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Dynamic Stereochemistry Transfer in a Transannular Aldol Reaction:
Total Synthesis of Hypocrellin A**
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Hypocrellin A (1), shiraiachrome A (2), hypocrellin B (3),
and hypocrellin (4) are members of a growing class of natural
products called perylenequinones (Scheme 1). Hypocrellin A,

shiraiachrome A, and hypocrellin B are isolates of Shiraia
bambusicola.[1] Interestingly, a different source, Hypocrella
bambusae, gave rise to hypocrellin (4), the enantiomer of
hypocrellin A (1), along with the racemic hypocrellin B.[2] The

perylenequinones have attracted considerable attention
because of their potent biological activity, including light-
induced activity against tumor cell lines,[3,4] antiviral activity,[5]

and immunotherapeutic properties,[6] and elegant approaches
to the calphostins have been reported.[7] The more architec-
turally complex perylenequinones are exciting targets for
photodynamic cancer therapy (PDT)[3,4, 8] but have not
succumbed to total syntheses. Notably, hypocrellin A (1)
with a seven-membered ring that contains two stereogenic
centers, one of which is quaternary, remains a challenging
synthetic target. Herein, we report the first total synthesis of
hypocrellin A (1) through a dynamic stereochemistry transfer
reaction.

There has been much confusion in the literature regarding
the naming of these structurally distinct members of the
perylenequinone natural products.[9] One contributing factor
lies in the tautomerization available within the perylenequi-
none moiety (1 and 1·taut ; Scheme 1). The major tautomer of
each perylenequinone varies depending on the planarity of
the naphthalene core and the strength of the intramolecular
hydrogen bonds.[9,10] For hypocrellin A (1), the two tautomers
are present in almost equal amounts. A second issue centers
on atropisomerization of the helical configuration in the
perylenequinone. Although the structurally related calphos-
tins are atropisomerically stable, the additional seven-mem-
bered ring in hypocrellin A lowers the atropisomerization
barrier. As a result, hypocrellin A exists as an equilibrium
mixture of atropisomers (1 and 1·atrop),[11] with 1 favored
(Scheme 2).

Scheme 1. Hypocrellin A and related perylenequinone natural products.
M and P are the helical configurations, taut= tautomer.

Scheme 2. Proposed dynamic stereochemistry transfer (DST) reaction
to give hypocrellin A. atrop=atropisomer.
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Given the facile atropisomerization of 1, it is unclear
which stereochemistry elements are established first in the
biosynthesis, that is, the helical axis or the stereocenters of the
seven-membered ring. For the synthesis of hypocrellin A, our
research group envisioned a potentially biomimetic, dynamic
stereochemistry transfer (DST) reaction (Scheme 2).[12] Such
DST reactions that satisfy the following requirements are
rare: 1) there is a directing stereocenter that is not involved in
any bond-forming or bond-breaking processes; 2) diastereo-
control occurs from this directing stereocenter in the for-
mation of a new stereocenter; and 3) a loss of the integrity in
the original directing stereocenter occurs subsequent to the
transformation.

To implement this plan, the helical configuration, as found
in enantiomerically pure perylenequinone 5, would be
synthesized first. The helical configuration would be used to
direct the stereochemistry of an intramolecular 1,8-diketone
aldol cyclization that forms the seven-membered ring and
establishes the key centrochiral stereocenters, including the
quaternary center (Scheme 2). From a biosynthetic view-
point, such an ordering explains the genesis of all the
perylenequinone compounds, including the calphostins and
elsinochromes, from a common precursor similar to 5.[13]

Helically chiral perylenenquinone 5 would in turn be
synthesized from axially chiral 6.

Previous synthetic approaches toward less complex per-
ylenequinone natural products (calphostins) have employed
oxidative coupling reactions of enantiopure, chiral 2-naph-
thols; unfortunately, low diastereoselection was usually
observed, with the undesired atropdiastereomer predominat-
ing.[7] As such, it seems unlikely that the biosynthetic route to
these compounds relies on a similar diastereoselective
coupling. The fact that certain enzymes exhibit enantioselec-
tivity in the oxidative coupling of 2-naphthol[14] provides
support for an enantioselective oxidative coupling of an
achiral naphthol as a possible biogenesis. In our approach we
employed such an enantioselective oxidative coupling of 9,
which was readily prepared in five steps from commercially
available 7 (Scheme 3). The enantioselective biaryl coupling
with our copper diaza-cis-decalin catalyst (11)[15] further
highlights the utility of this method, and gave 6 with 81% ee
(> 99% ee after one trituration) and good yield. Deacylation
of the C4,C4’-positions and subsequent methylation of the
free hydroxy groups on the naphthalene ring was followed by
a highly efficient Suzuki coupling reaction (96%) to install
the C7,C7’ allyl groups, which afforded 10.

With a viable route to large quantities of enantiopure
biaryl 10, our attention turned to the synthesis of diketone
perylenequinone intermediate 5 (Scheme 2). Hydroxylation
at the C5,C5’-positions was accomplished in 73% yield
followed by benzylation to give dibenzyl ether 12
(Scheme 4). Wacker oxidation of 12 to the diketone 13
proceeded smoothly (75%). Protection of 13 as the bisketal
was required because of the basic nature of the subsequent
steps. An anionic displacement reaction was necessary to
cleave the unreactive C3,C3’ esters; the use of NaCN
provided 14 in quantitative yield. Standard methods to
conduct aromatic decarboxylations require high temperature
(namely, copper/quinoline, 180 8C),[16] which would racemize

Scheme 3. Reagents and conditions: a) ICl, AcOH, 85%; b) SOCl2,
benzene; NaCH(CO2Me)2, THF; c) CH3SO3H, P2O5; d) Ac2O, pyridine,
40% (over 3 steps); e) K2CO3, MeOH, CH2Cl2, 87%; f) (R,R)-11
(20 mol%), CH3CN, RT, 80%, 81% ee (>99% ee, EtOAc/hexanes
trituration); g) MeI, NaH, DMF, 94%; h) allylB(pin), [Pd(PPh3)4]
(20 mol%), CsF, toluene, 96%. allylB(pin)=allylboronic acid pinacol
ester, DMF= N,N-dimethylformamide.

Scheme 4. Reagents and conditions: a) PhI(OCOCF3)2, (CF3)2CHOH;
then aq NaOH, 73%; b) BnBr, nBu4NI, NaH, DMF, 78%; c) PdCl2,
CuCl, H2O, DMF, 75%; d) HC(OEt)3, HOCH2CH2OH, cat. TsOH, 90%;
e) NaCN, DMSO, H2O, 110 8C, 100%; f) Pd(OCOCF3)2, Ag2CO3, 5%
DMSO/DMF, 70 8C; then NaBH4, 60%; g) H2, Pd/C, MeOH, 100%;
h) MnO2, NaOH, THF, EtOH, 88%. Bn=benzyl, DMSO=dimethyl
sulfoxide, Ts= para-toluenesulfonyl.
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the enantioenriched biaryl substrate 14. To circumvent this
problem we developed a new palladium-mediated decarbox-
ylation that takes place at 70 8C and provided 15 without
racemization.[17] After debenzylation of 15, cyclization to
perylenequinone 16 proved unexpectedly difficult with
MnO2,

[7c,d] and gave rise to a hydroperylenequinone. How-
ever, addition of NaOH to facilitate deprotonation allowed
smooth conversion into 16.

Surprisingly, ketal hydrolysis of perylenequinone 16 was
accompanied by decomposition. The sensitivity of the per-
ylenequinone to acid was avoided by reducing 16 to the
corresponding perylene (16b) and then treating with [PdCl2-
(CH3CN)2] in acetone. Subsequent exposure to air oxidized
the deprotected intermediate to furnish 5 (Scheme 5). With

key intermediate 5 in hand, the crucial intramolecular
diketone aldol cyclization was investigated. To the best of
our knowledge, the type of 1,8-diketone aldol reaction that we
proposed to use had not been employed previously outside of
bridged or macrocyclic architectures.[18,19]

Nonetheless, we hypothesized that such an aldol reaction
must be involved in the biosynthesis of the hypocrellins.
Encouragingly, the desired product of this aldol reaction
corresponds to structure 1, which is the most stable of the
rapidly equilibrating atropisomeric (1·atrop ; Scheme 2) and
tautomeric (1·taut ; Scheme 1) forms.[11] Furthermore, molec-
ular modeling studies indicated that aZ enolate geometry of 5
would give rise to the syn aldol product, which corresponds to
hypocrellin A (1), whereas the E enolate would produce the
anti product, which corresponds to shiraiachrome A (2) via
closed chairlike transition states. Analysis of the relevant
transition states also revealed that the helical configuration of
5 would expose one diastereoface of the ketone, thus resulting
in the required S tertiary alcohol configuration of both 1 and
2. Simple MM2*[20] calculations reveal that of the two possible
Z enolate transition states, transition state A, which corre-
sponds to the configuration of 1, is lower in energy (Figure 1).

This approach requires that the helical configuration be
sufficiently stable during the aldol reaction, even though it
atropisomerizes freely thereafter. To investigate this pro-
posal, silazide bases were chosen to effect deprotonation as
they give predominantly Z enolates.[21]

After considerable optimization of the base, solvent,
additive, and temperature, we discovered that aldol cycliza-
tion of 5 proceeded smoothly using LiN(SiMe2Ph)2 at�105 8C
and provided the requisite seven-membered ring (Scheme 5).
The resultant adduct was treated with MgI2,

[,7b,e, f] which
selectively removed the C4,C4’ methyl ethers, to yield the
natural form of hypocrellin A (1:1·atrop) as the major product
(syn/anti 10:1; syn diastereomer 92% ee). Spectroscopic data
from our synthetic 1:1·atrop were identical to that of

hypocrellin (4) from natural sour-
ces, with the exception of the
absolute configuration, as deter-
mined by direct comparison. The
minor diastereomer 2 was sepa-
rated by chromatography, and
1H NMR spectroscopic analysis
showed that it corresponds to shir-
aiachrome A, a natural product
also isolated from Shiraia bambu-
sicola.[1] Interestingly, in the case of
shiraiachrome A, the atropiso-
meric equilibrium after the aldol
reaction favors the opposite M hel-
ical configuration even though it
originally arose from the same
P helical configuration of 5 as
hypocrellin A.

In summary, we have com-
pleted the first total synthesis of
hypocrellin A in 19 steps (1.6%
overall yield; average 82% per
step). Key methods that were

developed to enable this synthetic venture include: 1) a
catalytic enantioselective coupling of highly functionalized
naphthols;[15] 2) a low temperature aromatic decarboxylation
protocol;[17] and 3) a 1,8-diketone aldol reaction to establish
the seven-membered ring. In the aldol reaction, the two newly

Scheme 5. Reagents and conditions: a) Na2S2O4, benzene; then [PdCl2(CH3CN)2] (20 mol%),
(CH3)2CO, 89%; b) LiN(SiMe2Ph)2, THF, �105 8C, 74% (d.r. 10:1); c) MgI2, Et2O, 57%.

Figure 1. MM2* calculated Z enolate transition states. M=Li.
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formed centrochiral stereocenters of the seven-membered
ring were dictated by the stable perylenequinone helical
configuration and the enolate geometry. After the aldol
reaction, however, the helical configuration was labile as
observed for the natural product (4:1 mixture of atropisom-
ers). As such, we have shown that a dynamic stereochemical
transfer is a viable approach here. The efficiency of this
strategy will enable the synthesis of related structures and
exploration of their biological chemistry and PDT properties.
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