a and 5 (and 5 mol equiv of p-TsOH·H2O in CH2Cl2/MeOH) identified improved yields
upon doubling the concentration of the condensation reactants. Thus, reaction using 26 mM
Eastern and Western halves afforded workable quantities (66–104 mg) of ZnC, ZnC-P10 ZnC-
M10 in 16%, 33% or 42% yield, respectively. The syntheses of ZnC and ZnC-M10 in this
manner were reported in a separate publication.77

(3b) Streamlined route II The clean bromination of 1-formyldipyrromethane 7a suggested a
streamlined three-step procedure for chlorin synthesis. Thus, 7a was brominated with NBS and
the crude reaction mixture was carried through the two-step procedure for chlorin formation
as described above. The yield of chlorin ZnC in the three-step procedure was 18% (145 mg)
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versus ∼12% (104 mg)77 in the standard procedure (Scheme 5). The streamlined three-step
procedure is advantageous in avoiding chromatography following step one, and employing a
simple workup in step two.

(3c) AgOTf-free route II In several cases we attempted to isolate the tetrahydrobiladiene-
ab intermediate. In the reaction of 8a + 5, the resulting unsubstituted tetrahydrobiladiene-ab
(9a-Br) was not isolated due to decomposition upon flash chromatography. However, the
phenyl-substituted tetrahydrobiladiene-ab (9b-Br, derived from 8b + 5) was more stable and
was readily isolated by flash chromatography (silica, CH2Cl2). The 1H NMR spectrum revealed
a mixture of diastereomers, which made individual proton assignments difficult. However, two
pyrrole NH protons were clearly observed at 7.83 and 8.18 ppm, consistent with a
tetrahydrobiladiene structure.

We then turned to investigate alternative conditions for the metal-mediated, oxidative
cyclization of the tetrahydrobiladiene-ab. The traditional method employs Zn(OAc)2, AgOTf
and 2,2,6,6-tetramethylpiperidine in refluxing acetonitrile exposed to air. Prior omission/
reconstitution experiments concerning route I revealed that omission of Zn(OAc)2 and 2,2,6,6-
tetramethylpiperidine resulted in failure to form any detectable chlorin, whereas omission of
AgOTf gave chlorin albeit in diminished yield.76 Here we explored the cyclization in the
presence of various metal salts and bases in refluxing solvents exposed to air, but without any
AgOTf (i.e., a AgOTf-free step 3 in route II). In each case, the p-TsOH-catalyzed condensation
of 5 and 8b gave the crude reaction mixture containing 9b-Br. The latter was neutralized with
an appropriate base, dissolved in a given solvent, and treated with a base and metal salt (Scheme
6). The resulting reaction mixture was refluxed until the absorption spectrum remained
relatively unchanged. The results are summarized in Table 1.

With a number of metal salts, the (AgOTf-free) metal-mediated oxidative cyclization of 9b-
Br gave the corresponding metallochlorin. Each metal reagent examined gave an absorption
spectrum consistent with the metal complex of 9b-Br, regardless of whether the chlorin
ultimately was obtained. The metal reagents that successfully gave chlorin include Zn(II)
(entries 1-3), Pd(II) (entries 4-6), Cu(II) (entries 7 and 8), In(III) (entries 9 and 10), and Sn(II)
(entry 11) but not Mg(II), Co(II), Ni(II), Cd(II) or no metal (entries 12-17) under the conditions
examined. The best yield typically was observed when 2,2,6,6-tetramethylpiperidine was used
in acetonitrile. In the case of Cu(II), a better yield was observed for KOH/EtOH, conditions
(entry 8) developed previously for the synthesis of palladium porphyrins.90 The procedure of
acid-catalyzed condensation followed by AgOTf-free metal-mediated oxidation was applied
to give milligram quantities of CuC, PdC, CuC-P10, ZnC-P10, and PdC-P10.

A few indium(III) reagents were examined in place of zinc acetate in the AgOTf-free chlorin-
forming reaction [InCl3, InBr3, In(OAc)3] to prepare X-InC-P10 where X is the counteranion.
Each indium reagent afforded the corresponding indium(III)chlorin in ∼30% yield (observed
spectroscopically), with the cleanest reaction observed for In(OAc)3. Contrary to other chlorin
chelates examined herein, the indium(III)chlorin was highly polar and proved difficult to purify
by chromatography. Moreover, we observed partial conversion of the indium(III)chlorin on
silica (ethyl acetate) into another less polar chlorin. In the case of reaction with InCl3, the two
indium(III)chlorin species were separated (although not isolated in pure form), and exhibited
spectroscopic properties (LD-MS, UV-vis, only slightly different 1H NMR spectra) that were
similar to each other. In the case of reaction with In(OAc)3, chromatography [alumina, ethyl
acetate → ethyl acetate/MeOH (10:1)] followed by preparative SEC (THF) afforded the
expected indium(III)chlorin in nearly pure form as determined by TLC and 1H NMR
spectroscopy. However, attempts at further purification on alumina [ethyl acetate/MeOH
(10:1)] caused formation of a second indium(III)chlorin in almost equal amount. The two
chlorins were observed by TLC and 1H NMR spectroscopy but could not be separated. In this
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regard, it is noteworthy that Pandey's group observed the formation of two indium-chelated
species upon metalation of a free base chlorin related to methyl pyropheophorbide.91 Thus,
an indium-chlorin of unambiguous identity was not obtained.

Attempts to form chlorin directly from 8b and 5 by refluxing a mixture of both halves in EtOH
in the presence of KOH and an appropriate metal salt (thereby avoiding p-TsOH-catalyzed
condensation) resulted in a mixture of chlorin and porphyrin products (the latter formed by
self-condensation of the Eastern half), or no macrocycle formation. We previously employed
imine derivatives of 1,9-formyldipyrromethanes for condensation with zinc acetate (and no
other acid) to give the trans-AB-porphyrin.92 Condensation using the N-propyliminomethyl
analogue of 8b (PrN-8b) and Western half 5 (100 mM each) in ethanol afforded chlorin ZnC-
P10, albeit in only 3.3% yield. Thus, the synthesis of chlorins requires the acid-catalyzed
condensation of Eastern and Western halves.

In summary, following the acid-catalyzed condensation, various metallochlorins [Cu(II), Zn
(II), Pd(II), and putative ClIn(III)] can be prepared via a AgOTf-free metal-mediated oxidative
cyclization process. The indium chelate proved difficult to purify to homogeneity.
Tetrapyrrolic complexes of Pd(II) and In(III) are potentially useful in the life sciences for
photodynamic therapy, and 111In chelates may be used for photosensitization, imaging, and/
or radiotherapy applications. Although palladium and indium chelates of porphyrins are well
known, there are only a few reports about Pd(II)93 and In(III)91,94 complexes of chlorins,
hence this straightforward route to metallochlorins warrants further investigation.

(4) Route III—Route III employs the same Western half as in routes I and II, but uses a 1-
bromo-9-formyldipyrrin as an Eastern half rather than a 1-bromo-9-formyldipyrromethane.
This route was considered to be attractive owing to the greater stability of dipyrrins versus
dipyrromethanes. The condensation should afford a 2,3,4,5-tetrahydrobilatriene intermediate,
which is more oxidized than the 2,3,4,5-tetrahydrobiladiene formed in route II, and thereby
require a lesser quantity of oxidant to yield the chlorin.

Dipyrromethane 8b was treated with DDQ at room temperature in CHCl3,95 affording 1-
bromo-9-formyldipyrrin 10b in 50% yield (Scheme 7). Dipyrrin 10b was subjected to p-TsOH-
catalyzed condensation followed by metal-mediated oxidative cyclization. Absorption
spectroscopy of the crude reaction mixture showed only a small amount of chlorin (<1%). The
origin of the low yield appears to stem from the low reactivity of the formyl group in the dipyrrin
moiety, because 10b remained unreacted following attempted acid-catalyzed condensation.

(5) Route IV—Route IV employs the 9-formyltetrahydrodipyrrin (Western half) and a 1-
bromodipyrromethane (Eastern half). 9-Formyltetrahydrodipyrrin 11 was obtained by standard
Vilsmeier formylation of 5.96 The reaction of 1c with NBS in THF at −78 °C afforded a mixture
of the 1-bromodipyrromethane and 1,9-dibromodipyrromethane together with unreacted
starting material. Column chromatography of the crude mixture afforded the known 1-
bromodipyrromethane 12c75 in 35% yield. 1-Bromodipyrromethanes such as 12c (as well as
12a and 12b, derived from 1a and 1b) are prone to decomposition during purification and
routine handling.

The condensation of 11 and 1-bromodipyrromethane 12c was carried out in CH2Cl2 in the
presence of 5 equiv of p-TsOH·H2O. Absorption spectroscopy of the crude reaction mixture
showed a strong band at λ = 478 nm, attributed to the protonated tetrahydrobiladiene. After
quenching with NaHCO3, the crude biladiene was subjected to metal-mediated oxidative
cyclization under standard conditions, affording the chlorin ZnC-M10 in ∼8% yield (Scheme
8). Attempts to use 1-cyano-5-phenyldipyrromethane87 or 1-carboethoxy-5-
phenyldipyrromethane87 in place of 12c did not give chlorin. The statistical bromination of
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the dipyrromethane and the apparent instability of the resulting 1-bromodipyrromethane
limited the utility of this route. Accordingly, no further studies of this route were performed.

(6) Route V—Route V avoids any functionalization of the starting dipyrromethane (Eastern
half) by condensation of the dipyrromethane with a 9-formyltetrahydrodipyrrin (Western half).
Subsequent 19-bromination of the resulting biladiene sets the stage for standard metal-
mediated oxidative cyclization.

Treatment of a mixture of 11 and 1a with 5 equiv of p-TsOH·H2O in CH2Cl2/MeOH afforded
the corresponding tetrahydrobiladiene 9b (Scheme 9). (The tetrahydrobiladiene was formed
in 21% yield if the peak molar absorption coefficient is 100,000 M−1cm−1.) Treatment of crude
9b with NBS in THF at −78 °C afforded the putative 19-bromotetrahydrobiladiene 9b-Br. The
bromination proved difficult to verify: LD-MS did not show a peak corresponding to the
expected 9b-Br, and absorption spectroscopy did not show any changes compared with that
of 9b. Regardless, the crude reaction mixture after bromination was subjected to metal-
mediated oxidative cyclization for 24 h, affording chlorin in ∼8% yield. The 1H NMR and
LD-MS analyses revealed the presence of various monobromochlorins in the purified sample.
Separation of those species proved difficult, which makes this route completely unattractive.

(7) Comparison of routes—Of the routes investigated, route II and its variants appear most
useful. Indeed, the streamlined route II was employed to prepare 145 mg of the benchmark
chlorin ZnC lacking any meso- or β-pyrrole substituents. In addition, the AgOTf-free version
of route II provides direct access to metallochlorins containing Cu(II), Zn(II), Pd(II), and ClIn
(III).

3. Outlook
Three distinct methods of chlorin synthesis include modification of naturally occurring
chlorins, reduction/derivatization of porphyrins, and de novo synthesis. Of these, de novo
synthesis affords the most versatility. The reaction of 1-formyl-9-bromo-dipyrromethane and
2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin affords the corresponding chlorin bearing only a
geminal dimethyl group at the 18-position. The reaction can be carried out with several
variations: (i) in a three-step process (9-bromination of the 1-formyldipyrromethane, acid-
catalyzed condensation to form the tetrahydrobiladiene-ab, and metal-mediated oxidative
cyclization), (ii) in a streamlined manner where the 1-formyl-9-bromo-dipyrromethane is used
in crude form, and/or (iii) with a AgOTf-free metal-mediated oxidative cyclization process.
The AgOTf-free route provides direct access to a selection of metallochlorins. Similar reaction
enables synthesis of a chlorin bearing one additional substituent at the 10-position. In
conjunction with other synthetic methods, simple routes are now available for preparing stable
chlorins that bear no substituents, a single substituent at the 5- or 10-position, or two or three
distinct meso substituents. All of the synthetic chlorins prepared herein were stable upon
routine handling in aerobic environments, including use of procedures such as chromatography,
recrystallization, and standing in solution on the open benchtop. The ready synthesis and
stability of the chlorins enabled the studies of derivatization chemistry and spectroscopic
properties described in the companion papers.81,82

4. Experimental section
4.1. General methods

1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were collected at room temperature in
CDCl3 unless noted otherwise. NMR spectroscopy was not performed on Cu(II) chelates of
the chlorins. Chlorins were analyzed by laser desorption mass spectrometry without a matrix
(LD-MS).76,97 Fast atom bombardment mass spectrometry (FAB-MS) data are reported for
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the molecule ion or protonated molecule ion. Melting points are uncorrected. NBS was
recrystallized (H2O). Chromatography was performed with flash silica (80-200 mesh).
Absorption and fluorescence spectra were obtained in toluene at room temperature.

4.2. Solvents
THF was distilled over sodium metal and benzophenone as required. Methanol, CH3CN, and
CH2Cl2 were used as anhydrous grade. Toluene used in absorption and fluorescence studies
was spectroscopic grade. All other solvents were used as received.

4.3. Noncommercial compounds
Compounds 1a,842-B,76 2-T,85 5,76,98 7a–c,87 and 1196 were prepared as described in the
literature. Compound 12c was prepared as described in the Supporting Information of reference
75.

4.4. Synthesis of 5-substituted chlorins
4.4.1. 1-(3,5-Di-tert-butylbenzoyl)dipyrromethane (3-B)—Following a general
procedure,83 EtMgBr (16.4 mL, 16 mmol, 1.0 M in THF) was added to a solution of
dipyrromethane 1a (1.00 g, 6.48 mmol) in dry THF (10 mL) at room temperature under argon.
The mixture was stirred at room temperature for 10 min and then cooled to −78 °C. A solution
of S-2-pyridyl 3,5-di-tert-butylbenzothioate (2-B) (2.24 g, 6.84 mmol) in dry THF (10 mL)
was added. The reaction mixture was maintained at −78 °C for 30 min, whereupon the cooling
bath was removed. After 1 h, the reaction was quenched by addition of 100 mL of saturated
aqueous NH4Cl. The reaction mixture was extracted with CH2Cl2. The organic extract was
washed with water, dried (Na2SO4), and concentrated under reduced pressure. Column
chromatography [silica; packed and eluted with hexanes/CH2Cl2 (1:2), then eluted with
hexanes/ethyl acetate (5:1)] afforded a white powder (1.76 g, 71%): mp 178–180 °C; 1H NMR
δ 1.34 (s, 18H), 4.09 (s, 2H), 6.04–6.08 (m, 1H), 6.09–6.13 (m, 1H), 6.14–6.17 (m, 1H), 6.55–
6.59 (m, 1H), 6.78–6.82 (m, 1H), 7.61 (t, J = 1.8 Hz, 1H), 7.70 (d, J = 1.8 Hz, 2H), 8.76–8.96
(br s, 1H), 10.32–10.56 (br s, 1H); 13C NMR δ 27.0, 31.6, 35.2, 106.6, 108.4, 110.3, 117.9,
122.5, 123.7, 126.3, 127.9, 131.0, 138.0, 140.5, 151.2, 186.4; FAB-MS obsd 363.2435, calcd
363.2436 [(M + H)+, M = C24H30N2O].

4.4.2. 1-(4-Methylbenzoyl)dipyrromethane (3-T)—Following the procedure described
for 3-B, EtMgBr (24.0 mL, 24 mmol, 1.0 M in THF) was added to a solution of dipyrromethane
1a (1.46 g, 10.0 mmol) in dry THF (10 mL) at room temperature under argon. The mixture
was stirred at room temperature for 10 min and then cooled to −78 °C. A solution of S-2-pyridyl
4-methylbenzothioate (2-T) (2.29 g, 10.0 mmol) in dry THF (10 mL) was added. The reaction
mixture was maintained at −78 °C for 30 min, whereupon the cooling bath was removed. After
1 h, the standard workup afforded a white powder (1.03 g, 39%): mp 167–169 °C; 1H NMR
δ 2.43 (s, 3H), 4.08 (s, 2H), 6.03–6.06 (m, 1H), 6.08–6.12 (m, 1H), 6.14–6.17 (m, 1H), 6.53–
6.56 (m, 1H), 6.80–6.83 (m, 1H), 9.04–9.20 (br, 1H), 10.72–10.88 (br, 1H); 13C NMR δ 21.8,
27.0, 106.5, 108.4, 110.3, 117.8, 122.9, 128.2, 129.37, 129.39, 130.8, 136.0, 140.9, 142.8,
185.5; FAB-MS obsd 265.1338, calcd 265.1341 [(M + H)+, M = C17H16N2O].

4.4.3. 1-Bromo-9-(3,5-di-tert-butylbenzoyl)dipyrromethane (4-B)—Following a
general procedure,75 a solution of 3-B (768 mg, 2.12 mmol) in dry THF (15 mL) was cooled
to −78 °C under argon. NBS (377 mg, 2.12 mmol) was added, and the reaction mixture was
stirred for 1 h at −78 °C. Hexanes (100 mL) and water (100 mL) were added. The mixture was
allowed to warm to room temperature. The organic layer was separated. The aqueous phase
was extracted with CH2Cl2. The hexanes and CH2Cl2 extracts were combined, dried
(NaHCO3) and concentrated in vacuo without heating. Column chromatography [silica packed
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and eluted with hexanes/CH2Cl2 (1:1), then eluted with hexanes/ethyl acetate (7:1)] afforded
a light brown powder (493 mg, 53%): mp 120 °C (dec.); 1H NMR δ 1.31 (s, 18H), 4.08 (s,
2H), 5.92–5.94 (m, 1H), 5.95–5.97 (m, 1H), 6.18–6.20 (m, 1H), 6.86–6.88 (m, 1H), 7.61–7.64
(m, 1H), 7.70–7.73 (m, 2H), 9.66–9.76 (br s, 1H), 11.37–11.46 (br s, 1H); 13C NMR (dec. in
CDCl3); FAB-MS obsd 441.1541, calcd 441.1541 [(M + H)+, M = C24H29BrN2O].

4.4.4. 19-Bromo-10-(3,5-di-tert-butylphenyl)-2,3,4,5-tetrahydro-1,3,3-
trimethylbilene-a (6-B)—Following the procedure for preparing a tetrahydrobilene-a,76 a
sample of 4-B (441 mg, 1.00 mmol) was reduced with NaBH4 (378 mg, 10.0 mmol) in
anhydrous THF/methanol (20 mL, 4:1). The resulting solid was dissolved in 10 mL of
anhydrous CH3CN, to which 5 (190 mg, 1.00 mmol) and TFA (77 μL, 1.0 mmol) were added.
The reaction mixture was stirred at room temperature for 30 min. Then 10% aqueous
NaHCO3 (50 mL) was added, and the mixture was extracted with distilled CH2Cl2. The organic
extract was washed with water, dried (NaHCO3) and concentrated in vacuo without heating.
The resulting brown solid was purified by chromatography [silica, hexanes/ethyl acetate (5:1)
→ ethyl acetate] to give a brown solid (325 mg, 53%; mixture of stereoisomers): mp 107–110
°C; 1H NMR δ 0.91 (s, 3H), 1.06 (s, 3H), 1.26 (s, 18H), 1.86–1.90 (m, 3H), 2.18–2.34 (m, 2H),
2.56 (ABX, 3J = 10.8 Hz, 2J = 14.8 Hz, 1H), 2.71 (ABX, 3J = 3.2 Hz, 2J = 14.8 Hz, 1H), 3.60–
3.64 (m, 1H), 3.85 (s, 2H), 5.27–5.31 (m, 1H), 5.70–5.99 (m, 6H), 7.05 (s, 2H), 7.26 (s, 1H),
7.81–7.90 (m, 1H), 8.21–8.39 (m, 1H), 8.97–9.10 (m, 1H); FAB-MS obsd 615.3062, calcd
615.3062 (C36H47BrN4).

4.4.5. Zn(II)-5-(3,5-Di-tert-butylphenyl)-17,18-dihydro-18,18-dimethylporphyrin
(ZnC-B5)—Following the procedure for preparing chlorins,76 a solution of 6-B (283 mg,
0.460 mmol) in CH3CN (46 mL) was treated with Zn(OAc)2 (1.27 g, 6.90 mmol), AgOTf (355
mg, 1.38 mmol) and 2,2,6,6-tetramethylpiperidine (1.16 mL, 6.90 mmol). The reaction mixture
was refluxed for 24 h. Standard workup and chromatography [silica, hexanes/CH2Cl2 (3:1)]
gave a purple solid (45 mg, 17%): 1H NMR δ 1.51 (s, 18H), 2.03 (s, 6H), 4.55 (s, 2H), 7.73–
7.75 (m, 1H), 7.93–7.96 (m, 2H), 8.58–8.60 (m, 1H), 8.62 (s, 1H), 8.68–8.71 (m, 2H), 8.73–
8.75 (m, 1H), 8.76–8.78 (m, 1H), 8.86–8.88 (m, 1H), 9.08–9.10 (m, 1H), 9.62 (s, 1H); LD-MS
obsd 589.25; FAB-MS obsd 590.2380, calcd 590.2388 (C36H38N4Zn); λabs 405 (log ε =
5.50), 605 (4.89) nm; λem 609 nm.

4.4.6. Zn(II)-17,18-Dihydro-18,18-dimethyl-5-(4-methylphenyl)porphyrin (ZnC-
T5)—Following the general procedure for preparing chlorins,75 a solution of 3-T (264 mg,
1.00 mmol) in 10 mL of dry THF was cooled to −78 °C under argon. NBS (178 mg, 1.00 mmol)
was added, and the reaction mixture was stirred for 1 h at −78 °C. Hexanes (50 mL) and water
(50 mL) were added, and the mixture was allowed to warm to room temperature. The organic
layer was separated. The aqueous phase was extracted with CH2Cl2. The hexanes and
CH2Cl2 extracts were combined, dried (NaHCO3) and concentrated in vacuo without heating,
affording crude 4-T (367 mg, quantitative): 1H NMR δ 2.43 (s, 3H), 4.08 (s, 2H), 6.03–6.06
(m, 1H), 6.08–6.12 (m, 1H), 6.14–6.17 (m, 1H), 6.53–6.56 (m, 1H), 6.80–6.83 (m, 1H), 9.04–
9.20 (br, 1H), 10.72–10.88 (br, 1H). Following the procedure for preparing a tetrahydrobilene-
a,76 a sample of crude 4-T (343 mg, 1.00 mmol) was reduced with NaBH4 (378 mg, 10.0
mmol) in anhydrous THF/methanol (10 mL, 4:1). The resulting solid was dissolved in
anhydrous CH3CN (10 mL), to which 5 (190 mg, 1.00 mmol) and TFA (77 μL, 1.0 mmol)
were added. The reaction mixture was stirred at room temperature for 30 min. Then 10%
aqueous NaHCO3 (50 mL) was added. The mixture was extracted with distilled CH2Cl2. The
organic extract was washed with water, dried (NaHCO3) and concentrated in vacuo without
heating. The resulting brown solid was purified by chromatography [silica, hexanes/ethyl
acetate (5:1) → ethyl acetate] to give 6-T as a brown solid (110 mg, 21%). Following the
procedure for preparing chlorins,76 a solution of 6-T (59.3 mg, 0.115 mmol) in CH3CN (11
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mL) was treated with Zn(OAc)2 (317 mg, 1.73 mmol), AgOTf (88.6 mg, 0.345 mmol) and
2,2,6,6-tetramethylpiperidine (0.29 mL, 1.7 mmol). The reaction mixture was refluxed exposed
to air for 24 h. Standard workup and chromatography [silica, hexanes/CH2Cl2 (3:1)] gave a
purple solid (19.5 mg, 34%): 1H NMR δ 2.02 (s, 6H), 2.68 (s, 3H), 4.50 (s, 2H), 7.49–7.52 (m,
2H), 7.95–8.00 (m, 2H), 8.61 (s, 1H), 8.62 (s, 1H), 8.64–8.66 (m, 1H), 8.67–8.70 (m, 1H),
8.72–8.75 (m, 1H), 8.82–8.85 (m, 1H), 8.99–9.02 (m, 1H), 9.54 (s, 1H); 13C NMR δ 21.8, 31.2,
45.3, 50.5, 94.9, 96.3, 109.1, 124.4, 126.8, 127.1, 127.6, 128.1, 129.4, 132.8, 133.4, 133.9,
137.2, 139.7, 146.00, 146.01, 146.7, 147.4, 153.4, 153.7, 159.7, 170.6; LD-MS obsd 491.1;
FAB-MS obsd 492.1295, calcd 492.1292 (C29H24N4Zn); λabs 405, 605 nm; λem 608 nm.

4.5. Precursors for examination of routes I-V
4.5.1. 1-Bromo-9-formyl-5-phenyldipyrromethane (8b)—Following the procedure for
the preparation of 8c,77 bromination of 7b (150 mg, 0.600 mmol) with NBS gave a crude solid
that upon recrystallization (EtOH/H2O, 4:1) afforded a light brown solid (108 mg, 55%): mp
133 °C (dec.); 1H NMR (THF-d8) δ 5.42 (s, 1H), 5.59–5.61 (m, 1H), 5.86–5.88 (m, 1H), 5.92–
5.94 (m, 1H), 6.79–6.81 (m, 1H), 7.16–7.30 (m, 5H), 9.40 (s, 1H), 10.51 (br s, 1H) 11.21 (br
s, 1H); 13C NMR δ 44.3, 97.2, 109.3, 109.5, 110.3, 120.4, 126.9, 128.3, 128.5, 133.5, 133.8,
141.7, 142.2, 177.9. Anal Calcd for C16H13BrN2O: C, 58.38; H, 3.98; N, 8.51. Found: C, 58.31;
H, 3.92; N, 8.45.

4.5.2. 1-Bromo-9-formyl-5-phenyldipyrrin (10b)—A solution of 8b (0.033 g, 1.0 mmol)
in CHCl3 (2 mL) was treated with a suspension of DDQ (0.027 g, 1.0 mmol) in CHCl3 (1 mL).
The mixture was stirred at room temperature for 1 h. The mixture was concentrated. The residue
was chromatographed (silica, CH2Cl2) to afford an orange solid (0.016 g, 50%): mp 121–123
°C; 1H NMR δ 6.35 (d, J = 4.4 Hz, 1H), 6.20 (d, J = 4.4 Hz, 1H), 6.75 (d, J = 4.4 Hz, 1H), 6.88
(d, J = 4.4 Hz, 1H), 7.42–7.52 (m, 5H), 9.72 (s, 1H); 13C NMR δ 119.7, 121.7, 128.3, 129.7,
129.8, 130.9, 137.6, 138.9, 150.6, 152.2, 180.3; FAB-MS obsd 327.0129, calcd 327.0133 [(M
+ H)+, M = C16H11N2OBr]; λabs 437 nm.

4.5.3. 2,3,4,5-Tetrahydro-9-(N-propyliminomethyl)-1,3,3-trimethyldipyrrin
(PrN-8b)—Following a general procedure,92 a sample of 11 (0.044 g, 0.20 mmol) was
dissolved in 1-aminopropane (1 mL) at room temperature. After stirring for 1 h, the 1-
aminopropane was removed by distillation under reduced pressure. The crude product was
used in the next step without further purification: 1H NMR δ 0.92 (s, 3H), 0.94 (t, J = 7.4 Hz,
3H), 1.09 (s, 3H), 2.04 (m, 3H), 1.61–1.70 (m, 2H), 2.27, 2.36 (AB, J = 16.6 Hz, 2H), 2.66
(ABX, 2J = 14.8 Hz, 3J = 10.6 Hz, 1H), 2.75 (ABX, 2J = 14.8 Hz, 3J = 4.0 Hz, 1H), 3.39–3.51
(m, 2H), 3.64–3.69 (m, 1H), 5.99 (d, J = 3.8 Hz, 1H), 6.35 (d, J = 3.8 Hz, 1H), 7.96 (s, 1H).

4.6. Route I
4.6.1. Attempted synthesis of ZnC-P10 using TFA—A solution of 7b (32 mg, 0.10
mmol) in THF/MeOH (40 mL, 3:1) was treated with NaBH4 (0.19 g, 5.0 mmol) and stirred at
room temperature for 30 min. TLC [silica, CH2Cl2/ethyl acetate (5:1)] showed complete
consumption of starting material. The reaction was quenched by addition of saturated aqueous
NH4Cl (∼50 mL). The resulting mixture was extracted with ether. The organic extract was
washed (water and brine) and dried (MgSO4). Acetonitrile (1 mL) was added, and the volatile
solvent (predominantly ether) was evaporated under low vacuum. (Note that complete
evaporation of solvent caused complete decomposition of the carbinol.) A sample of 5 (19 mg,
0.10 mmol) was added, and the resulting solution was treated with TFA (8 μL, 0.1 mmol). The
reaction mixture was stirred at room temperature for 30 min and then diluted with CH3CN (9
mL). Samples of 2,2,6,6-tetramethylpiperidine (0.506 mL, 3.00 mmol), anhydrous Zn
(OAc)2 (0.276 g, 1.5 mmol) and AgOTf (0.077 g, 0.3 mmol) were added. The resulting mixture
was refluxed exposed to air for 20 h. The yield observed spectroscopically was <1%. The
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mixture was concentrated and filtered through silica (CH2Cl2) to afford a green solid.
Characterization data (LD-MS, UV-vis) were identical as described for ZnC-P10.

4.6.2. Attempted synthesis of ZnC using BF3·O(Et)2—A solution of 5 (38.0 mg, 0.198
mmol) and 8a (50.0 mg, 0.198 mmol) in dry CH3CN (1.98 mL) was treated with BF3·O(Et)2
(25.0 μL, 0.198 mmol) and stirred for 15 min at room temperature. No reaction occurred upon
examination by TLC, whereupon additional BF3·O(Et)2 (50.0 μL) was added. The mixture was
stirred for 20 min, quenched with water and extracted with CH2Cl2. The solvent was removed
under reduced pressure to give a brown oil. TLC analysis and 1H NMR spectroscopy of the
crude mixture revealed only starting material 8a.

4.7. Route II
4.7.1. Condensation study—A solution of 5 (10.0 mg, 39.5 μmol) and 8a (7.50 mg, 39.5
μmol) in CH2Cl2 under argon was treated with p-TsOH·H2O (37.6 mg, 0.198 mmol) in MeOH.
The quantity of each of 5, 8a, and p-TsOH·H2O was identical in each experiment, while the
quantity of solvent was varied from 5.7 mL (6.92 mM) to 0.77 mL (51.3 mM). In each case,
the ratio of CH2Cl2/methanol was held constant at 4:1. For example, samples of 5 and 8a were
dissolved in CH2Cl2 (2.34 mL) and subsequently treated with p-TsOH·H2O in MeOH (0.59
mL) to give the desired concentration of 13.5 mM. The mixture was stirred for 30 min under
argon and quenched by addition of 10% aqueous NaHCO3 (10 mL). After extracting the
mixture with CH2Cl2, the extract was dried (Na2SO4) and filtered. The filtrate was concentrated
to give a brown solid. The crude solid was dissolved in CH3CN (4 mL, 10 mM assuming
quantitative formation) and treated with Zn(OAc)2 (109 mg, 0.593 mmol), AgOTf (30.4 mg,
0.119 mmol), and 2,2,6,6-tetramethylpiperidine (0.101 mL, 0.593 mmol). The reaction mixture
was heated at 70 °C for 19 h exposed to air. The mixture was concentrated. The resulting black
residue was chromatographed [silica, CH2Cl2], affording a bluish-green solid. The isolated
chlorin yield was then recorded after drying under vacuum, affording 1.8 mg (11%) of ZnC.

A study of the concentration dependence of the condensation conditions where 5 mol equiv of
p-TsOH·H2O was employed led to the following yields of ZnC: 10% (7 mM), 11% (14 mM),
22% (26 mM), and 22% (51 mM).

4.7.2. Route II: Zn(II)-17,18-Dihydro-18,18-dimethyl-10-phenylporphyrin (ZnC-
P10) A mixture of 8b (0.165 g, 0.500 mmol) and 5 (0.095 g, 0.50 mmol) in dry CH2Cl2 (10.8
mL) was treated with a solution of p-TsOH·H2O (0.475 g, 2.50 mmol) in anhydrous MeOH
(8.25 mL). The resulting red solution was stirred at room temperature for 30 min. A sample of
2,2,6,6-tetramethylpiperidine (0.630 mL, 3.71 mmol) was added. The mixture was
concentrated. The resulting yellow solid was dissolved in CH3CN (50 mL). Samples of 2,2,6,6-
tetramethylpiperidine (2.10 mL, 12.4 mmol), anhydrous Zn(OAc)2 (1.37 g, 7.50 mmol) and
AgOTf (0.385 g, 1.50 mmol) were added. The mixture was refluxed in the presence of air for
20 h. The mixture was concentrated. The resulting black residue was chromatographed [silica,
CH2Cl2/hexanes (1:1)] to afford a violet-green solid (79 mg, 33%): 1H NMR δ 2.04 (s, 6H),
4.53 (s, 2H), 7.67–7.72 (m, 3H), 8.08–8.10 (m, 2H), 8.52 (d, J = 4.5 Hz, 1H), 8.62–8.64 (m,
2H), 8.69–8.70 (m, 2H), 8.78 (d, J = 4.1 Hz, 1H), 8.86 (d, J = 4.1 Hz, 1H), 9.09 (d, J = 4.1 Hz,
1H), 9.62 (s, 1H); 13C NMR δ 31.0, 45.4, 50.4, 94.3, 97.0, 109.4, 123.8, 126.79, 126.84, 127.3,
127.6, 128.2, 129.2, 132.9, 133.3, 133.9, 142.6, 145.86, 145.97, 146.5, 147.4, 153.1, 154.0,
159.2, 171.0; LD-MS obsd 477.8; ESI-MS obsd 478.1154, calcd 478.1136 (C28H22N4Zn);
λabs 405 (log ε = 5.44), 605 (4.83) nm; λem 608 nm.

4.7.3. Streamlined route II (ZnC)—A solution of 7a (344 mg, 2.00 mmol) in THF (40 mL)
was treated with NBS (356 mg, 2.00 mmol) at −78 °C. After 1 h the mixture was allowed to
warm to −20 °C. A mixture of water (30 mL) and hexanes (30 mL) was added. Excess
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CH2Cl2 was added. The organic layer was separated, dried (Na2SO4) and concentrated. The
resulting solid was dissolved in dry CH2Cl2 (43 mL), to which a sample of 5 (0.360 g, 2.00
mmol) and a solution of p-TsOH·H2O (1.92 g, 10.0 mmol) in MeOH (33 mL) were added. The
red mixture was stirred for 30 min. A sample of 2,2,6,6-tetramethylpiperidine (2.52 mL, 14.8
mmol) was added. The mixture was concentrated. The residue was dissolved in CH3CN (200
mL). Anhydrous Zn(OAc)2 (5.52 g, 30.0 mmol), AgOTf (1.55 g, 6.00 mmol) and 2,2,6,6-
tetramethylpiperidine (8.40 mL, 49.5 mmol) were added. The mixture was refluxed exposed
to air until the absorption spectrum showed no further change (typically 5-10 h). The mixture
was concentrated. The resulting black mixture was chromatographed [silica, hexanes/
CH2Cl2 (1:1)] to afford a blue-green solid (0.145 g, 18%). The characterization data 1(H
NMR, 13C NMR, LD-MS, FAB-MS, UV-Vis) were consistent with those reported previously.
77

4.7.4. AgOTf-free Route II: Pd(II)-17,18-Dihydro-18,18-dimethylporphyrin
(PdC) Following the AgOTf-free route II, samples of 5 (95 mg, 0.50 mmol) and 8a (126 mg,
0.500 mmol) were dissolved in CH2Cl2 (15 mL). A solution of p-TsOH·H2O (475.0 mg, 2.50
mmol) in anhydrous MeOH (5 mL) was added. The resulting mixture was stirred for 30 min
and then treated with 2,2,6,6-tetramethylpiperidine (2.50 mL). The mixture was concentrated.
The resulting yellow solid was dissolved in CH3CN (50 mL). Samples of 2,2,6,6-
tetramethylpiperidine (2.54 mL, 15.0 mmol) and Pd(OAc)2 (0.338 g, 1.50 mmol) were added.
The resulting mixture was refluxed exposed to air for 1 h. The resulting dark-green mixture
was concentrated and chromatographed [silica, hexanes/CH2Cl2 (1:1)] to afford a violet-green
solid (7.5 mg, 3%): H NMR δ 2.02 (s, 6H), 4.62 (s, 2H), 8.98 (d, J = 4.4 Hz, 1H), 8.73 (s, 1H),
8.74 (d, J = 4.4 Hz, 1H), 8.81 (s, 1H), 8.95–8.96 (m, 2H), 8.98 (d, J = 4.4 Hz, 1H), 8.99 (d, J
= 4.4 Hz, 1H), 9.72 (s, 1H), 9.74 (s, 1H); LD-MS obsd 443.7; FAB-MS obsd 444.0557, calcd
444.0566 (C22H18N4Pd); λabs 388, 585 nm.

4.7.5. Cu(II)-17,18-Dihydro-18,18-dimethylporphyrin (CuC)—Following the AgOTf-
free route II, samples of 5 (19.0 mg, 100 μmol) and 8a (25.3 mg, 100 μmol) were dissolved in
CH2Cl2 (3 mL). A solution of p-TsOH·H2O (95.0 mg, 500 μmol) in anhydrous MeOH (1 mL)
was added. The resulting mixture was stirred for 30 min and then neutralized with 2,2,6,6-
tetramethylpiperidine (500 μL). The mixture was concentrated. The resulting yellow solid was
dissolved in EtOH (4 mL). Samples of Cu(OAc)2 (39.2 mg, 200 μmol) and KOH (42.0 mg,
750 μmol) were added. The resulting mixture was refluxed exposed to air for 21 h. The resulting
mixture was concentrated and chromatographed (silica/CH2Cl2) to afford a green solid (2.2
mg, 5%): LD-MS obsd 400.6; FAB-MS obsd 401.0837, calcd 401.0827 (C22H18N4Cu); λabs
396, 598 nm.

4.7.6. Pd(II)-17,18-Dihydro-18,18-dimethyl-10-phenylporphyrin (PdC-P10)—
Samples of 5 (19.0 mg, 100 μmol) and 8b (32.6 mg, 100 μmol) were dissolved in CH2Cl2 (3
mL). A solution of p-TsOH·H2O (95.0 mg, 500 μmol) in anhydrous MeOH (1 mL) was added.
The resulting mixture was stirred for 30 min and then neutralized with 2,2,6,6-
tetramethylpiperidine (500 μL). The mixture was concentrated. The resulting yellow solid was
dissolved in CH3CN (10 mL). Samples of 2,2,6,6-tetramethylpiperidine (0.509 mL, 3.00
mmol) and Pd(OAc)2 (0.338 g, 1.50 mmol) were added. The resulting mixture was refluxed
exposed to air for 1 h. The resulting dark-green mixture was concentrated and chromatographed
(silica, CH2Cl2) to afford a violet solid (6.0 mg, 12%): 1H NMR δ 2.02 (s, 6H), 4.60 (s, 2H),
7.69–7.72 (m, 3H), 8.04–8.07 (m, 2H), 8.53 (d, J = 4.8 Hz, 1H), 8.57–8.58 (m, 2H), 8.69 (s,
1H), 8.72 d, J = 4.8 Hz, 1H), 8.79 (s, 1H), 8.84 d, J = 4.8 Hz, 1H), 8.96 d, J = 4.8 Hz, 1H),
9.69 (s, 1H); LD-MS obsd 519.9; FAB-MS obsd 520.0901, calcd 520.0879 (C28H22N4Pd);
λabs 394, 587 nm.
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4.7.7. Cu(II)-17,18-Dihydro-18,18-dimethyl-10-phenylporphyrin (CuC-P10)—
Following the AgOTf-free route II, samples of 5 (19.0 mg, 100 μmol) and 8b (32.9 mg, 100
μmol) were dissolved in CH2Cl2 (3 mL). A solution of p-TsOH·H2O (95.0 mg, 500 μmol) in
anhydrous MeOH (1 mL) was added. The resulting mixture was stirred for 30 min and then
neutralized with 2,2,6,6-tetramethylpiperidine (500 μL). The mixture was concentrated. The
resulting yellow solid was dissolved in EtOH (5 mL). Samples of KOH (42 mg, 0.75 mmol)
and Cu(OAc)2 (37.2 mg, 0.200 mmol) were added. The resulting mixture was refluxed exposed
to air for 21 h. The resulting dark-green mixture was concentrated and chromatographed (silica,
CH2Cl2) to afford a green solid (7.3 mg, 15%): LD-MS 476.9; FAB-MS obsd 477.1153, calcd
477.1140 (C28H22N4Cu); λabs 394, 587 nm.

4.8. Routes III and IV
4.8.1. General procedure for attempted chlorin formation—Samples of an Eastern
half (0.10 mmol) and a Western half (0.10 mmol) were dissolved in anhydrous CH2Cl2 (4 mL)
and treated with p-TsOH·H2O (0.095 g, 0.50 mmol). The resulting mixture was stirred for 15
min at room temperature. The reaction was quenched by addition of 10% aqueous NaHCO3.
The resulting mixture was extracted with CH2Cl2. The organic phase was washed with water
and brine, dried (Na2SO4), and concentrated. The residue was dissolved in CH3CN (10 mL)
and treated with anhydrous Zn(OAc)2 (0.276 g, 1.50 mmol), AgOTf (0.077 g, 0.30 mmol) and
2,2,6,6-tetramethylpiperidine (0.504 mL, 3.00 mmol). The reaction mixture was refluxed for
20 h exposed to air, during which time the spectroscopic yield of chlorin was checked. This
procedure was applied for the reaction of 12c + 11 to give ZnC-M10 (8% yield), and 10b +
5 to give ZnC-P10 (<1% yield).

4.9. Route V
4.9.1. Zn(II)-17,18-Dihydro-18,18-dimethyl-10-phenylporphyrin (ZnC-P10)—A
solution of 1b (0.111 g, 0.500 mmol) and 11 (0.109 g, 0.500 mmol) in CH2Cl2 (15 mL) was
treated with a solution of p-TsOH·H2O (0.478 g, 2.5 mmol) in MeOH (5 mL). The resulting
mixture was stirred at room temperature for 30 min. The reaction mixture was neutralized with
excess triethylamine, washed with water and brine, dried (Na2SO4), and concentrated to afford
crude 9b as an orange solid. Crude 9b was dissolved in dry THF (5 mL) and treated with NBS
(0.089 g, 0.50 mmol) at −78 °C. The reaction mixture was stirred at −78 °C for 1 h, allowed
to warm to ∼ −20 °C, and then quenched by addition of a mixture of hexanes (5 mL) and water
(5 mL). The resulting mixture was extracted with CH2Cl2. The organic extract was washed
with water and brine, dried (Na2SO4) and concentrated to afford the crude 19-
bromotetrahydrobiladiene (9b-Br) as a brown solid. The crude 9b-Br was dissolved in
CH3CN (50 mL), to which anhydrous Zn(OAc)2 (1.38 g, 7.50 mmol), AgOTf (0.385 g, 1.50
mmol) and 2,2,6,6-tetramethylpiperidine (2.52 mL, 15.0 mmol) were added. The reaction
mixture was refluxed for 20 h. Standard workup and chromatography [silica, hexanes/
CH2Cl2 (1:1)] gave a bluish-green solid (15 mg). The 1H NMR and LD-MS data showed the
presence of a significant amount of bromochlorins.
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Figure 1.
Absorption spectra of chlorophyll a (solid line) and chlorophyll b (dashed line) in diethyl ether
at room temperature.2 The chlorin numbering system is shown at right.

Ptaszek et al. Page 17

Tetrahedron. Author manuscript; available in PMC 2007 May 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Chart 1.
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Chart 2.
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Scheme 1.
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Scheme 2.
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Scheme 3.
Routes to 5-unsubstituted chlorins
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Scheme 4.
Route I

Ptaszek et al. Page 23

Tetrahedron. Author manuscript; available in PMC 2007 May 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 5.
Route II
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Scheme 6.
AgOTf-free step 3 of route II
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Scheme 7.
Route III
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Scheme 8.
Route IV
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Scheme 9.
Route V
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