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Abstract

The perylenequinones are a novel class of natural products characterized by pentacyclic
conjugated chromophore giving rise to photoactivity. Potentially useful light-activated biological
activity, targeting protein kinase C (PKC), has been identified for several of the natural products.
Recently discovered new members of this class of compound, as well as several related
phenanthroperylenequinones, are reviewed. Natural product modifications that improve biological
profiles, and avenues for the total synthesis of analogs, which are not available from the natural
product series, are outlined. An overview of structure/function relationships is provided.
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Introduction

Perylenequinone natural products have been used in traditional Chinese herbal medicine for
centuries. They are dark colored pigments; isolated from diverse sources such as mold
species, aphids and recently, from plant species. These structures have been studied
extensively due to their interesting biological activity, notably for their use as anti-cancer
agents. This review will describe the isolation and characterization of perylenequinones,
including some recently identified novel structures and the related discoveries of new
phenanthroperylenequinones, the preparation and biological activity of some derivatives
prepared from the parent natural products, total synthesis of the natural products, and the
synthesis of novel perylenequinones followed by a summary of the biological activity of
these new derivatives.

The perylenequinones comprise a family of natural products characterized by an oxidized
pentacyclic core as represented by the parent perylenequinone 1 (Figure 1). | Dihydroxy 1
was first isolated in 1956 from the fungus Daldinia concentrica as blue-black crystals and is
the simplest of the naturally occurring perylenequinones.!! Since then, many more
perylenequinones have been discovered in the extracts of a variety of species. Among these
vibrantly colored natural products, most can be divided into one of three classes (examples
of each in Figure 1): A) Cy compounds without carbon substituents, B) perylenequinones
like cercosporin (2), usually isolated from mold, containing carbon substituents, and C)
erythroaphins like rhodoaphin-be (3), isolated from aphids. Of the three, the most prevalent
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is class B. As such, the unique structural, biological and photochemical properties of the
class B pigments have been extensively studied, and many of these have been the subject of
reviews.! Phenanthroperylenequinones such as hypericin (4) have also been thoroughly
reviewed.iii

Section 1: The Perylenequinone Family of Natural Products, Isolation and
Characterization

The section covers the recent isolation and characterization of several new perylenequinone
natural products of class B. In addition, some novel phenanthroperylenequinone compounds,
including the gymnochromes will be described.

Perylenequinones

The class B perylenequinone natural products that have been reviewed previously include
cercosporin (2, Figure 2), isolated from the fungus Cercospora kikuchi; calphostins A-D
(5a-d), isolated from Cladosporium cladosporioides ®, phleichrome (6), isolated from
Cladosporium phleP, and the elsinochromes (7)7, isolated from several species of the genus
Elsinoe. One class of perylenequinones that has been extensively studied is the hypocrellin
family (8-10), isolated from the species Hypocrellin Bambusae 8°. The hypocrellins have
been used for centuries in Chinese folk medicine for the treatment of vitiligo, psoriasis, and
other diseases. There have been extensive studies of the hypocrellins and their derivatives
for their use in photodynamic therapy for cancer treatment.

The architecturally similar compounds 2 and 5-6 are characterized by a chiral helical
oxidized core and stereogenic C7,C7’-2-hydroxypropyls. Upon structural elucidation, it was
discovered that many of these pigments, excluding the hypocrellins, are C,-symmetric,
having C7,C7’-substitution with centrochiral stereocenters of the same absolute
configuration. While the structures of 5a-d and 6 were assigned in conjunction with their
isolation,®8 it was not until the 1970s that the structure of 2 (isolated in 1957) was
elucidated.*10.11 This determination was accomplished through a series of chemical
transformations and subsequent spectroscopic analysis.10-12 The crystal structure of a
cercosporin derivative (wherein the 2-hydroxypropyl group was esterified) was used to
assign the absolute and relative configuration of 2.12 Correlation of the circular dichroism
(CD) and NMR spectra allowed determination of the helical configurations and relative
stereochemistries of the remaining perylenequinone natural products. These data continue to
be used by researchers to assign axial chirality to new perylenequinones as they have been
isolated and characterized.

The stability of the axial chirality of the perylenequinones is variable depending on the
nature of the C2 and C7 substituents. Calphostins 5 undergo atropisomerization at 110 °C,
but cercosporin 2, with its 7-membered ring bridge at C2 and C2’, has a much lower barrier
and isomerizes at 40 °C. The hypocrellins 8, with their 7-membered ring bridging at C7 and
C7’, exist as a mixture of rapidly interconverting diastereomers at room temperature, the
predominant isomer of which is depicted in Figure 2.

Recently a new orange-red colored pigment was isolated from the fruiting bodies of Shiraia
bambusicola, and named hypocrellin D (Figure 3).14 Its structure was elucidated with

MS, 13C NMR, 1H NMR, and 2D NMR (HMBC, ROESY) studies. It is not a
perylenequinone, as it does not have the fused pentacyclic core of the other hypocrellins, but
it contains the same 7-membered ring motif of hypocrellin A (8). This material likely forms
via an oxidative cleavage of hypocrellin A, a process mediated by the material itself which
acts as a photosensitizer delivering singlet oxygen. It has been shown that prolonged
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irradiation of hypocrellin generates bis-para-naphthoquinones like 11, presumably via
cycloaddition of singlet oxygen to form an endoperoxide followed by rearrangement.1>

A novel type of perylenequinone, hypomycin A (Figure 4, 12), was isolated from the fungus
Ascomycetes hypocreaceas hypomyces.18 Its structure was reported as shown in Figure 4
and was elucidated by means of the 1H and 13C NMR, HMQC, and HMBC spectra.
Correlations in the NOESY led to the assignment of relative stereochemistry. This structure
is unique in that the typical conjugated system of the perylenequinones has been disrupted. It
is optically active, but its absolute stereochemistry was not assigned by the authors. It is
likely that this structure arises from oxidative cyclization of hypocrellin A (8) or hypocrellin
(ent-8). A second natural product isolated from the same species, hypomycin B (Figure 4,
13), was reported and the structure elucidated. 17 This compound likely arises from an
oxidative insertion of one of the phenols into the adjacent methoxy C-H bond. It is
structurally distinct from the related perylenequinones in that it is planar, not C>symmetric,
and has only one intramolecular hydrogen bond. It was initially characterized and its
structure elucidated from HMBC and NOESY spectra. This unique perylenequinone with
only one hydroxyl group and one intramolecular H-bond has proven useful to study
photochemical processes of excited state intramolecular hydrogen atom transfer.18

Recently, perylenequinones were isolated from a plant source instead of mold or aphid
species. Scutiaquinones A (14) and B (15) are deep red solids and were isolated from the
root of Scutia myrtina® (Figure 5). These compounds show anthelmintic activity against the
parasitic worm Haemonchus contortus. The structures in Figure 5 were determined by 1H
NMR and 13C NMR, DEPT, COSY, HSQC, HMBC, and ROESY. Both scutiaquinones
have similar spectra, indicating the presence of the perylenequinone core with two
dihydropyran rings and having C>-symmetry. However, ROESY correlations for 15 are
different than for 14 and indicate that the dihydropyran rings are on the opposite side of the
system in 15. In the CD spectra for both compounds, there is a much greater magnitude of
molar ellipticities for 14, suggesting that the perylenequinone nucleus is twisted farther out
of plane. This degree of the helicity supports the proposed structure for 14, which would
have greater steric interactions between the dihydropyran side chains. The stereochemistry
of the perylenequinone core was inferred by comparing the CD spectra with several known
perylenequinone natural products, having axial chirality similar to that of hypocrellin A. At
the time of publication, the absolute stereochemistry of C-9 and C-11 were not known.

Hypericin 4 (Figure 1) is a well studied natural product, one of the principle active
constituents of Hypericum (Saint John's Wort).20 It has a similar structure to the
perylenequinones but with a fused octacyclic core. It possesses antiviral and antitumor
activity. Gymnochromes A-D and isogymnochrome D (Figure 6) are five violet colored
pigments isolated from the stalked crinoid Gymnocrinus richeri, a “living fossil” located in
deep sea water.2! The presence of these natural products in this species lends support to the
theory that quinoid pigments were biosynthesized by crinoids many millions of years ago.2?
The gymnochromes posses the core structure of hypericin, but differ in the substitution
flanking the central core and also contain bromo-substitution. Due to steric crowding around
the central core, these compounds possess helical chirality.

The structure and stereochemistry of the gymnochromes were determined by FABMS, UV-
Vis, IR, IH NMR, 13C NMR, and CD spectra. Gymnochromes A and B are not C»-
symmetric, although the other three reported products are. At the time of the first report, the
location of the third bromo-substituent on either the C9 or C12 carbon of gymnochrome B
was still under investigation. The helical configuration of the gymnochromes is inferred by
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comparison of the CD spectra to that of cercosporin, with gymnochrome B and
isogymnochrome D having the opposite helical configuration of the other gymnochromes.
The absolute configuration on alkyl substituents was predicted by observing the shielding
effects in the IH NMR spectra of the helical aromatic core on the terminal methyl protons,
and comparing the shifts with those observed in perylenequinone natural products of known
structure. To support this predicted absolute configuration, Horeau's method was applied to
the hexamethyl aromatic ether derivative of gymnochrome D, and the anticipated ~
stereochemistry was observed.

Recently, gymnochromes E and F (Figure 7) were isolated as brown oils from the crinoid
Holopus rangii.?® Their structures were determined by MS, 1H NMR, 13C NMR, and CD
spectra. The alkyl substituent structures were determined by COSY and HMBC correlations.
Gymnochrome E is a hon-Co>symmetric, dibrominated phenanthroperylenequinone with a
very similar structure to gymnochrome A, although with the opposite helical configuration.
Gymnochrome F is a desulfated version of isogymnochrome D where one of the alkyl
substituents is also truncated.

Synthesis of Natural Product Derivatives

Hypocrellin Derivatives

The hypocrellin natural products are of intense interest due to their potential anticancer
properties, as well as their possible use to treat skin conditions such as psoriasis and acne.?*
There have been numerous studies to establish their use for PDT (photodynamic therapy), as
well as SDT (sonodynamic therapy). 2> The mechanism of action of these photosensitizers is
still under investigation, but the generation of reactive oxygen species upon irradiation is
considered an important factor in their photodynamic activity. Due to the water insolubility
of the hypocrellins, much work has been done on the formulation of hypocrellins and their
derivatives. Modifications to the hypocrellin structure that have been reported include
sulfonation26, amination?’, halogenation?®, and metal ion-chelation. 22 Most of the water-
soluble perylenequinone (PQ) derivatives that have been made have significantly less
photodynamic activity compared to the activity of the parent natural product. This review
will focus on some examples of synthetic modifications of the perylenequinone natural
products that have improved their pharmacokinetic properties and their photodynamic
activity.30

Photosensitizers for use in PDT have been limited in part due to the poor extinction
coefficient in the wavelength of light in the therapeutic window (600-900 nm) needed to
penetrate deep tissue. Analogs with a stronger absorption in this window (600-900 nm) are
therefore desirable. Amine-substituted hypocrellins that shown promise have been prepared
by amine addition to the enone followed by extrusion of methoxide. Thus, the synthesis of
2-BADMHA 23 (Figure 8) was achieved from the reaction of hypocrellin A (8, Figure 2)
with butylamine in pyridine. This analog has a strong absorption shoulder at 628 nm and
was found to be cytotoxic to the gastric adenocarcinoma MGC803 cell line. Its
photopotentiation factor (LDsq dark/L Dsg light) was found to be more than 200-fold,
compared to hypocrellin A which was 4-fold under the same conditions. 3 Another amine
derivative was prepared from the reaction of hypocrellin B (10, Figure 2) and butylamine.
Both butylamino-substituted hypocrellins were found to have increased ability to generate
Oy~ as compared to their parent hypocrellins, and both had increased in vitro activity (HeLa,
MGCB803, and the Capan-1 human pancreatic tumor cell line) and in vivo activity (mouse
model of human pancreatic cancer).

To further improve the pharmacokinetic properties of hypocrellin derivatives, compounds
that are more amphiphilic were prepared. The hypocrellin B (10, Figure 2) ketone was
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modified by treatment with either 3-methoxypropylamine in refluxing pyridine to provide 25
(Figure 9) or the appropriate amino acid and a solution of DMFH,0 (pH 13) under reflux to
provide 26 and 27.32 These enamine compounds were characterized using MS, 1H NMR,
and IR spectra; comparison with hypocrellin B confirmed the substitution of the ketone as
well as replacement of the C11-methoxy with a hydroxyl group. The three new derivatives
all showed an enhanced red absorption compared to hypocrellin B, but quantum yields for
generation of singlet oxygen were lower. The amphiphilicities of the three derivatives, as
measured by their partition coefficient (PC) in octanol and 0.1 mol L1 phosphate buffer pH
7, were greatly improved. While hypocrellin B has a PC of 46.4, compounds 25, 26, and 27
have PCvalues of 9.3, 5.9, and 4.9, respectively. Evaluation against the human oral cavity
epithelial carcinoma KB cell line revealed undesirable dark toxicity, with compound 27
showing some improvement with a photopotentiation factor 10-fold better than that of
hypocrellin B.

Compounds 28 and 29 (Figure 10), hypocrellin B derivatives substituted with a benzyl
amine at the C6-position, were prepared by reaction of the natural product with
phenmethylamine and THF at 50-55 °C in the dark. 33 The two main products were purified
by TLC and characterized by 1H NMR, UV-Vis, IR, and mass spectra. Both compounds
showed a new absorption band at 628 nm. These compounds along with hypocrellin B were
tested for dark and light toxicity against the cancer cell line MGCB803 and the
photopotentiation factors for 28 and 29 were 200 and 80, compared with 15 for hypocrellin
B.

An additional amine substituted hypocrellin B derivative 30 combining the C6-amine
substitution and imine substitution (Figure 11) was found to be active against MGCB803
cancer cells. As with the previously reported amine derivatives, this compound showed a
strong absorption peak in the therapeutic window, but had reduced quantum yield of singlet
oxygen as compared to hypocrellin B. When tested against the MGC803 cells, 30 had a
photopotentiation factor 4-fold greater than that of hypocrellin B.34

Further progress in the synthesis of hypocrellin B derivatives with desirable properties was
made with the synthesis of C6-amino substituted hypocrellin B compounds 31 and 32
(Figure 12).3% These derivatives were prepared by an addition/elimination sequence using a
diamine to displace the C6-methoxy of hypocrellin B. As with most of the amine
derivatives, these compounds exhibited enhanced absorption in the phototherapeutic
window. Both were active against the colon cancer cell line HCT 116 and both had
enhanced hydrophilicity compared to hypocrellin B as measured by chromatography Rr
values.

Compound 31, SL017, was chosen as a clinical candidate for both PDT and SDT. The
mechanisms of action for both treatments are still under investigation. A recent study reports
that it is activated with either light or ultrasound and targets mitochondria by disrupting the
membrane potential and generating reactive oxygen species (ROS). 3¢ This compound is
under clinical evaluation for three indications: actinic keratosis, acne vulgaris, and for
permanent hair removal.3”

The cyclic diamine derivative 32, SL052, was also chosen as a clinical candidate, and is
currently in the pipeline for prostate cancer.3” Although this derivative does not have
adequate water solubility, formulation with nanoclusters of polyvinylpyrrolidones is one of
the methods being studied to improve physicochemical properties and has been successful in
several /n vivo mouse tumor models with both PDT and SDT.38
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Several other hypocrellin B derivatives have been prepared in order to improve solubility. In
general, increased hydrophobicity is often accompanied by reduced photodynamic activity
and this obstacle has been the subject of a number of studies. The amphiphilic sulfonic acid
33 was prepared (Figure 13) and tested for photodynamic activity and PK properties. It is
soluble in PBS (6.6 mg/mL) at therapeutically relevant concentrations for administration by
IV injection, and a partition coefficient of 5:1 indicated its potential bioavailability. It has a
12.5 times higher quantum yield of singlet oxygen under red light (600-700 hm) than
hypocrellin B, and it has a comparable activity against human lung cancer A549 cells.3°

Further investigation into improvements on bioavailability involved the preparation of two
surfactant-like derivatives. Carboxylate salts 34 and 35, abbreviated as SAHB and DMHB
respectively (Figure 14), were synthesized and both demonstrated increased solubility.
DMHB was more active against human breast carcinoma MCF-7 cells than hypocrellin B by
PDT. %0 An interesting feature of both these analogs is that their measured singlet oxygen
quantum yield is identical to their PDT activity against the MCF-7 cells. This indicates that
their cellular affinity is independent of their hydrophilicity and that singlet oxygen
generation is an important mechanism of PDT.

Analogs of Other Perylenequinones and Phenanthroperylenequinones—
Elsinochrome A (7a, Figure 2) possesses the highest singlet oxygen quantum yield amongst
the perylenequinones but there have been few studies into its medicinal applications in part
due to its low solubility. There have been extensive studies into preparing hypocrellin B
analogs in order to improve water solubility as well as photodynamic activity. With these
studies in mind, the preparation of a sulfonated elsinochrome derivative (36, Figure 15) that
includes an extended aliphatic chain with a sulfate group was intended to maintain
photodynamic activity and cell permeability while improving solubility.*! However, this
material is sparingly soluble and has a log Pof 7. Its quantum yield of singlet oxygen
generation is 0.73, and the photodynamic activity against human lung cancer cell line A549
is 60% of the parent elsinochrome A, a clinically acceptable result as this is still higher than
most photosensitizers.

There have been some preparation and studies of derivatives of hypericin and
gymnochromes to compare their biological activity to that of the parent natural products.
Several brominated hypericins were prepared by the treatment of hypericin with the
appropriate number of equivalents of bromine in pyridine to prepare the di-, tri- and
tetrabrominated compounds 37-39 (Figure 16).42 Dibromohypericin 39 was found in later
studies to have anti-viral activity; and it was more active against herpes simplex virus (in
light, MIC = 0.9 nM) and influenza virus (in light, MIC < 5 nM) than hypericin or
gymnochrome B.43

While investigating the biosynthesis of the natural product actinorhodin 40, a novel
perylenequinone-type shunt product named actinoperylene 41 was identified (Figure 17). 44
Actinorhodin is an aromatic polyketide natural product from the benzoisochromanequinone
family of antibiotics and is isolated from Streptomyces coelicolor. The investigation began
with the proposal that the proteins acVA-ORF5 and —~ORF6 were involved in the C6-
oxidation step in the biosynthetic pathway. A dactVA-5,6 mutant was developed, and this
produced a yellow-brown pigment. After culturing and growing this mutant, the supernatant
of the culture was purified by HPLC to yield a new compound. The structure was
determined to be a symmetrical dimer by LC/MS analysis, 1H NMR, and UV-Vis
spectrosopy. NOe experiments revealed the pyran ring has a #rans configuration, and
correlation between the protons on C4 and C9’ led to the assignment of the antiparallel
connection between the two tricyclic units.
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The formation of this novel product supports the hypothesis that genes involved in the
biosynthesis of benzoisochromanequinone antibiotics, specifically in the C6-oxidation of
intermediate 43 (Scheme 1), were knocked out. Interruption of the oxidation allows for
tautomerization, then oxidative dimerization to form actinoperylone 41 through another
enzymatic pathway.

Section 3: Perylenequinone Total Synthesis Efforts

Syntheses of the Perylenequinone Core Structure

Given their unique architecture and desirable photo-activated biological profiles, the
perylenequinones have attracted a considerable amount of attention from a synthesis
standpoint. The most challenging physical aspect of these compounds is the extended

conjugated pentacyclic core. In the past three decades, work on the generation of the core
ring system has flourished.45:46.47,48,49,50,51,52,53,54,55,56,57,58,59

Prior to these achievements, the first reported synthesis of parent perylenequinone 46 was
published by Zinke and coworkers in 1929 via oxidation of tetranitroperylene 47 with
sulfuric acid at 140 °C under air (Scheme 2).60 However, the correct structure was not
elucidated until 1954.61 Due to the atypical stability of the product 46 proposed by Zinke,
Calderbank and coworkers repeated the procedure, which led to the structural reassignment
of the product as parent perylenequinone 1.

Further progress on perylenequinone syntheses was not made until 1972 when Weisgraber
and Weiss attempted to synthesize perylenequinone 51, containing the desired oxygenation
pattern present in the natural products.>* They utilized a one-pot, two-step cationic
cyclization/oxidative dimerization sequence to obtain the biaryl precursor (Scheme 3).
Unfortunately, the initial assignments of both the biaryl precursor 50 and the subsequent
perylenequinone 51 were found to be incorrect,52 and the final cyclized product was
reassigned as dinaphthofuranedione 55.

Several years later Dallacker and Leidig, reported a different approach to synthesize 2,2’,
4.4’-tetramethoxyperylenequinone 59 starting from a bispheny! substrate 56 (Scheme 4).5°
While novel, the synthesis was lengthy (14 steps) and lacked the necessary C6,C6’-
oxygenation.

The perylenequinones from these early efforts are optically inactive. While some of the
compounds may display a helical conformation, none contain the sufficiently large
substituents flanking the perylenequinone core to prevent rapid interconversion of the helical
stereochemistry. As a result, Zhang*® and Lown?® developed preparations of racemic
C7,C7’-substituted perylenequinone derivatives. The syntheses involved the oxidative biaryl
coupling of the highly oxygenated substrates 60 and 61, to provide the perylenequinone 62
directly (Scheme 5).

The First Stereoselective Syntheses of Perylenequinones

The first stereoselective synthesis of a perylenequinone natural product was the generation
of (-)-calphostin A (ent5a), (-)-calphostin D (ent-5d), and phleichrome by Broka in
1991.56 Since then, the Hauser,>” Coleman,8 and Merlic®® research groups have also
published alternate routes to provide the calphostins. A common theme of these total
syntheses is the diastereoselective biaryl coupling of stereogenic naphthalenes (i.e., 63 and
64 in Scheme 6), the stereochemistry of which is retained during perylenequinone formation
(e.g., 66 to 5ain Figure 18). The key difference among these syntheses is the way in which
the C7,C7’-stereoarrays were generated.
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The centrochiral C7-substitution provided modest stereocontrol during the dimerizations.
Presumably, the distance between the newly formed C1,C1’-biaryl bond and the C7,C7’-
substituents prevents effective stereochemical communication. Furthermore, the
predominant diastereomer does not usually correspond to the calphostin array, and
Mitsunobu inversion of the stereocenter or thermal isomerization of the perylenequinone
core was needed to access these natural products.56:57:58,59

Synthesis of a Perylenequinone Containing Only a Helical Chiral Stereochemical Element

Despite the multiple total syntheses of perylenequinone natural products,>6:57:58.59 there
were no reports of an enantiopure perylenequinone having to rely on helical chirality as the
only stereochemical element. Later work by our group showed that such helical chiral
perylenequinones (78, Scheme 7) can be produced and are atropisomerically stable.4”50 The
key elements of this synthetic venture included a catalytic enantioselective biaryl coupling
with copper catalyst 74, a phenyliodosobistrifluoroacaete-induced C5,C5’-hydroxylation,
and finally oxidation to the perylenequinone with MnO,. Transfer of the axial
stereochemistry to the perylenequinone helical stereochemistry proceeded with good
fidelity. This synthesis venture represented the first example an enantioselective preparation
of a perylenequinone containing only an axial chiral element. In addition, this strategy
allows easy access to both enantiomers of the perylenequinone backbone without having
relying on other stereochemical elements for control 47:50

Total Synthesis of Hyprocrellin A

As installation of perylenequinone axial chirality in the absence of any other stereochemical
element was now obtainable,*”°0 syntheses of the more complex perylenequinone natural
products became the focus of synthetic effort. Notably, a synthesis of 8, which contained the
additional complexity of a seven membered ring, could be addressed.#8:53 The biosynthesis
of 8 calls for the formation of the seven-membered ring via a transannular intramolecular
aldol reaction of 79 (Scheme 8). Relying on the prior methods of perylenequinone
construction would require oxidation of C7,C7’-alcohol stereocenters, which had required
significant effort to generate in enantiomerically pure form. As an alternative we pursued an
approach in which the helical stereochemistry would be established with complete
stereofidelity first, followed a potentially biomimetic, dynamic stereochemistry transfer
(DST) aldol reaction.48:53

The stereochemistry transfer was complicated by the dynamic state of the helical axis of 8.°
The helical stereochemistry of perylenequinone 79 is stable at room temperature and should
be able, in principle, to direct the stereochemistry of the intramolecular aldol reaction. After
formation of the seven-membered ring, however, the integrity of the helical axis is lost as
seen in the rapid room temperature atropisomerization of 8 (M):(P) = 1:4, Scheme 8).9

The synthesis of the desired aldol perylenequinone precursor 79 is outlined in Scheme
9.48,53 Enantioselective oxidative biaryl coupling of 81 further demonstrated the utility of
our copper 1,5-diaza-cis-decalin catalyst system, providing 80 in 81% ee (>99% e¢ after one
trituration) and good yield. Deacylation of the C4,C4'-positions and subsequent protection of
the free naphthols was followed by a highly efficient Suzuki coupling to install the C7, C7’-
allyl moeities, affording 84. After C5,C5’-hydroxylation using
phenyliodosobistrifluoroacetate, the allyl groups were converted to the desired diketone via
a Wacker oxidation. Other tactical steps to the key aldol substrate 79 included a palladium-
mediated decarboxylation of 86, oxidative cyclization where the axial stereochemistry was
transferred to the helical stereochemistry of perylenequinone 88, and PdCl, deprotection of
the bisketal 88.48:53
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With a practical synthesis for 79 developed, the intramolecular diketone aldol cyclization
was investigated.*8:53 Although an aldol reaction has been proposed for the biosynthesis
pathway of the hypocrellins, precedent for this type of 1,8-dicarbonyl aldol reaction is
unknown. The only examples of such diketone aldol cyclizations involved multicyclic or
bridged bicyclic systems,®3 and no such examples exist for 1,8-diketones forming seven-
membered rings.54 MM2 calculations indicated that a (2)-enolate of 79 would give rise to
the synaldol product corresponding to hypocrellin A via a closed chair-like transition state
that favors exposure of one face of the ketone ( Transition State A) by about 1.5 kcal/mol
(Scheme 10).6°

Silazide bases are known to give predominately (2)-enolates.®8 After screening, it was found
that the aldol cyclization of 79 with LiN(SiMeyPh), at —105 °C provided the desired seven-
membered ring (Scheme 11).48:53 The product was immediately subjected to selective
deprotection the C4, C4” methyl ethers with Mgl», yielding the natural form of hypocrellin
A as the major product. As predicted, the two newly formed chiral stereocenters in the 7-
membered ring were dictated by the helical (P)-stereochemistry and the (2)-enolate
geometry. A small amount of the (£)-enolate led to the ant/aldol product affording the
diastereomeric natural product shiraiachrome (9). This culminated in the completion of the
first total syntheses of hypocrellin A and shiraiachrome A (syn:anti = 10:1; syn
diastereomer, 92% e¢).48:53

Total Syntheses Phleichrome, Calphostins, and Cercosporin

Our group continued synthesis efforts with the phleichrome, calphostin, and cercosporin
natural products.#9:51:52 |n addition to synthesizing the natural products themselves, a high
priority was the synthesis derivatives that had not been accessible previously and testing of
their biological activity. Key to entry into all the possible isomers was introducing the
C7,C7’-stereochemistry from an external source already containing the target absolute
stereochemistry. Notably, 5d and 6 contain the same stereogenic C7,C7’-2-hydroxypropyl
groups, but they differ in the stereochemistry of the perylenequinone backbone. Double
alkylation via a copper-mediated epoxide-opening was selected for installation of the 2-
hydroxypropyl groups onto the highly functionalized bisiodides 80 and en80 (Figure 19).
The requisite enantiomeric biaryls 80 and ent-80 48:49.51.52.53 \yere readily generated using
our 1,5-diaza-cis-decalin copper catalyst (Scheme 9).67

This effort entailed formation of a double cuprate of unprecedented complexity and reaction
with two epoxide units.#%5152 Even though such epoxide openings are difficult, rigorous
control of the reaction parameters provided a high yielding and reproducible process. Key
subsequent transformations to complete syntheses of (+)-calphostin D (5d) and (+)-
phleichrome (6) (Scheme 12) include C5,C5’-hydroxylation via palladium catalyzed
coupling of the hindered aryl chloride, C3,C3’-decarbonylation, and oxidative
cyclization.49:51

For cercosporin, the main challenge lays in the instability of the natural product
(atropisomerizes to a mixture of diastereomers at 37 °C). The atropisomerization barrier of
phleichrome (29.4 kcal/mol)® allows retention of the perylenequinone helicity up to 60 °C,
but the addition of the methylidene bridge lowers the barrier in cercosporin to 28.2 kcal/mol
(27.4 kcal/mol in benzene)0. By designing a synthesis that withheld perylenequinone
formation to the latest stage possible, we were able to exploit the much greater atropisomeric
stability of the binaphthyl series (Scheme 13). Key methods that were developed to enable
this enantioselective synthesis included, chlorination followed by Buchwald-Hartwig
coupling to selectively hydroxylate the C5,C5’-positions of the binaphthol intermediate
without atropisomerization, formation of the seven-membered ring containing the
methylidene bridge, aromatic decarbonylation without accompanying C-H insertion into the
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adjacent methylidene bridge, and formation of the perylenequinone without concomitant
atropisomerization. After considerable screening, it was discovered that that BrCH,Cl was
the best electrophile for forming the seven-membered ring providing good yield with no
atropisomerization. Selective removal of the C4,C4’-methyl ethers completed the first total
synthesis of cercosporin (2).49:52

As a consequence of the copper catalyzed enantioselective biaryl coupling, the two
enantiomers of a key precursor (bisiodides 80 and ent80, Scheme 9, could be prepared in
pure form. With these compounds in hand, selective syntheses of cercosporin (2),
epicercosporin (epi-2), calphostin D (5d), phleichrome (6), and enfphleichrome (ent-6) were
achieved following the strategy outlined in Figure 19.49:51.52

Biological Activity of Analogs from Total Synthesis

Perylenequinones exhibit light induced biological activity and are possible photodynamic
therapeutic candidates. Photodynamic therapy involves several key components: a
photosensitizer (drug), oxygen, and a light source.®® The mechanism of action involves the
production of an excited photosensitizer species that transfers its energy to molecular
oxygen to produce reactive oxygen species that are cytotoxic. Any tissues that have
absorbed the photosensitizer and have been exposed to light undergo chemical damage.

When exposed to light, perylenequinones generate singlet oxygen from atmospheric oxygen
with high quantum efficiency and are viable photosensizers for PDT.%9 The most promising
indication is cancer, and as discussed previously, light-induced activity has been seen with
the natural products against several tumor lines. /0 /1. 72 |n addition, antiviral’% 73 and
immunotherapeutic 74 properties have also been reported. For perylenequinones to be
furthered as drug candidates for PDT it was imperative that derivatives of the natural
products be designed to be activated by longer wavelengths light, as longer wavelength light
(650-800 nm) would penetrate further into tissue. As such, development of new classes of
perylenequinones, with longer absorption wavelengths, greater stability, and better
selectivity against cancer cells is an exciting area of research. Perylenequinones have an
advantage over other photosensitizers as they also cause cancer cell apoptosis via a second
mode. Specifically, perylenequinones selectively bind the C1 regulatory domain of protein
kinase C (PKC).%:75.76 The various protein kinase C isoforms phosphorylate serine and
threonine residues on proteins that are involved in tumor formation and progression. PKC
over-expression has been shown to contribute to cell transformation and PKCs are
considered tumor promoters that enhance multiple cellular signaling pathways.””:’8 Since
PKC has been recognized as a significant target for anticancer and antiviral drugs,
considerable attention has been devoted to the development of potent and specific PKC
inhibitors.”’ Catalytic domain-acting PKC inhibitors, such as staurosporine (PKC, /Csg = 9
nM) and other indolocarbazoles, are highly potent but are also unselective inhibitors since
they also bind to other protein kinases, which possess similar active sites.’”® By targeting the
unique regulatory domain of PKC, perylenequinones have been demonstrated to be both
potent and specific PKC inhibitors (calphostin C (5¢): PKC, /Csg = 0.05 - 0.46 mM, PKA,
1Cs0 = > 100 mM, PPK, /Csq = > 100 mM, Cercosporin (2): PKC, /G50 = 0.6 — 1.3 mM,
PKA, /Csy = > 500 mM: PPK, /Cso = > 180 mM).”>76 Due to their small molecular weight
and specific binding to PKC, the perylenequinones are ideal PKC inhibitors. Until recently,
however, evaluation of the perylenequinones as PKC inhibitors has been confined to
derivatives of the natural products due to limitations of available synthetic
methods.89:70.76.80 \jjth the advent of new synthetic routes to novel perylenequinones,
determination of the structural features necessary for PKC inhibition as well as generation of
structures with improved photodynamic properties has begun.#9:52
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A systematic evaluation of perylenequinone architecture and PKC inhibition revealed
several interesting trends.9:52 First, the helical stereochemistry was found to impact
inhibition. Namely, all the (M)-perylenequinones were more potent than the corresponding
(P)-isomers with the same C7,C7’-stereochemistry ((+)-5d vs (-)-ent-6, (+)-6 vs (-)-ent-5d,
and 2 vs epr-2, Table 1) In some cases the effect was as much as a 20-fold greater potency
for the-(M) over the (P)-isomers. For the hypocrellins, the greatest PKC inhibition was
observed for the compound where the (M)-helicity predominated (ent8). Particularly
noteworthy is that the unnatural isomers of the calphostins (+)-5d and (+)-6 (M-helicity) had
greater affinity for PKC than the natural products (-)-ent5d and (-)-ent-6 (P-helicity). The
stereochemistry of the C7,C7’-2-hydroxypropyl groups also had an impact on potency with
the (R, R)-series showing marginally better (1.7-fold) activity than the (S,S)-array ((+)-5d vs
(+)-6, (-)-ent-5d vs (-)-6).49:52

Models based on a cocrystal of PKCd isozyme with a phorbol ester indicated that
perylenequinones with larger hydrophobic groups at the C2,C2’-positions would fill a
binding pocket in the C1 regulatory domain. To determine whether such substitution would
correspond to greater activity, analogs of the most active (M, R, R)-stereochemical array
corresponding to 6 were constructed. In accord with the modeling, the bisisopropy! ether
100 (0.8 M) and bispropyl ether 101 (1.5 M) were more potent than the parent compound
(+)-6 (3.5 uM) (Table 1).4952

Prior reports from derivatives of the natural products suggested that acylation of the C7,C7’-
hydroxypropy! group provided better potency for PKC (i.e. calphostin A, 5a, R1 = R2 =
COPh, 0.25 pMvs calphostin D, 5d, Rl = R2 = H, 6.4 uM). To determine if this resulted
from a simple increase in hydrophobicity due to removal of the two hydroxyl H-bond
donors, our group synthesized the C7,C7’-r+propyl analogs. Notably, racemic 102 exhibited
an /Gy of 1.2 yM. This finding indicated that hydrophobic C7,C7’-groups are indeed
optimal for PKC binding. As previously stated, (M)-helicity provided superior inhibition,
therefore enantiopure (M)-102 was also generated. Following the expected trends, this (M)
derivative was more potent than the racemic compound and with an /Csq of 0.40 M. In
addition, (P)-102 was a poorer inhibitor (2.0 pM) supporting the prior conclusions regarding
helicity. Furthermore, enantiopure (M)-102 is a 9-25 times stronger inhibitor than the
nearest structural relatives, (+)-5d and (+)-6, and 16-28 times more potent than the
corresponding natural products, (-)-ent-5d and (-)-ent-6.49:52

After finding that the stereogenic C7,C7’-substitution was not necessary for potency,
examination of C3,C3’-analogs of architecturally simple 102 became the focus (Table 1). In
doing so, perylenequinones (103-105) with methyl ester, bromo, and styryl groups as the
C3,C3’-positions were designed to alter the chromophore to improve the absorption profile.
Analogs 103-105 displayed increased absorption in the 600-800 nm range compared to the
natural products. While better inhibitors from a photodynamic therapy point of view, 103
and 105 were found to be 2-4 times less potent in terms of PKC inhibition than the parent
analog 102, which had the same architecture but was not substituted at the C3,C3’-
positions.49:52

To determine whether the structural effects on PKC inhibition translate to anticancer
activity, cancer cell lines were screened against the most potent (M)-isomers: phleichrome
((+)-6), cercosporin (2), and hypocrellin (ent8). Finally, the racemic form of potent analog,
102, was included to assess the importance of C7,C7’-stereochemistry to cytotoxicity. All of
the compounds exhibited micromolar or submicromolar CGsq values for growth inhibition
(Table 2).4952 |n organisms, PKC binding is expected to localize the perylenequinones to
cancer cells whereupon directed light irradiation would initiate the phototoxic response.
Here, the cells were uniformly subjected to medium containing the perylenequinones. These
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tests would indicate which compounds possess the greatest phototoxicity and which cell
lines were most susceptible to photodamage. Upon evaluation, differences were seen
between the compounds and between different cell lines.

Cercosporin (2) was the most active perylenequinone in every cell line tested, exhibiting
CCyq values of 0.12-0.27 M (Table 2). The remaining compounds showed similar activity
among the cell lines although analog 102 was a superior inhibitor of A2780 (Table 2) and
JHU-012 (Table 3) relative to the other perylenequinones. Given the selectivity of
cercosporin (2) and simple analog 102 for the head and neck cancer line JHU-012, the
compounds were further examined without light exposure in this line (Table 3)). Among the
natural products, activity without light exposure versus activity with light exposure was
highest with cercosporin (4.9-fold). Furthermore, this effect was even more marked for
simple analog 102 (5.8-fold).49:52

Conclusion

The perylenequinones are a structural class characterized by a vinylogous quinone
chromophore containing helical stereochemistry. Potentially useful light-activated biological
activity has been identified for several of the natural products. New members of this class of
compounds, with light-activated properties continue to be discovered. The natural products
can be modified to improve biological profiles. In addition, flexible avenues are now
available for the total synthesis of the natural product isomers and analogs, which are
providing insight into how these molecules function. With the diverse structures available,
the community is positioned to learn more about how these molecules interact with their
biological targets including the different PKC isozymes.
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Figure 1.
Classes of perylenequinone natural products.
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Figure 2.
Naturally occurring mold perylenequinones.

European J Org Chem. Author manuscript; available in PMC 2013 September 11.

Page 19



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mulrooey et al.

Page 20

OH O

OH O
Hypocrellin D, 11

Figure 3.
The structure of hypocrellin D.

European J Org Chem. Author manuscript; available in PMC 2013 September 11.



1duosnueN Joyiny vd-HIN JduosnueN Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mulrooey et al.

Hypomygcin A, 12 Hypomycin B, 13

Figure4.
The hypomycins.
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Figureb5.
Scutiaquinones.
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Figure6.
Gymnochromes A-D and isogymnochrome D.
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Figure7.
Gymnochromes E and F.
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Figure8.
Butylamino-substituted hypocrellins.
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Figure9.
Scutiaquinones.
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Figure 10.
Phenmethylamine derivatives of hypocrellin B.
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Figure11.
Ethanolamine substitution of hypocrellin B.
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Figure12.
Amine substituted derivatives of hypocrellin B.
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MeO

Figure 13.
Water soluble derivative of hypocrellin B.
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Figure 14.
Hypocrellin B derivatives with surfactant-like properties.

European J Org Chem. Author manuscript; available in PMC 2013 September 11.

Page 31



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mulrooey et al.

Figure 15.
Water soluble derivative of elsinochrome A.
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Figure 16.
Brominated hypericins.
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Figure17.
Actinorhodin and actinoperylene.
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Proposed shunt pathway to actinoperylone 41.
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Scheme 2.
Synthesis of parent perylenequinone 1.

European J Org Chem. Author manuscript; available in PMC 2013 September 11.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Mulrooey et al.

Weiss Initial Report

}%

I \_~/ COMe

48

Weiss Revised Report l

Meoj“i!COZMe
MeO

52

Scheme 3.

OMe OH MeO l ‘ CO,Me MeO
PPA, O, OH VOCly

COMe " °F
100 °C

Page 37

OMe OH

MeO CO,Me
O -
OH
I

o
MeO CO,Me MeO
8 OMe OH
50
Target Structure, Not Obtained
(o]
MeO. COQMe MeO. CO,Me
‘ COMe
MeO OH VOCly I
— "MeO I
MeO Cone MeO CO,Me COyMe
(o}
54

Structure Obtained

Weiss attempted synthesis of perylenequinone 51 (PPA = polyphosphoric acid).
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Scheme 4.
Dallacker perylenequinone synthesis.
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Scheme 5.
Zhang and Lown: Racemic syntheses of perylenequinone 62.
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Retrosynthesis of first stereoselective syntheses of perylenequinones.
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Diastereoselective dimerizations en route to the calphostins.
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Scheme 7.
Asymmetric synthesis of homochiral perylenequinone 78.
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Scheme 8.
Retrosynthesis analysis of hypocrellin A.
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Synthesis of hypocrellin A chiral perylenequinone retron.
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Scheme 11.
First total synthesis of hypocrellin A.
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First total synthesis of cercosporin.
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Table 3

Effect of light on perylenequinone cytotoxicity in the JHU-012 (head and neck cancer) cell line lines (see
Table 1 for structures).

Perylenequinone Photopotentiation

Light, CCeypM!@  Dark, cCoyum!®

Phleichrome 6 0.81 2.8 35
Cercosporin 2 0.16 0.78 4.9
Hypocrellin ent8 1.0 1.9 1.9
racemic- 102 0.23 13 5.8

[a]AII assays conducted with a 30 min exposure to a 32 W light (570 nm) at 5 cm.

1],

ssays conducted without 30 min light exposure.
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