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Abstract: meso-Phenyl- and meso-pentafluorophenyl-porpholactones, their metal complexes, as
well as porphyrinoids directly derived from them are useful in a number of technical and
biomedical applications, and more uses are expected to be discovered. About a dozen competing
and complementary pathways toward their synthesis were reported. The suitability of the methods
changes with the meso-aryl group and whether the free base or metal derivatives are sought.
These circumstances make it hard for anyone outside of the field of synthetic porphyrin chemistry
to ascertain which pathway is the best to produce which specific derivative. We report here on
what we experimentally evaluated to be the most efficient pathways to generate the six key
compounds from the commercially available porphyrins, meso-tetraphenylporphyrin (TPP) and
meso-tetrakis(pentafluorophenyl)porphyrin (TFPP): free base meso-tetraphenylporpholactone (TPL)
and meso-tetrakis(pentafluorophenyl)porpholactone (TFPL), and their platinum(Il) and zinc(I)
complexes TPLPt, T'PLPt, TPLZn, and TFPLZn, respectively. Detailed procedures are provided to
make these intriguing molecules more readily available for their further study.

Keywords: porphyrin; porphyrinoids; porpholactone; oxidation

1. Introduction

Porpholactones, members of the family of so-called pyrrole-modified porphyrins [1],
are porphyrinoids in which a £3,-bond of the parent porphyrin was replaced by a lactone moiety. From
the perspective of the tetrapyrrolic structure of porphyrins, a pyrrolic building block was replaced by
an oxazolidone (Scheme 1).
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Scheme 1. Generalized formation of meso-arylporpholactones from meso-arylporphyrins.
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The historically first porpholactone, meso-tetraphenylporpholactone (TPL) was derived from
meso-tetraphenylporphyrin (TPP) [2]. While several phenyl- and substituted phenyl-derivatives were
reported [3,4], the by far most popular derivative is the meso-tetrakis(pentafluorophenyl)porpholactone
(TFPL) and its metal complexes (TFPLM) [1,5,6]. This is because of their relative ease of synthesis
in one step from TFPP using a number of different methodologies (see below Scheme 2) and the
multiple possibilities to derivatize the C¢F5-groups by means of nucleophilic aromatic substitution
reactions to, for example, render them water-soluble [6-8]. The presence of a $3,3’-lactone moiety in
carbaporphyrins [9], thiaporphyrins [10,11], octaalkylporphyrins [12], or subporphyrins [13] is known
but much more rare and the utility of these compounds has not yet been shown.
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Scheme 2. Select literature-known reaction conditions toward the formation of meso-aryl
(metallo)porpholactones. TPP = meso-tetraphenylporphyrin; TPPM = [meso-tetraphenylporphyrinato]
metal complex; TFPP = meso-tetrakis (pentafluorophenyl)porphyrin; TFPPM = [meso-tetrakis
(pentafluorophenyl)porphyrinato] metal complex; TPL = meso-tetraphenylporpholactone; TPPM =
[meso-tetraphenylkporpholactonato] metal complex; TFPL = meso-tetrakis(pentafluorophenyl)
porpholactone; TFPLM = [meso-tetrakis(pentafluorophenyl)porpholactonato] metal complex.

Upon the replacement of one or two £,3’-bond(s) of the parent porphyrin by lactone moieties,
the electronic structure of the chromophore is altered, sometimes in profound ways, even though the
UV-vis spectra of free base TPP and TPL are surprisingly similar to each other [4]. The electronic
influence of the lactone moieties on the chromophore was studied in some detail [4-6,14-16]. On account
of only a minor steric interaction between the carbonyl oxygen and the o-hydrogen/fluorine atoms
on a neighboring meso-aryl group, the introduction of one (or even two) lactone moieties alters the
idealized planar conformation of the parent porphyrins only in subtle ways [4,14,16-18].

Like their porphyrin congeners [19], both TPL and TFPL are competent ligands for a wide range
of metals, forming the metal complexes TPLM and TFPLM, respectively (with M = Mg!!, Ni!, Mn'!l,
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Felll| zn!l yll AgH, PdY, Ptl, Yb!) [4-6,20-23]. The metal ions may already be present in the
metalloporphyrin/chlorin starting materials or are inserted later into the free base macrocycle.

meso-Arylporpholactones and their metal complexes have found utility as, for instance,
olefin epoxidation [24], hydroformylation [25], nitrogen transfer [23], sulfoxidation [26],
or electrochemical hydrogen evolution reaction catalysts [27,28], or as photocatalysts for oxidative C-H
functionalizations [29]. Other porpholactones found uses as chlorophyll models [14] or as bioinorganic
models for intermediates in the catalytic cycles of heme-based peroxidases, catalases, and oxidases [3].
Porpholactones are better lanthanide sensitizers than porphyrins [21] and served as bioimaging [21] or
phototheranostic agents [30], oxygen-sensing dyes in pressure-sensitive paints [31-33], optical cyanide
sensors [7,34], or high-pH sensors [35,36], including as ratiometric dye suitable for the full-field
optical mapping of the pH of concrete surfaces [36]. TFPL-based photosensitizers also exhibit higher
lipoprotein binding affinity, cellular uptake, and intracellular localization selectivity when compared
to the parent porphyrins [37].

Multiple distinct pathways of converting (metallo)porphyrins to (metallo)porpholactones were
described in nearly two dozen individual papers. Some were specifically developed to provide
porpholactones, others became the source of porpholactones by serendipity (Scheme 2) [1,6]. For all
methods, the exact mechanisms of the formation of porpholactones are not known. It appears, however,
that (metallo)porpholactones are generally a thermodynamic sink in the oxidative degradation pathways
of many {3-substituted (metallo)-porphyrins/chlorins. Simple one-step reactions that generate a
porpholactone directly from a porphyrin are generally burdened by the need to isolate the porpholactone
from unreacted porphyrin (of similar R¢ value as the porpholactone) and among several other
(over)oxidation products [5,38]. In addition, not all conditions are applicable to all meso-arylporphyrins,
or were tested for their applicability to varying aryl groups. On the other hand, the oxidation of
several 3-substituted (metallo)-porphyrins (1, 3) and -chlorins (2) converted them to porpholactones
in more rational and sometimes even selective fashion [3,4], facilitating the isolation of the product
of relative low polarity from the starting materials of (much) higher polarity. Alas, some of the
reactions are inefficient or the starting materials require a multi-step synthesis from the corresponding
porphyrins [2-4,39]. Except for the MnO4-oxidations of diol chlorin 2, a reaction specifically developed
for the synthesis of porpholactones [4], none of the reactions were shown to possess some generality
with respect to the meso-aryl group or a central metal ion present.

As the number of inquiries from non-porphyrin chemist practitioners we received over the years
clearly highlighted to us, the many known methods and pathways toward porpholactones present a
hard to navigate maze for the non-specialist. A decision as to which option is the most expedient, safe,
simple, or economical is not readily possible. There appears to be no commercial source for any of
the porpholactones.

Over the course of the past decade [40], we developed and optimized our own procedures
or evaluated numerous syntheses published by others toward the synthesis of free base TPL/TFPL,
and their zinc(II) and platinum(II) complexes. In this contribution, we like to delineate in detail the
most efficient paths toward TPL/TPLZn/TPLPt and TFPL/TFPLZn/TFPLPt we are aware of, with the
aim of providing the non-specialist access to these intriguing and versatile materials. The procedures
spelled out (see Supporting Information) were derived from published methods developed by us [4],
or the research group of Zhang [41], and tested multiple times in our laboratories. The detailed
procedures incorporate hitherto unpublished practical details.

2. Results and Discussion

Since the most efficient pathways toward the meso-phenyl- and meso-pentafluorophenyl-substituted
porpholactones vary, we will discuss the syntheses of these two families separately.
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2.1. The Most Efficient Pathway toward TF PL/TF PLZn/TF PLPt

TFPP is readily synthesized [42] or is commercially available from a variety of supply houses,
as are its metallated derivatives T'PPM (for M = Zn!T or Pt!l) [43,44]. Their better solubility renders
the fluorinated derivatives to be a great platform for many modification reactions, including their
one-step conversion to the corresponding (metallo)porpholactones TFPL/TFPLM. We found the
RuClz/Oxone®-mediated oxidation pathway, as described by Zhang and co-workers [41], to be the
most efficient pathway to generate free base T'PL as well as T"PLMs (for M = Zn'! or Pt!) by oxidation
of the corresponding porphyrin metal complexes T'PPM (for M = Zn!! or Pt!!). The reaction was
described to be more suitable for substrates bearing electron-withdrawing meso-substituents [41].

The ruthenium-catalyzed oxidation is a one-step, one pot process in a biphasic mixture of
CICH,CH,Cl (1,2-dichloroethane) and H,O/NaOH in which the oxidant mixture RuCl3/bipy/Ox0ne®
is heated with the starting (metallo)porphyrin (dissolved in the organic phase) under reflux
conditions [41]. Depending on the reactivity of the substrate, the reaction allows a convenient
variation of the oxidant:substrate stoichiometry, as well as reaction times. The reaction is robust to
minor deviations in the reaction conditions. Even though several products may be formed that require
their chromatographic separation, under the optimized conditions, the reaction is simple, reasonably
fast, clean, and comparatively high-yielding.

Under the standard ruthenium-catalyzed oxidation conditions reported by Zhang and co-workers
(0.5 eq RuCl3, 0.5 eq bipyridine, 5 eq Oxone®, 5 eq NaOH, 5 h reaction time), about 60-75% TFPP
converted, yielding multiple products. The major product is chromatographically isolated free base
TFPL (~30% isolated yield at a 500 mg of TFPP scale, R¢ = 0.52 (silica/CH,Cly)), along with a mixture of
dilactones (in 10-15% yield, R¢ = 0.31 (silica/CH,Cl,)) but that are readily separated, as is the unreacted
TFPP (R¢ = 0.76 (silica/CH,Cl,)). Increasing the oxidant stoichiometry in combination with extended
refluxing times led to full conversion of the porphyrin and an increase of the yield of TFPL to up to
45% (at a 200 mg of TFPP scale), with the remainder made up by the dilactone mixture. See Supporting
Information for a detailed procedure and reproduction of the key spectra of all products.

Metallation of TFPP generally increases its susceptibility towards the Ru-mediated oxidation [41];
accordingly, the formation of the corresponding TFPLM is faster and higher yielding in comparison to
the formation of their free base congener [41]. Thus, the oxidation of the metalloporphyrins T"PPZn and
TEPPPt to obtain the corresponding metalloporpholactones T'PLZn/Pt (Scheme 3) is much preferred
over the insertion of zinc(Il)/platinum(Il) into free base TFPL, although the latter is also an option [4,45].
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H,O/CICH,CH,CI,
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Scheme 3. The synthesis of meso-tetrakis(pentafluorophenyl)porpholactone (TFPL) and its zinc(IT)
(TFPLZn) and platinum(II) (TFPLPY) complexes.

Under the standard oxidation conditions (1 eq TFPPM, 0.5 eq RuCls, 5 eq Oxone®, 0.5 eq bipyridine,
5 eq NaOH, 5 h reaction time), T*PPZn provided TFPLZn in 35% yield (at a scale of 500 mg of T"PPZn).
The yield can be increased to 50-60% when the initial concentrations of T*PPZn and RuCl; are doubled
along with a corresponding increase of oxidant (10 eq Oxone®, 10 eq NaOH) and using extended
reaction times (up to 72 h). In both cases, a mixture of dilactone isomers is observed to be the major
byproduct (in yields of 15-20% under the standard oxidation conditions). TFPLPt was produced in
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~50% yield from TFPPPt under the standard conditions (at a scale of 100 mg of T"PPPt) and, again,
along with the dilactone mixture as the primary byproduct (~10-15%). Increase of the ratio of oxidant
to 15 eq and reaction times up to 48 h increases the yield of T'PLPt substantially (up to 75%), along with
an increased yield of the dilactone mixture (20%). For both metalloporpholactones, preparative plates
(500 um silica gel, 20 x 20 cm plates) can be conveniently used for the isolation of the product in
small scale reactions (40-50 mg). Larger scale reactions were purified using column chromatography.
The products are identified based on their diagnostic UV-vis, 'H NMR, and IR spectroscopy or mass
spectrometry data (see ESI).

None of the other direct oxidation methods (using MnO4~ [17]; Ag(I) [5], or Au(IIl) [46]) could
compete in terms of yields, scalability, and ease of separation of the desired products with the
RuCl3/Oxone®/base methodology [41]. While a two-step method analogous to that described below
for the syntheses of the nonfluorinated derivatives TPL/TPLM works well for the synthesis of
TFPL/TFPLM [4,17], it is unnecessarily arduous and only worth pursuing when selectively dilactone
derivatives are desired [17].

2.2. The Most Efficient Pathway toward TPL/TPLZn/TPLPt

Porphyrin TPP is readily synthesized in multi-gram scales [47-49] and, modestly priced [43].
Its zinc(Il) complex TPPZn is readily formed [19]. While the corresponding platinum(Il) complexes
TPPPt can also be formed [45,50], its low solubility in most solvents make it nearly intractable and
unsuitable as a starting materials for the preparation of TPLPt using any of the available methods.
Therefore, TPLPt needs to be prepared by the platinum(Il) insertion into the free base porpholactone
TPL using either conventional thermal [50] or microwave-assisted [45] methodologies.

The one-step RuCl3-mediated oxidation of the comparably electron-rich TPP is less efficient
(isolated yields of 10-30% of TPL at a 200 mg scale) compared to the oxidation of the fluorinated
analogue TFPP [41], thus requiring larger stoichiometric ratios of the oxidant as well as longer reaction
times (up to one week, or more). In our hands, the isolation of the porpholactone at any larger scale
from its side products proved also to be non-trivial. Neither TPP nor TPPZn are susceptible to the
MnOj,~- [17], or Ag(l)-mediated [5] oxidation protocols. The Au(Ill)-mediated oxidation of the silver(Il)
complex of TPP forms the free base TPL in 23% yield [46], but this route is also not truly competitive
(and the oxidant costly). Thus, access to the porpholactone TPL is best achieved along a multi-step
processes, with access to TPLZn/Pt by means of zinc(Il) and platinum(Il) insertions into the free base
TPL, respectively.

Among the possible multi-step processes toward TPL (Scheme 1), one process stands out
as particularly suitable for its simplicity and high yields: We have reported in detail [51,52],
both the OsO4-mediated cis-vic-dihydroxylation, followed by a diol oxidation of the intermediate
dihydroxychlorin [4,17,53,54]. However, there a number of variabilities in these processes:
The intermediate osmate ester can be isolated and oxidized, or the osmate ester is reduced to a
diol and is then oxidized, with a number of possible oxidants for either step (MnO4~ with the counter
cations cetyltrimethyl ammonium (CTAP) or [18-C-6]-K* [4,53]; CrO; [17,54]).

The most simple, scalable and highest yielding process we find is the osmylation of TPP (performed
in up to a 5 g scales), the isolation of osmate ester 4, followed by its reductive cleavage using gaseous
H;S, to form chlorin diol 2 [51], and finally a CrO3;-mediated oxidation of the diol (performed in up
to 300 mg scales) (Scheme 4) [17,54]. The overall yield of 45% of TPL over all three steps from TPP
is good (even without considering that ~20% of TPP is recovered after the first step), the reaction is
scalable, straight-forward, and well-controlled.

In detail, the synthesis of TPL involves first, an OsO4-mediated dihydroxylation step to yield
the intermediate osmate ester 4 that is isolated and subsequently reduced to diol 2 by a purge of
H,S gas. Isolated polar product 2 is then oxidized to TPL using CrOj; in the presence of pyridine
over 30 min under ambient conditions; this produced the readily isolable non-polar bright pink
compound TPL (in 35-40% overall isolated yield). The use of a 20 X 20 cm, 500 um silica gel preparative
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chromatography plate for scales up to 50 mg diol is convenient; above this column chromatography is
advisable. We observed that the oxidation shows best results when run in small batches of 250-300 mg
of 2; the reaction appears to be retarded at scales of 500 mg, or more. Diagnostic UV-vis, 'H NMR,
and IR spectroscopy or mass spectrometry data can be used to unequivocally identify the product TPL
and its metal complexes. See Supporting Information for a detailed procedure and a reproduction of
the key spectra of all products and intermediates.
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! \\o OH
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Scheme 4. The most efficient synthesis of meso-tetraphenylporpholactone (TPL) and its zinc(II) (TPLZn)
and platinum(II) (TPLPt) complexes.

Metal insertions into free base TPL prepare the desired metal complexes [4]. See Supporting
Information for a detailed procedure and a reproduction of the key spectra. While the zinc(Il) complex
TPLZn can, in principle, also be prepared from the soluble porphyrin zinc complex TPPZn, the isolation
of the intermediate chlorin is easier for the free base (the metallochlorin is significantly more polar and
‘streaks’ during chromatographic separation). Also, the diol oxidation of the chlorin diol zinc complex
is characterized by lower yields that the corresponding free base chlorin diol oxidation.

The biggest drawback of this multi-step method toward TPL/TPLM is the use of the toxic reagents
OsOy4, HyS, and CrO;3. The risk of working with OsO4 can be minimized by scaling the osmylation
reactions such that entire 250 mg, 500 mg, or 1 g ampules of OsO, can be used; they can be opened
(fume hoods, hand and eye protection needed) and immediately be drowned (cap and body) in the
reaction mixture that is then stoppered and left to react. Before the reactions are worked up, the glass
vials are retrieved. The use of H,S and CrOj3 can be circumvented by oxidation of the osmate ester 4
with CTAP (or KMnOy/18-C-6) [53]. However, the yields for these reactions are slightly lower (25-30%),
particularly at larger (> 250 mg diol osmate ester) scales. The reaction is hard to control and often leads
to ‘overoxidation’. Practical difficulties in the isolation of the product resulting from the formation
of the hard-to-remove sludges the CTAP side products form also contribute to the lower isolated
yields at larger scales. Lastly, using the osmate ester 4 as substrate, the fate of the osmium is unclear
upon MnO,4-oxidation [35,52]. Thus, given the risks involved with re-generating OsO,4 unwittingly,
these oxidations require also great care, mitigating some of the advantages of avoiding CrOs.

3. Materials and Methods

3.1. Materials

All solvents and reagents (Sigma-Aldrich, St. Louis, MO, USA and Acros, Fair Lawn, NJ, USA)
were used as received. TFPP [42] was either synthesized according to the literature procedure or
obtained commercially [43,44]. TFPPZn [42] and TFPPPt [20] were synthesized by metal insertion
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into the free base according to literature procedures. TPP was synthesized according to a literature
procedure [47], and it is also commercially readily available [43,44].

All solvents were reagent-grade, or better, and were used as received. The CHCl3 used was
EtOH-stabilized (amylene-stabilized CHCl;, for example, is unsuitable for the osmylations).

Aluminum-backed, silica gel 60, 250-um thickness analytical plates were used for analytical TLC;
Either 20 x 20 cm, glass-backed, silica gel 60, 500 um thickness preparative TLC plates or standard
grade, 60 A, 32-63 um flash column silica gel were used for the preparative chromatography.

Detailed procedures with spectroscopic data and reproduction of the key spectra of the products
and intermediates (were present) are provided in the ESI.

3.2. Two-Step Procedure for Synthesis of meso-Tetraphenyl-2-Oxa-3-Oxoporphyrin (TPL) by OsO4-Mediated
Dihydroxylation, Followed by CrO3 Oxidation

3.2.1. Dihydroxylation of TPP; Synthesis of meso-Tetraphenyl-2,3-cis-dihydroxychlorin 2

To a 500 mL round-bottom flask equipped with a stir bar, meso-tetraphenylporphyrin (TPP) (2.20 g,
3.58 mmol) was dissolved in a mixture of CHCl3 (270 mL, EtOH-stabilized) and freshly distilled
pyridine (30 mL). A glass ampoule of 1.0 g of OsO4 (1.0 g, 3.93 mmol, ~1.1 equiv.) was opened and
immediately submerged (cap and body) into the mixture. The flask was then stoppered, shielded from
light with aluminum foil, and stirred at ambient temperature (20-24 °C) The progress of the reaction
was monitored by occasional TLC. Once no further progress was noted (after about 4 days), the solvent
was removed on a rotary evaporator as best as possible. The crude osmate ester product was then
dissolved in a solution of 10% MeOH/CHC]; (~250 mL). The osmate ester was then reductively cleaved
by purging with gaseous H,S for 5 min (Note 2); the mixture was stirred for an additional 30 min
before the majority of the excess H,S was purged from the solution by a stream of nitrogen gas through
the solution. Following the addition of further MeOH (20 mL), the precipitated black OsS was filtered
off through a short plug of Celite®. The filtrate was evaporated to dryness by a stream of N or rotary
evaporation. The resulting residue was dissolved in a minimal amount of CHCl3 and loaded onto a
silica gel column (25 X 7 cm) and eluted with CH,Cl,. The first fraction was starting material TPP
(250 mg, 11% recovery). CH,Cl,/1.5% MeOH then eluted diol chlorin 2. Slow evaporation from a
MeOH/CH,Cl, mixture provided product 2 as a bright purple crystalline material (1.00 g, 1.40 mmol,
49% yield). R¢ (silica—CH,Cl,/1.5% MeOH) = 0.68.

All reaction steps, including the solvent removal involving the H;S-exposed solutions,
were performed in a fume hood following usual laboratory safety practices (gloves, eye protection
and lab coats). Caution: Note the hazard and risk of using OsO; (acute oral and inhalation toxin,
skin irritant, serious danger to eye damage). Further, note the hazard and risk of using H,S (fatal if
inhaled, extended exposure reduces the ability to smell the gas; flammable). A fume hood is essential.
Trap all excess H,S (bleach traps, for example).

3.2.2. Synthesis of meso-Tetraphenyl-2-oxa-3-oxoporphyrin (TPL) via CrO3 Oxidation of Diol 2

In a 25 mL round-bottom flask equipped with a stir bar and two carbon pellets,
meso-tetraphenyl-2,3-cis-dihydroxychlorin 2 (100 mg, 0.154 mmol) was dissolved in pyridine (5 mL).
Chromium trioxide CrOs (~10 equiv., 154 mg, 1.54 mmol) was added to the solution. The round-bottom
flask was shielded from light with aluminum foil and stirred at ambient temperature. The disappearance
of the starting material and the appearance of the product were monitored by TLC. Once no further
progress of the reaction was detectable (after ~30 min), CH,Cl, (25 mL) was added and the mixture
was transferred into a 125 mL separatory funnel and washed with water (3 x 25 mL). The organic
phase was separated and filtered through a short plug of diatomaceous earth (Celite®) and dried over
anhyd. NaySOy. The drying agent was removed by gravity filtration and the filtrate was evaporated to
dryness by rotary evaporation. A gentle stream of N; passed through the crude material for several
h ensured that the crude material was thoroughly dried. The crude material was dissolved in a few
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mL CH,Cl, coated onto silica. The material was then dry-loaded onto a flash column (~6 X 25 cm)
silica-CH,Cly) and chromatographed to provide TPL in 40-60% yield (60 mg) as a pinkish red solid.
R¢ (silica—-CH,Cl,) = 0.67.

All reaction steps described below, except for the solvent removal, were performed in a fume hood
following usual laboratory safety practices (gloves, eye protection and lab coats). Caution: CrOs is a
strongly oxidizing solid, toxic if swallowed, causes severe skin burns, is mutagenic, and a reproductive
toxin. Eye protection and gloves needed when handling this chemical.

3.3. Preparation of Metalloporpholactone TPLZn via Zinc Insertion into Free Base TPL

A 250 mL round-bottom flask was equipped with a stir bar, heating mantle, and a reflux condenser.
The flask was charged with porpholactone TPL (123 mg, 1.94 mmol) and Zn(OAc),-2H,0 (123 mg,
0.193 mmol, 3 equiv.) dissolved in CHCl3/MeOH (8:1, 80 mL). The reaction mixture was heated to
reflux for ~2 h. Upon completion of reaction as observed by TLC, the reaction mixture was cooled to
room temperature and filtered through Celite®. The filtrate was concentrated, the concentrate was
loaded onto the silica gel column, and purified by short column chromatography (silica, CH,Cl,) to
produce TPLZn as a purple-colored film. Recrystallization by dissolution in a few mL of CH,Cl,,
addition of ~50% MeOH, and slow removal of the CH,Cl, on a rotary evaporator (at ambient T)
precipitated TPLZn; it was retrieved by filtration and air-dried to provide TPLZn as a bright purple
crystalline solid in 97% yield (130 mg, 0.143 mmol). R¢ (silica-CH,Cl,) = 0.44.

All steps, except for the solvent removal, were performed in a fume hood following usual
laboratory safety practices (gloves, eye protection and lab coats).

3.4. Preparation of Metalloporpholactone TPLPt via Platinum Insertion into Free Base TPL

A 50 mL round-bottom flask was equipped with a stir bar, heating mantle, a reflux condenser
and a Nj inlet. TPL (65.0 mg, 0.086 mmol) was dissolved in benzonitrile PACN (5 mL) and added to a
refluxing solution of benzonitrile PhCN (20 mL) and PtCl, (61 mg, 0.344 mmol, 4 equiv.). The mixture
was heated to reflux for 3 h. When the starting material was consumed (reaction monitored by
TLC), the reaction mixture was allowed to cool and was evaporated to dryness by rotary evaporation.
The resulting mixture was dissolved in CH,Cl, (2-5 mL), loaded as solution onto a flash column
(silica-CH,Cl,) and chromatographed. TPLPt was isolated in 71% (50 mg) yield as a magenta powder.
R¢ (silica-CH,Cl,) = 0.17.

All steps, except for the solvent removal, were performed in a fume hood following usual
laboratory safety practices (gloves, eye protection and lab coats).

3.5. One-Step Synthesis of meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxoporphyrin TF PL by
RuCl3/Oxone® Mediated Oxidation. General Procedure

In a 750 mL round-bottom (or a two-neck, round-bottom) flask equipped with a stir bar and reflux
condenser, TFPP (0.8 g, 0.8 mmol, 1 equiv.) and RuCl3 (85 mg, 0.4 mmol, 0.5 equiv.) were dissolved in
1,2-dichloroethane (CICH,CH,Cl, 250 mL). A solution containing 2,2’-bipyridine (65 mg, 0.4 mmol,
0.5 equiv.) in CICH,CH,Cl (7 mL) and water (250 mL) were added. A condenser was attached to one
of the necks and the solution was heated to reflux. A mixture of Oxone® (7.4 g, 12 mmol, 15 equiv.)
and NaOH (480 mg, 12 mmol, 15 equiv.) in water (15 mL) was added periodically in five equal portions
over the course of 5 h to the refluxing solution. After completion of the addition, the reaction mixture
was refluxed overnight. The mixture was allowed to cool to room temperature, quenched with a
saturated aqueous solution of Na;S,03 (2.0 g in 5 mL of water). The reaction mixture was stirred,
allowed to stand for 30 min, and transferred to a 750 mL separatory funnel. The (bottom) organic layer
was separated, and the aqueous layer was extracted twice using CH,Cl, (2 x 150 mL). The combined
organic fractions were washed with a saturated aqueous NaCl solution (2 X 150 mL). The organic
layer was dried with anhydrous Na;SOy (30 min) and the drying agent was removed by gravity
filtering. The filtrate was reduced to dryness using rotary evaporation (in a 500 mL round-bottom
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flask). The residue was dissolved in CH,Cl, (2-5 mL), loaded as a solution onto a packed column
(silica, 5 x 60 cm, with a fritted disk, eluent: CH,Cl/hexanes = 2:1) and separated to obtain the product
TFPL as a purple solid upon solvent removal in 30% yield (240 mg, 0.24 mmol). Ry (silica-CH,Cl,/20%
hexane) = 0.68.

All steps, except for the solvent removal, were performed in a fume hood following usual
laboratory safety practices (gloves, eye protection and lab coats). CAUTION: 1,2-Dichloroethane is
harmful if swallowed, causes skin and eye irritation, toxic if inhaled, and is considered as a potential
carcinogen. Flammable with a flash point of 13 °C.

3.6. Synthesis of [meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxoporphyrinato]zinc(Il) (TF PLZn)

Prepared in 35% yield (189 mg) as a bright purple powder according to the general procedure for
the synthesis of T'PL synthesis using T"PPZn (0.52 g, 0.5 mmol, 1 equiv.) and RuCl; (53 mg, 0.25 mmol,
0.5 equiv.) in CICH,CH,Cl1 (150 mL) and water (150 mL), respectively in a 500 mL round-bottom flask
equipped with a stir bar was mixed with a solution of 2,2’-bipyridine (40 mg, 0.25 mmol, 0.5 equiv.) in
CICH,CH,Cl (5 mL). A mixture of Oxone® (3.1 g, 5 mmol, 10 equiv.) and NaOH (290 mg, 5 mmol,
10 equiv.) in water (15 mL) was added periodically over 5 h in equal portions. TLC control. Workup as
per general procedure. R¢ (silica-CH,Cly/20% hexanes) = 0.48.

3.7. Synthesis of [meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxoporphyrinatolplatinum(Il) (TF PLPt)

Prepared in 50% yield (191 mg) as a reddish powder according to the general procedure described
for the synthesis of TFPL synthesis using T'PPPt (100 mg, 0.16 mmol, 1 equiv.) and RuCl; (16.6 mg,
0.08 mmol, 0.5 equiv.) in CICH,CH,Cl1 (50 mL) and water (50 mL) in a 250 mL round bottom flask,
mixed with a solution of 2,2’-bipyridine (12.5 mg, 0.08 mmol, 0.5 equiv.) in CICH,CH,ClI (1.5 mL).
A mixture of Oxone® (243.5 mg, 1.6 mmol, 10 equiv.) and NaOH (64.0 mg, 1.6 mmol, 10 equiv.) in
water (5 mL) was added in five portions over 5 h while the solution was refluxed for 8 h. Work up
and isolation of product were carried out according to the general procedure. R¢ (silica-CH,Cl/20%
hexanes) = 0.52.

4. Conclusions

The most efficient pathways toward the most popular free base porpholactones, TPL and
TFPL, and their zinc(IT) and platinum(IT) complexes TPLZn/TPLPt and TFPLZn/TFPLPYt, respectively,
are described. The pathways differ and are dependent on the substrate reactivity and solubility:
The RuCl3/Oxone® mediated oxidation of TFPP/TFPPM is the preferred pathway toward the
meso-pentafluorophenylporpholactones TF'PL/TFPLM. The metalloporphyrins are suitable starting
materials for the direct formation of metalloporpholactones. However, a multi-step process is best for
the non-fluorinated derivatives TPL and subsequent metal insertion into the free base porpholactone
provides access to the metal complexes TPLZn/TPLPt. A number of variations for the multi-step
process are available, depending on the comfort level of the researchers working with H,S and/or CrO3.
The preparation of multi-100 mg quantities of all (metallo)porpholactones in acceptable yields can be
achieved in predictable ways from commercially available materials, but chromatographic separations
are required in all cases.

The broader significance of the work lies in the provision of clearly navigable pathways toward
the porpholactones that were selected by our own laboratory experience from among the many
complementary and competing pathways described in the literature. While the porpholactones
described are of broad utility, access to the free base porpholactones also enables entry to a number
of other metalloporpholactones. Moreover, closely related porphyrins of utility can be derived,
like the thionolactones used as hypochlorite sensors [18], the porpholactone reduction products
porpholactols [4,55-57] useful as photosensitizers [58] or hydrogen evolution catalysts [28], as well
as chlorolactones and chlorolactams [59,60], porpholactams [59,60], and imidazoloporphyrins [60],
even if alternative synthetic pathways for the latter porphyrinoid were developed that circumvent
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the intermediate porpholactone [61]. The method described also allow direct access to the
meso-pentafluorophenyl-substituted porphodilactone isomers of broad utility [17], though longer but
more rational syntheses might be desirable when more than 10~> mol quantities are desired of either
the fluorinated or non-fluorinated series [17,62].

We hope this work will encourage more researchers outside the synthetic porphyrin community
to prepare and study these intriguing porphyrinoids.

Supplementary Materials: Figure S1: Image of 1 g ampule of OsO4, Figure S2: Image of H2S reaction set-up,
Figure S3: 1H NMR (400 MHz, CDCI3) spectrum of meso-tetraphenyl-2,3-cis-dihydroxychlorin 2, Figure S4: UV-vis
spectrum (CH2CI2) of meso-tetraphenyl-2,3-cis-dihydroxychlorin 2, Figure S5: Image of the reaction flask, Figure
S6: Image of the silica gel flash column chromatographic separation of the reaction mixture, Figure S7: 1TH NMR
(400 MHz, CDCI3) spectrum of TPL, Figure S8: UV-vis spectrum (CH2CI2) of TPL, Figure S9: 1H NMR (400 MHz,
CDCI3) spectrum of TPLZn, Figure S10: UV-vis spectrum (CH2CI2) of TPLZn, Figure S11: 1H NMR (400 MHz,
CDCI3) spectrum of TPLPt, Figure S12: UV-vis spectrum (CH2CI2) of TPLPt, Figure S13: Reaction setup, Figure
S14: Separation funnel setup, Figure S15: 1H NMR (400 MHz, CDCI13) spectrum of TFPL, Figure 516: 19F NMR
(376 MHz, CDCI3) of TFPL, Figure S17: UV-vis spectrum (CH2CI2) of TFPL, Figure S18: Representative TLC
(CH2Cl12/25% hexanes) of the reaction mixture (RM) in comparison to the starting materials (SM) and product
TFPLZn, Figure S19: 1H NMR (400 MHz, CDCI3) of TFPLZn, Figure S20: 19F NMR (376 MHz, CDCI3) of TFPLZn,
Figure S21: UV-vis spectrum (CH2CI2) of TFPLZn, Figure 522: 1TH NMR (400 MHz, CDCI13) of TFPLPt, Figure S23:
19F NMR (376 MHz, CDC13) of TFPLPt, Figure S24: UV-vis spectrum (CH2CI2) of TFPLPt.
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AcOH acetic acid

AgOAc silver acetate

bipy 2,2"-bipyridine

18-C-6 18-crown-6 crown ether
CTAP cetyltrimethylammonium permanganate
DMF dimethyl formamide
MCPBA m-chloroperoxybenzoic acid
PhCN benzonitrile

Py pyridine

References

1. Briickner, C.; Akhigbe, J.; Samankumara, L. Syntheses and Structures of Porphyrin Analogues Containing
Non-pyrrolic Heterocycles. In Handbook of Porphyrin Science; Kadish, K.M., Smith, KM., Guilard, R., Eds.;
World Scientific: River Edge, NY, USA, 2014; pp. 1-276.

2. Crossley, M.].; King, L.G. Novel Heterocyclic Systems from Selective Oxidation at the 3-Pyrrolic Position of
Porphyrins. . Chem. Soc. Chem. Commun. 1984, 920-922. [CrossRef]

3. Jayaraj, K.; Gold, A.; Austin, R.N.; Ball, L.M.; Terner, ].; Mandon, D.; Weiss, R.; Fischer, J.; DeCian, A.; Bill, E.;
et al. Compound I and Compound II Analogues from Porpholactones. Inorg. Chem. 1997, 36, 4555-4566.
[CrossRef] [PubMed]

4. Briickner, C.; Ogikubo, J.; McCarthy, ].R.; Akhigbe, J.; Hyland, M.A.; Daddario, P.; Worlinsky, J.L.; Zeller, M.;
Engle, ].T.; Ziegler, C.]J.; et al. meso-Arylporpholactones and their Reduction Products. J. Org. Chem. 2012,
77, 6480-6494. [CrossRef] [PubMed]

5.  Gouterman, M.; Hall, RJ; Khalil, GE. Martin, P.C; Shankland, E.G,; Cerny, RL.
Tetrakis(pentafluorophenyl)porpholactone. |. Am. Chem. Soc. 1989, 111, 3702-3707. [CrossRef]


http://dx.doi.org/10.1039/C39840000920
http://dx.doi.org/10.1021/ic970597s
http://www.ncbi.nlm.nih.gov/pubmed/11670121
http://dx.doi.org/10.1021/jo300963m
http://www.ncbi.nlm.nih.gov/pubmed/22734444
http://dx.doi.org/10.1021/ja00192a030

Molecules 2020, 25, 4351 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ning, Y,; Jin, G.-Q.; Zhang, ].-L. Porpholactone Chemistry: An Emerging Approach to Bioinspired
Photosensitizers with Tunable Near-Infrared Photophysical Properties. Acc. Chem. Res. 2019, 52, 2620-2633.
[CrossRef] [PubMed]

Worlinsky, J.L.; Halepas, S.; Ghandehari, M.; Khalil, G.; Briickner, C. High pH Sensing with Water-soluble
Porpholactone Derivatives and their Incorporation into a Nafion® Optode Membrane. Analyst 2015,
140, 190-196. [CrossRef] [PubMed]

Luciano, M.; Briickner, C. Modifications of Porphyrins and Hydroporphyrins for their Solubilization in
Aqueous Media. Molecules 2017, 22, 980. [CrossRef]

Pawlicki, M.; Latos-Grazynski, L. O-Confused Oxaporphyrins. An Intermediate in Formation of 3-Substituted
2-Oxa-21-Carbaporphyrins. J. Org. Chem. 2005, 70, 9123-9130. [CrossRef]

Lara, K.K.; Rinaldo, C.R.; Briickner, C. meso-Tetraaryl-7,8-dihydroxydithiachlorins: First Examples of
Heterochlorins. Tetrahedron Lett. 2003, 44, 7793-7797. [CrossRef]

Lara, K.K.; Rinaldo, C.K.; Briickner, C. meso-Tetraaryl-7,8-diol-dithiachlorins and their Pyrrole-modified
Derivatives: Synthesis and Spectroscopic Comparison to their Aza-analogues. Tetrahedron 2005, 61, 2529-2539.
[CrossRef]

Sharma, M.; Meehan, E.; Mercado, B.Q.; Briickner, C. 3-Alkyloxazolochlorins: Revisiting the Ozonation of
Octaalkylporphyrins, and Beyond. Chem. Eur. J. 2016, 22, 11706-11718. [CrossRef] [PubMed]

Yoshida, K.; Osuka, A. Subporpholactone, Subporpholactam, Imidazolosubporphyrin, and Iridium
Complexes of Imidazolosubporphyrin: Formation of Iridium Carbene Complexes. Angew. Chem. Int. Ed.
2018, 57, 338-342. [CrossRef] [PubMed]

Ke, X.-S.; Chang, Y.; Chen, J.-Z.; Tian, J.; Mack, J.; Cheng, X.; Shen, Z.; Zhang, ]J.-L. Porphodilactones as
Synthetic Chlorophylls: Relative Orientation of 3-Substituents on a Pyrrolic Ring Tunes NIR Absorption.
J. Am. Chem. Soc. 2014, 136, 9598-9607. [CrossRef] [PubMed]

Guberman-Pfeffer, M.].; Lalisse, R.F.; Hewage, N.; Briickner, C.; Gascon, J.A. Origins of the Electronic
Modulations of Bacterio- and Isobacteriodilactone Regioisomers. |. Phys. Chem. A 2019, 123, 7470-7485.
[CrossRef] [PubMed]

Yao, Y.; Rao, Y,; Liu, Y,; Jiang, L.; Xiong, J.; Fan, Y.J.; Shen, Z.; Sessler, ].L.; Zhang, ].L. Aromaticity versus
Regioisomeric Effect of 3-Substituents in Porphyrinoids. Phys. Chem. Chem. Phys. 2019, 21, 10152-10162.
[CrossRef] [PubMed]

Hewage, N.; Daddario, P; Lau, K.S.E; Guberman-Pfeffer, M.].; Gascon, J.A.; Zeller, M.; Lee, C.O.; Khalil, GE,;
Gouterman, M.; Briickner, C. Bacterio- and Isobacteriodilactones by Stepwise or Direct Oxidations of
meso-Tetrakis(pentafluorophenyl)porphyrin. J. Org. Chem. 2019, 84, 239-256. [CrossRef]

Yu, Y.; Czepukojc, B.; Jacob, C.; Jiang, Y.; Zeller, M.; Briickner, C.; Zhang, J.-L. Porphothionolactones:
Synthesis, Structure, Physical, and Chemical Properties of a Chemidosimeter for Hypochlorite. Org. Biomol.
Chem. 2013, 11, 4613-4621. [CrossRef]

Buchler, J.W. Synthesis and Properties of Metalloporphyrins. In The Porphyrins; Dolphin, D., Ed.;
Academic Press: New York, NY, USA, 1978; Volume 1, pp. 389—-483.

Khalil, G.; Gouterman, M.; Ching, S.; Costin, C.; Coyle, L.; Gouin, S.; Green, E.; Sadilek, M.;
Wan, R.; Yearyean, J.; et al. Synthesis and Spectroscopic Characterization of Ni, Zn, Pd and Pt
Tetra(pentafluorophenyl)porpholactone with Comparison to Mg, Zn, Y, Pd and Pt Metal Complexes
of Tetra(pentafluorophenyl)porphine. J. Porphyr. Phthalocyanines 2002, 6, 135-145. [CrossRef]

Ke, X.S.; Yang, B.Y.; Cheng, X.; Chan Sharon, L.F.; Zhang, J.L. Ytterbium(III) Porpholactones: (3-Lactonization
of Porphyrin Ligands Enhances Sensitization Efficiency of Lanthanide Near-Infrared Luminescence.
Chem. Eur. ]. 2014, 20, 4324-4333. [CrossRef]

Ke, X.S.,; Ning, Y.;; Tang, J.; Hu, J.Y,; Yin, H.Y,; Wang, G.X,; Yang, Z.S,; Jie, ].; Liu, K; Meng, Z.S.; et al.
Gadolinium(IIT) Porpholactones as Efficient and Robust Singlet Oxygen Photosensitizers. Chem. Eur. |. 2016,
22,9676-9686. [CrossRef]

Liang, L.; Lv, H.; Yu, Y.; Wang, P.,; Zhang, J.-L. Iron(III) Tetrakis(pentafluorophenyl)porpholactone Catalyzes
Nitrogen Atom Transfer to C=C and C-H Bonds with Organic Azides. Dalton Trans. 2012, 41, 1457-1460.
[CrossRef] [PubMed]

Cetin, A.; Ziegler, CJ. Structure and Catalytic Activity of a Manganese(IIl) Tetraphenylporpholactone.
Dalton Trans. 2005, 25-26. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/acs.accounts.9b00119
http://www.ncbi.nlm.nih.gov/pubmed/31298833
http://dx.doi.org/10.1039/C4AN01462F
http://www.ncbi.nlm.nih.gov/pubmed/25406812
http://dx.doi.org/10.3390/molecules22060980
http://dx.doi.org/10.1021/jo051141s
http://dx.doi.org/10.1016/j.tetlet.2003.08.070
http://dx.doi.org/10.1016/j.tet.2004.12.043
http://dx.doi.org/10.1002/chem.201602028
http://www.ncbi.nlm.nih.gov/pubmed/27400266
http://dx.doi.org/10.1002/anie.201711166
http://www.ncbi.nlm.nih.gov/pubmed/29139204
http://dx.doi.org/10.1021/ja502729x
http://www.ncbi.nlm.nih.gov/pubmed/24927223
http://dx.doi.org/10.1021/acs.jpca.9b05656
http://www.ncbi.nlm.nih.gov/pubmed/31361130
http://dx.doi.org/10.1039/C9CP01177C
http://www.ncbi.nlm.nih.gov/pubmed/31062796
http://dx.doi.org/10.1021/acs.joc.8b02628
http://dx.doi.org/10.1039/c3ob40758f
http://dx.doi.org/10.1142/S108842460200018X
http://dx.doi.org/10.1002/chem.201303972
http://dx.doi.org/10.1002/chem.201601517
http://dx.doi.org/10.1039/C2DT11995A
http://www.ncbi.nlm.nih.gov/pubmed/22187065
http://dx.doi.org/10.1039/B417321J
http://www.ncbi.nlm.nih.gov/pubmed/15709252

Molecules 2020, 25, 4351 12 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wang, X.; Nurttila Sandra, S.; Dzik Wojciech, I.; Becker, R.; Rodgers, ].; Reek Joost, N.H. Tuning the Porphyrin
Building Block in Self-Assembled Cages for Branched-Selective Hydroformylation of Propene. Chem. Eur. J.
2017, 23, 14769-14777. [CrossRef] [PubMed]

Rahimi, R.; Tehrani, A.A.; Fard, M.A.; Sadegh, B.M.M.; Khavasi, H.R. First Catalytic Application of Metal
Complexes of Porpholactone and Dihydroxychlorin in the Sulfoxidation Reaction. Catal. Commun. 2009,
11, 232-235. [CrossRef]

Wu, Z.-Y.; Wang, T.; Meng, Y.-S.; Rao, Y.; Wang, B.-W.; Zheng, J.; Gao, S.; Zhang, J.-L. Enhancing the
Reactivity of Nickel(I) in Hydrogen Evolution Reactions (HERs) by 3-Hydrogenation of Porphyrinoid
Ligands. Chem. Sci. 2017, 8, 5953-5961. [CrossRef]

Wu, Z.-Y.; Xue, H.; Wang, T.; Guo, Y,; Meng, Y.-S.; Li, X.; Zheng, J.; Briickner, C.; Rao, G.; Britt, R.D.;
et al. Mimicking of Tunichlorin: Deciphering the Importance of a 3-Hydroxyl Substituent on Boosting the
Hydrogen Evolution Reaction. ACS Catal. 2020, 2177-2188. [CrossRef]

To, W.-P; Liu, Y,; Lau, T.-C.; Che, C.-M. A Robust Palladium(II)-Porphyrin Complex as Catalyst for Visible
Light Induced Oxidative C-H Functionalization. Chem. Eur. J. 2013, 19, 5654-5664. [CrossRef]

Yang, Z.-S.; Yao, Y.; Sedgwick, A.C; Li, C,; Xia, Y.; Wang, Y.; Kang, L.; Wang, B.-W,; Su, H.; Gao, S.; et al.
Rational Design of an “All-in-one” Phototheranostic. Chem. Sci. 2020, 11, 8204-8213. [CrossRef]
Gouterman, M.; Callis, J.; Dalton, L.; Khalil, G.; Mebarki, Y.; Cooper, K.R.; Grenier, M. Dual Luminophor
Pressure-sensitive Paint III. Application to Automotive Model Testing. Meas. Sci. Technol. 2004, 15, 1986-1994.
[CrossRef]

Khalil, G.E.; Costin, C.; Crafton, J.; Jones, G.; Grenoble, S.; Gouterman, M.; Callis, J.B.; Dalton, L.R.
Dual-luminophor Pressure-sensitive Paint, I. Ratio of Reference to Sensor Giving a Small Temperature
Dependency. Sens. Actuators B 2004, 97, 13-21. [CrossRef]

Zelelow, B.; Khalil, G.E.; Phelan, G.; Carlson, B.; Gouterman, M.; Callis, ].B.; Dalton, L.R. Dual Luminophor
Pressure Sensitive Paint II. Lifetime Based Measurement of Pressure and Temperature. Sens. Actuators B
2003, 96, 304-314. [CrossRef]

Worlinsky, J.L.; Zarate, G.; Zeller, M.; Ghandehari, M.; Khalil, G.; Briickner, C. Tuning the Dynamic High pH
Sensing Range of [meso-Tetraarylporpholactonato]M(II) Complexes by Variation of the Central Metal Ion,
the Aryl Substituents, and Introduction of a 3-Nitro Group. J. Porphyr. Phthalocyanines 2013, 17, 836-849.
[CrossRef]

Khalil, G.E.; Daddario, P; Lau, K.S.F; Imtiaz, S.; King, M.; Gouterman, M.; Sidelev, A.; Puran, N.;
Ghandehari, M.; Briickner, C. meso-Tetraarylporpholactones as High pH Sensors. Analyst 2010, 135,2125-2131.
[CrossRef]

Liu, E.; Ghandehari, M.; Briickner, C.; Khalil, G.; Worlinsky, J.; Jin, W.; Sidelev, A.; Hyland, M.A. Mapping
High pH Levels in Hydrated Calcium Silicates. Cement Concrete Res. 2017, 95, 232-239. [CrossRef]

Tang, J.; Chen, J.-J; Jing, J.; Chen, ].-Z.; Lv, H.; Yu, Y.; Xub, P; Zhang, J.-L. 3-Lactonization of Fluorinated
Porphyrin Enhances LDL Binding Affinity, Cellular Uptake with Selective Intracellular Localization. Chem. Sci.
2014, 5, 558-566. [CrossRef]

Wan, J.R.; Gouterman, M.; Green, E.; Khalil, G.E. High performance Liquid Chromatography Separation
and Analysis of Metallotetra(pentafluorophenyl)porpholactone. J. Lig. Chromatogr. 1994, 17, 2045-2056.
[CrossRef]

Kopke, T.; Pink, M.; Zaleski, ].M. Elucidation of the Extraordinary 4-Membered Pyrrole Ring-contracted
Azeteoporphyrinoid as an Intermediate in Chlorin Oxidation. Chem. Commun. 2006, 4940-4942. [CrossRef]
Briickner, C. The Breaking and Mending of meso-Tetraarylporphyrins: Transmuting the Pyrrolic Building
Blocks. Acc. Chem. Res. 2016, 49, 1080-1092. [CrossRef]

Yu, Y,; Lv, H.; Ke, X,; Yang, B.; Zhang, J.-L. Ruthenium-Catalyzed Oxidation of the Porphyrin 8-’-Pyrrolic
Ring: A General and Efficient Approach to Porpholactones. Adv. Synth. Catal. 2012, 354, 3509-3516.
[CrossRef]

Spellane, PJ.; Gouterman, M.; Antipas, A.; Kim, S.; Liu, Y.C. Electronic Spectra and Four-orbital Energies of
Free-base, Zinc, Copper, and Palladium Tetrakis(perfluorophenyl)porphyrins. Inorg. Chem. 1980, 19, 386-391.
[CrossRef]

Available through standard chemical supply houses but also suppliers specialized on porphyrins, such as
Frontier Scientific. Available online: https://www.frontiersci.com (accessed on 21 September 2020).


http://dx.doi.org/10.1002/chem.201702113
http://www.ncbi.nlm.nih.gov/pubmed/28608592
http://dx.doi.org/10.1016/j.catcom.2009.09.022
http://dx.doi.org/10.1039/C7SC02073B
http://dx.doi.org/10.1021/acscatal.9b03985
http://dx.doi.org/10.1002/chem.201203774
http://dx.doi.org/10.1039/D0SC03368E
http://dx.doi.org/10.1088/0957-0233/15/10/007
http://dx.doi.org/10.1016/S0925-4005(03)00484-2
http://dx.doi.org/10.1016/S0925-4005(03)00547-1
http://dx.doi.org/10.1142/S1088424613500478
http://dx.doi.org/10.1039/c0an00018c
http://dx.doi.org/10.1016/j.cemconres.2017.02.001
http://dx.doi.org/10.1039/C3SC52247D
http://dx.doi.org/10.1080/10826079408013478
http://dx.doi.org/10.1039/B611567E
http://dx.doi.org/10.1021/acs.accounts.6b00043
http://dx.doi.org/10.1002/adsc.201200720
http://dx.doi.org/10.1021/ic50204a021
https://www.frontiersci.com

Molecules 2020, 25, 4351 13 of 13

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Available through standard chemical supply houses but also suppliers specialized on porphyrins, such as
PorphyChem. Available online: https://www.porphychem.com (accessed on 21 September 2020).

Dean, M.L.; Schmink, ].R.; Leadbeater, N.E.; Briickner, C. Microwave-promoted Insertion of Group 10 Metals
into Free Base Porphyrins and Chlorins: Scope and Limitations. Dalton Trans. 2008, 1341-1345. [CrossRef]
[PubMed]

Lv, H;; Yang, B.; Jing, J.; Yu, Y,; Zhang, J.; Zhang, J.-L. Dual Facet of Gold(IIl) in the Reactions of Gold(III) and
Porphyrins. Dalton Trans. 2012, 41, 3116-3118. [CrossRef] [PubMed]

Adler, A.D.; Longo, ER; Finarelli, ].D.; Goldmacher, ].; Assour, J.; Korsakoff, L. A Simplified Synthesis for
TPP. J. Org. Chem. 1967, 32, 476. [CrossRef]

Lindsey, J.S.; Schreiman, I.C.; Hsu, H.C.; Kearney, P.C.; Marguerettaz, A.M. Rothemund and Adler-Longo
Reactions Revisited: Synthesis of Tetraphenylporphyrins under Equilibrium Conditions. J. Org. Chem. 1987,
52, 827-836. [CrossRef]

Lindsey, J.S. Synthesis of meso-substituted porphyrins. In The Porphyrin Handbook; Kadish, K.M., Smith, K.M.,
Guilard, R., Eds.; Academic Press: San Diego, CA, USA, 2000; Volume 1, pp. 45-118.

Buchler, ].W.; Dreher, C.; Kiinzel, FM. Synthesis and Coordination Chemistry of Noble Metal Porphyrins.
Struct. Bond. 1995, 84, 1-69.

Briickner, C.; Rettig, S.J.; Dolphin, D. Formation of a meso-Tetraphenylsecochlorin and a Homoporphyrin
with a Twist. J. Org. Chem. 1998, 63, 2094-2098. [CrossRef]

Samankumara, L.P; Zeller, M.; Krause, J.A,; Briickner, C. Syntheses, Structures,
Modification, and Optical Properties of meso-Tetraaryl-2,3-dimethoxychlorin, and Two Isomeric
meso-Tetraaryl-2,3,12,13-tetrahydroxybacteriochlorins. Org. Biomol. Chem. 2010, 8, 1951-1965. [CrossRef]
McCarthy, J.R.; Jenkins, H.A_; Briickner, C. Free Base meso-Tetraaryl-morpholinochlorins and Porpholactone
from meso-Tetraaryl-2,3-dihydroxychlorin. Org. Lett. 2003, 5, 19-22. [CrossRef]

Hewage, N.; Zeller, M.; Briickner, C. Oxidations of Chromene-annulated Chlorins. Org. Biomol. Chem. 2017,
15,396-407. [CrossRef]

Ogikubo, ].; Meehan, E.; Engle, ].T; Ziegler, C.J.; Briickner, C. meso-Tetraphenyl-2-oxabacteriochlorins and
meso-Tetraphenyl-2,12/13-dioxabacteriochlorins. J. Org. Chem. 2013, 78, 2840-2852. [CrossRef]

Ogikubo, J.; Meehan, E.; Engle, ].T.; Ziegler, C.; Briickner, C. meso-Aryl-3-alkyl-2-oxachlorins. J. Org. Chem.
2012, 77, 6199-6207. [CrossRef] [PubMed]

Ogikubo, J.; Briickner, C. Tunable meso-Tetraphenylalkyloxazolo-chlorins and -bacteriochlorins. Org. Lett.
2011, 13, 2380-2383. [CrossRef] [PubMed]

McCarthy, J.R.; Perez, M.].; Briickner, C.; Weissleder, R. A Polymeric Nanoparticle Preparation that Eradicates
Tumors. Nano Lett. 2005, 5, 2552-2556. [CrossRef]

Akhigbe, J.; Haskoor, J.; Zeller, M.; Briickner, C. Porpholactams and Chlorolactams: Replacement of a
f3,B-Double Bond in meso-Tetraphenyl-porphyrins and -chlorins by a Lactam Moiety. Chem. Commun. 2011,
47,8599-8601. [CrossRef] [PubMed]

Akhigbe, J.; Haskoor, J.P; Krause, J.A.; Zeller, M.; Briickner, C. Formation, Structure and Reactivity of
meso-Tetraaryl-chlorolactones, -porpholactams, and chlorolactams, Porphyrin and Chlorin Analogues
Incorporating Oxazolone or Imidazolone Moieties. Org. Biomol. Chem. 2013, 11, 3616-3628. [CrossRef]
Luciano, M.P.; Akhigbe, J.; Ding, ].; Thuita, D.; Hamchand, R.; Zeller, M.; Briickner, C. An Alternate Route of
Transforming meso-Tetraarylporphyrins to Porpholactams, and Their Conversion to Amine-Functionalized
Imidazoloporphyrins. J. Org. Chem. 2018, 83, 9619-9630. [CrossRef]

Briickner, C.; Atoyebi, A.O.; Girouard, D.; Lau, K.S.F.; Akhigbe, J.; Samankumara, L.; Damunupola, D.;
Khalil, G.E.; Gouterman, M.; Krause, J.A.; et al. Stepwise Preparation of meso-Tetraphenyl- and
meso-Tetrakis(4-trifluoromethylphenyl)bacteriodilactones and their Zinc(II) and Palladium(II) Complexes.
Eur. J. Org. Chem. 2020, 2020, 475-482. [CrossRef]

Sample Availability: Samples of all porpholactones described are available from the authors.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


https://www.porphychem.com
http://dx.doi.org/10.1039/b716181f
http://www.ncbi.nlm.nih.gov/pubmed/18305846
http://dx.doi.org/10.1039/c2dt12280d
http://www.ncbi.nlm.nih.gov/pubmed/22258293
http://dx.doi.org/10.1021/jo01288a053
http://dx.doi.org/10.1021/jo00381a022
http://dx.doi.org/10.1021/jo971156t
http://dx.doi.org/10.1039/b924539a
http://dx.doi.org/10.1021/ol027072a
http://dx.doi.org/10.1039/C6OB02395A
http://dx.doi.org/10.1021/jo400031r
http://dx.doi.org/10.1021/jo300964v
http://www.ncbi.nlm.nih.gov/pubmed/22731999
http://dx.doi.org/10.1021/ol2006264
http://www.ncbi.nlm.nih.gov/pubmed/21456604
http://dx.doi.org/10.1021/nl0519229
http://dx.doi.org/10.1039/c1cc12955d
http://www.ncbi.nlm.nih.gov/pubmed/21713296
http://dx.doi.org/10.1039/c3ob40138c
http://dx.doi.org/10.1021/acs.joc.8b00790
http://dx.doi.org/10.1002/ejoc.201901727
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	The Most Efficient Pathway toward TFPL/TFPLZn/TFPLPt 
	The Most Efficient Pathway toward TPL/TPLZn/TPLPt 

	Materials and Methods 
	Materials 
	Two-Step Procedure for Synthesis of meso-Tetraphenyl-2-Oxa-3-Oxoporphyrin (TPL) by OsO4-Mediated Dihydroxylation, Followed by CrO3 Oxidation 
	Dihydroxylation of TPP; Synthesis of meso-Tetraphenyl-2,3-cis-dihydroxychlorin 2 
	Synthesis of meso-Tetraphenyl-2-oxa-3-oxoporphyrin (TPL) via CrO3 Oxidation of Diol 2 

	Preparation of Metalloporpholactone TPLZn via Zinc Insertion into Free Base TPL 
	Preparation of Metalloporpholactone TPLPt via Platinum Insertion into Free Base TPL 
	One-Step Synthesis of meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxoporphyrin TFPL by RuCl3/Oxone®-Mediated Oxidation. General Procedure 
	Synthesis of [meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxoporphyrinato]zinc(II) (TFPLZn) 
	Synthesis of [meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxoporphyrinato]platinum(II) (TFPLPt) 

	Conclusions 
	References

