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ABSTRACT

A halogen-selective tandem intramolecular Heck/carbonylation reaction has been developed for the construction of the C,E,F-ring system and
the C20 quaternary center found in perophoramidine (1). This process can be effected in good yields in the presence of both the chlorine and
bromine atoms found in the natural product. In addition, it is possible to introduce the quaternary center at C4 in a stereoselective manner
by a lactone enolate alkylation, using NaH and allyl bromide.

Marine ascidians are a rich source of diverse natural products
that display a wide range of biological activity. A recent
investigation of the Philippine ascidianPerophora nameiby
Ireland and co-workers resulted in the isolation of the
metabolite perophoramidine (1).1 With use of 1H and 13C
NMR correlation experiments, a hexacyclic framework
containing three halogens, two amidine moieties, and two
adjacent quaternary centers was elucidated for the natural
product. Interestingly, perophoramidine (1) is structurally
similar to the previously reported communesin A (2) and B
(3).2-4 However, the relative stereochemical relationship is

reversed between the two quaternary centers at C4,C20 for
perophoramidine (1) and C7,C13 for2 and3. A preliminary

biological assay of1 showed it to possess moderate cyto-
toxicity against the human carcinoma cell line HCT116 (IC50

) 60 µM). The inherent difficulties in constructing two
adjacent quaternary centers and a functionally complex ring
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system like that found in perophoramidine makes it a
challenging synthetic target. In this Letter we report our
efforts toward a total synthesis of perophoramidine (1) via
a key halogen-selective tandem intramolecular Heck/carbo-
nylation sequence for the efficient construction of the C20
quaternary center and the C,E,F-ring system.

The Heck reaction has proven to be a powerful tool for
the coupling of aryl and vinyl halides with a variety of
olefins.5 In particular, Overman has extensively used the
intramolecular Heck reaction6 as a means to construct
quaternary centers and to control absolute stereochemistry
in such systems.7 Recently, tandem intramolecular Heck
reactions have been developed by removing the opportunity
for â-hydride elimination and thus the resulting palladium
intermediate can undergo subsequent coupling with organo-
stannanes, organoboronates, or carbon monoxide providing
entry to highly functionalized systems.8 Our synthetic
strategy for perophoramidine is based on effecting a tandem
Heck/carbonylation reaction in the presence of the halogens

found in 1. Although one would expect that oxidative
insertion of palladium into an aryl iodine bond would be
faster than that into aryl chlorine or bromine bonds, we were
unable to find any examples of an intramolecular Heck
reaction with this type of internal competition where different
types of halogens are present in the same molecule.9 In
addition, we needed to test the compatibility of a C ringortho
substituent with our key transformation, and to investigate
the introduction of the second quaternary center at C4 with
the requisite stereochemistry.

We began our study by attempting a Heck/carbonylation
reaction in the presence of the two chlorines needed for the
F ring of 1 and anortho C-ring methoxy substituent.10

Synthesis of two Heck precursors was initiated by a
stereoselective Wittig olefination between the knownγ-lac-
tone ylide11 4 and o-anisaldehyde (5) to afford the meth-
oxybenzylidene lactone6 in 98% yield exclusively as theE
isomer (Scheme 1).12 Ring opening of the lactone6 with
the aluminum amide13 derived from commercially available
2,4-dichloro-6-iodoaniline (7) proceeded smoothly to give
the iodo acrylamide8 in 95% yield. The primary alcohol
functionality of iodo acrylamide8 was then converted to the
TBS ether9 in 98% yield. The iodo amide9 wasN-alkylated
with MeI to give iodoN-methyl amide10 and, to have a
removable protecting group, with MOMCl to give iodo
N-MOM amide11 in good yields.

The key tandem Heck/carbonylation reaction was explored
by using Pd(OAc)2 as a palladium source, P(o-Tol)3 as a
ligand, Bu4NBr as an additive, and triethylamine as the base.
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The reactions were heated in a 2:1 mixture of DMA and
MeOH under a balloon atmosphere of CO. Acrylamides8
and 9 were first exposed to the Heck conditions, but no
reaction occurred and only the starting amides were recov-
ered unchanged. We believe this lack of reactivity is due to
a low population of the rotamer needed for the initial Heck
reaction to occur. On the other hand, the iodoN-methyl
amide10 readily cyclized under these conditions to yield
the desiredN-methyl lactam12 in 74% yield (Scheme 2).
Similarly, the iodoN-MOM amide11 also underwent the
desired Heck/carbonylation reaction to afford theN-MOM
lactam13 in slightly better yield. Both lactams12 and13
were isolated as single diastereoisomers having the stereo-
chemistry shown (vide infra). This stereochemistry is the
result of a netsynaddition of the aryl palladium intermediate
and CO across theE olefin. TheN-methyl amide12 was
converted to the lactone14 by using TBAF/NH4F14 to first
remove the silyl protecting group followed by heating the
alcohol ester with TsOH in benzene to give the lactone in
80% yield as a 3:1â/R mixture of C4 epimers. nOe
experiments established the conformation and configuration
of the major epimer of lactone14 to be as shown.
Alternatively, using HCl in MeOH to remove the TBS group
from N-MOM amide13, followed by heating with TsOH in
benzene, afforded MOM lactone15 in 79% yield as a single
diastereoisomer. The conformation and configuration of15
were proven by X-ray crystallography, where the lactone ring
exists as a half-chair with the lactam carbonyl in a pseudo-
axial position and the C4 methoxyarene in an equatorial
position (see Supporting Information).

We have also explored the feasibility of having a
potentially labile bromine present in the C ring of pero-
phoramidine (1) during the cyclization. To that end, we
preparedE-4-bromobenzylidene lactone16 by a Wittig

olefination of the ylide4 with 4-bromobenzaldehyde in 84%
yield (Scheme 3). Ring opening of the lactone16 with iodo
aniline 7 in the presence of trimethyl aluminum afforded
acrylamide17 in 67% yield. Conversion of the primary
alcohol functionality of acrylamide17 to its TBS ether and
N-alkylation with MeI yielded the iodoN-methyl amide18
in 65% overall yield. We were pleased to find that exposure
of the bromo iodo amide18 to our optimized tandem Heck
conditions resulted in clean formation of the desired bromo
dichlorolactam19 in 77% yield as a single stereoisomer. As
was done for Heck product15, bromo dichlorolactam19
was cyclized to the bromo lactone20 in 80% yield as an
inseparable 5:1â/R mixture of C4 epimers.

At this stage, the installation of the quaternary center at
C4 of perophoramidine (1) was explored. Alkylation of the
lactone15 with various amide bases and allyl bromide at
room temperature in THF proved sluggish. However, using
NaH in DMF at 70°C overnight resulted in the allylated
lactone23 in 65% yield as a single diastereomer along with
a trace of starting material. Decoupling and nOe NMR
experiments (H3 vs H18 enhancement) showed that the
allylation product had the correct stereochemistry for pero-
phoramidine (1).

At this point we can only speculate as to the reasons for
this stereochemical outcome. Allylation of the two half-chair
forms of the enolates21 and22 might occur via axial attack
by the electrophile to afford the observed product23 and
the C4 epimer24, respectively. One possibility is that the
direction of attack in this slow allylation process reflects
product stability.15 In fact, calculations show23 to be >2(14) Fürstner, A.; Weintritt, H.J. Am. Chem. Soc.1998,120, 2817.
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kcal/mol more stable than24.16,17 In addition, allylation
product23 may gain additional stabilization via a Bürgi-
Dunitz interaction18 between a lactam oxygen lone pair and
the π* orbital of the lactone carbonyl group, which is not
possible in isomer24. This type of interaction seems

reasonable based on the X-ray structure of lactone15, where
the distance between the oxygen lone pair and the lactone
carbonyl carbon is about 2.8 Å, and the corresponding angle
is approximately 110°.

In conclusion, we have developed an efficient approach
to the synthesis of perophoramidine (1) via a halogen-
selective tandem Heck/carbonylation sequence. We have
demonstrated that the presence of the chlorines and bromine
atoms and anorthoC ring substituent do not adversely affect
the desired transformation. In addition, we have shown that
the second quaternary center at C4 can be introduced in a
stereoselective manner providing the requisite stereochem-
istry for the metabolite. Application of this strategy to a total
synthesis of perophoramidine (1) is underway.
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