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ABSTRACT: A concise, eight-step total synthesis of (—)-in-
dolactam V, a nanomolar agonist of protein kinase C, is
reported. The synthesis relies upon an eflicient copper-
catalyzed amino acid arylation to establish the indole C4—
nitrogen bond. This cross-coupling method is applicable to a
range of hydrophobic amino acids, providing a platform for
further diversification of indolactam alkaloid scaffolds and
studies on their potent biological activity.

rotein kinase C (PKC) is a family of serine and threonine

kinases that play critical roles in cellular signal trans-
duction," and dysfunction of specific isozymes has been
implicated in a range of disease states.” Small molecule
therapeutics that regulate PKC activity have correspondingly
been employed for the treatment of numerous disorders,
including various cancers, Alzheimer’s disease, and HIV/AIDS.?
In addition, these molecular agents have been applied in
biochemical studies to understand disease onset and pro-
gression.4 For example, the indolactam alkaloids (Figure 1)
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Figure 1. Representative indolactam alkaloids. Pharmacophore shown
in blue.

have been used in mechanistic investigations of stem cell
differentiation,” tumor grow’ch,6 and neurodegeneration.7 These
natural products regulate kinase activity through binding to the
PKC regulatory C1 domain, mimicking the endogenous ligand
diacylg:»;lycerol.8 However, unlike other PKC modulators (e.g,
bryostatin 1) that suppress cancer cell proliferation, indolactam
alkaloids promote tumor growth.” The mechanistic basis for
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these dichotomous effects, tumor growth promotion versus
suppression, for PKC ligands remains poorly understood, ™’
which has to date limited the therapeutic potential of the
indolactam alkaloids.

The biological significance of the indolactam alkaloids has
resulted in numerous synthetic approaches for accessing these
natural products. The majority of these strategies target the 9-
membered lactam parent structure, (—)-indolactam V (1),
which is an agonist of both conventional and novel PKC
isoforms at nanomolar concentrations.'’ These previous
syntheses have primarily relied upon an intramolecular peptide
coupling to establish the macrocycle.'’ Other innovative
approaches to 1 have included (1) photochemically induced
9-membered ring formation''" or (2) trapping of indolyne
intermediates to establish the C4—nitrogen bond followed by
Lewis acid mediated macrocyclization.""® However, while
further hydrophobic substitution on the scaffold, particularly
at C6, C7, or C12, has been shown to have profound effects on
the potency and tumor promoting capacity of these
molecules,'”” the lack of general synthetic strategies to
selectively diversify at these specific positions has restricted
systematic structure—activity relationship studies.”” Further-
more, biological evaluation of tumor promotion properties for
PKC modulators has relied upon a variety of assays,'* and
inconsistencies among previous reports has further complicated
the preclinical analyses of indolactam alkaloids."> To fully
appreciate the molecular features that confer potency and/or
selectivity to these scaffolds and expand their therapeutic
potential, a systematic structure—activity platform is required.

A primary objective of our research program is to develop
modular strategies toward indolactam natural products and
analogues. Through their biochemical assessment, we aim to
determine the structural features that govern the biological
profile of indolactam-based agents and, in turn, increase the
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therapeutic relevance of this family of PKC activators. The
initial aim in this program was to establish a concise synthetic
approach to access the core indolactam scaffold, 1. We
envisioned that indolactam macrocycle in 1 could be accessed
through intramolecular indole alkylation at C3 with a C8
electrophile derived from dipeptide precursor 2 (Scheme 1).

Scheme 1. Retrosynthetic Analysis of 1
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Dipeptide 2 would in turn be readily assembled from the N-
indolated amino acid 3. We reasoned that the amino acid
moiety in 3 might be introduced through a metal-catalyzed
arylation with a 4-haloindole electrophile. Critically, use of a
cross-coupling method that is amenable to introduction of
other hydrophobic amino acids permits further diversification
of the indolactam scaffold. In this report, we describe a modular
cross-coupling protocol to assemble a collection of substituted
N-aryl amino acids and apply our synthetic strategy in the
concise total synthesis of natural product indolactam V (1).

Establishing an effective, high-yielding method for amino acid
arylation was our first key objective, as indolactam alkaloids
typically incorporate a hydrophobic amino acid side chain at the
Cl12-position of the 9-membered lactam ring. For example,
while 1 contains a valine moiety and corresponding isopropyl
substituent at the Cl2-position, other naturally occurring
variants (e.g, (—)-indolactam I) integrate isoleucine, exhibiting
a sec-butyl C12 alkyl chain (Figure 1). In addition, since the 9-
membered ring exists as two stable conformers (cis- and trans-
amide) at room temperature, conformationally restricted
analogues possessing hydrophobic substituents at appropriate
positions have been designed and displayed increased selectivity
for novel PKC isozymes.'® While C12 hydrophobicity has been
observed to play a key role in the potency of these compounds,
the low yielding microbial-based synthetic methods currently
used to prepare indolactam scaffolds have precluded systematic
analysis of hydrophobic substituents.'” We sought to utilize a
copper-catalyzed cross-coupling method that allows for the
arylation of a diverse collection of hydrophobic amino acids
with commercially available 4-bromoindole.

The copper-catalyzed carbon—nitrogen bond-forming reac-
tion has been extensively researched over the past several
decades, and numerous catalysts and protocols have been
developed for the coupling of aryl halides with amine
nucleophiles."® Our early studies demonstrated that both
unprotected and N-alkyl- or N-benzyl-protected 4-bromoin-
doles underwent decomposition of the heteroaryl electrophile
under the conditions for copper catalysis. Drawing on a single
report by Ishikawa and co-workers describing N-arylation of
valine with a derivatized 4-bromoindole,'” we found that tosyl
protection of the indole ring enabled successful copper-
catalyzed coupling. While successful, the protocol described

in this initial report afforded the cross-coupling product in
modest yield (62%), employed long reaction times (52 h), and
was not applicable to other hydrophobic alkyl amino , feature
critical for indolactam analogue synthesis. To develop a more
general protocol, we first examined the arylation of valine with
4-bromo-N-tosylindole (2). While we successfully isolated the
desired N-arylvaline product (3) in a 56% yield after 52 h of
reaction time, we also observed the presence of a byproduct (4-
amino-N-tosylindole, 6) in a ~2:1 ratio (56% and 30% isolated
yields of 5 and 6, respectively) (Figure 2A). Through further
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Figure 2. (A) Copper-catalyzed arylation of valine with 4-bromo-N-
tosylindole. (B) In situ oxidation of S results in N-arylimino acid
intermediate, which yields 6 upon hydrolysis.

investigation, we discovered that desired product § was prone
to oxidation under the reaction conditions,* affording an N-
arylimino acid intermediate, which then yielded byproduct 6
upon hydrolysis (Figure 2B). Since C—N bond formation
occurred at a faster rate than the undesired oxidation, we
hypothesized that adjusting the reaction time as well as
concentration would prevent in situ degradation of 5 and
increase the isolated yield of the desired product. Accordingly,
shortening the reaction to 20 h provided 5:6 in a 14:1 ratio and
85% isolated yield of §, with no epimerization of the a-carbon
(Figure 2A).

The substrate scope of this copper-catalyzed process was
examined with a range of hydrophobic amino acids. Similar to
valine, the reaction of 4 with isoleucine was effective, resulting
in a greater than 90% yield of the desired product 7 (Figure 3).
Less sterically hindered amino acids leucine and norvaline also
cleanly allowed for C—N bond formation in 83% and 88%
isolated yields, respectively (Figure 3). Further, a conforma-
tionally restricted amino acid, proline, was a suitable
nucleophile for this cross-coupling process. However, it should
be noted that the product of this transformation readily
degrades upon purification. Lastly, amino acids such as
phenylalanine and methionine, which possess hydrophobic
functional groups, were coupled to 4 in high yield. Importantly,
this initial sequence for installation of an amino acid-derived
subunit addresses a key practical limitation of previous
synthetic routes, which are typically low yielding and/or
require numerous steps to prepare suitable partners to
construct the hydrophobic amino acid motif.'" Therefore, this
copper-catalyzed arylation of diverse hydrophobic amino acids
circumvents lengthy manipulations and provides a general
strategy to introduce the desired substituents at the CI12-
position.
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Figure 3. Copper-catalyzed arylation of hydrophobic amino acids with
4-bromo-N-tosylindole. Reaction conditions: 0.50 mmol of 4, 0.60
mmol of amino acid, 0.05 mmol of Cul, and 0.75 mmol of Cs,COj; in
0.50 mL of DMSO under argon atmosphere for 20 h. Isolated yield is
average of two experiments. (a) Product decomposes during isolation;
reported yield is based upon 'H NMR analysis of crude product
mixture with internal standard. (b) 0.10 mmol Cul used.

We next sought to establish conditions for the concise
assembly of macrocyclic indolactam structures, commencing
with synthesis of indolactam V (1) (Scheme 2). Upon tosyl

Scheme 2. Preparation of Intermediate 8“
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protection of 4-bromoindole, 4 was subjected to three
consecutive steps: (1) C—N bond formation with valine to
furnish $, (2) reductive amination of § with formaldehyde and
NaBH;CN to provide 13, and (3) EDC- promoted acid
coupling between 13 and serine methyl ester to afford 14.
Importantly, this sequence yielded 14 in a 55% yield over 3
steps and required only a single purification (column
chromatography purification of 14) to be performed.

Our macrolactamization strategy relied on electrophilic
activation of a C8-alcohol and ring closure via nucleophilic

addition from the 3-position of the free N—H indole.
Numerous protocols for N-tosyl 2protectmg group removal,
including mildly basic condltlons, fluoride reagents,22 and
single-electron-transfer processes,”” resulted only in decom-
position of 14. However, when 14 was subjected magnesium in
methanol, detosylation occurred with concurrent dehydration
of the C8-alcohol to provide a 12% yield of alkene 15 (Table
1). Importantly, 15 possesses the necessary structural proper-

Table 1. Deprotection—Dehydration of 14“
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14 Ts 15 H
entry Mg (equiv) temp (°C) time (h) yield” (%)
1 N rt 7 12
2 10 rt 7 27
3 20 rt 7 50
4 20 rt 24 22
S 20 S0 7 <S
6 40 rt 7 26
7 80 rt 7 <S

“Isolated yields.

ties for cyclization: nucleophilic C3-position (deprotected
indole) and electrophilic C8-position (2-aminoacrylate moiety).
To capitalize on this result, we undertook further optimization
of the deprotection—dehydration reaction. Increasing the
equivalents of magnesium from S to 10 resulted in a higher
yield (27%), and 20 equiv proved to be ideal, providing a 50%
yield of 15. Additional magnesium beyond 20 equiv resulted in
reduction of the C8—C9 alkene of 15 and reduced overall
yields. Longer reaction times or higher temperatures were
likewise deleterious.

To close the indolactam V macrocycle we envisioned
activation of the C8—C9 enoate alkene with an oxophilic
Lewis acid and C3-alkylation of the pendant indole (Scheme
3). Garg and co-workers have previously studied the cyclization

Scheme 3. Total Synthesis of (—)-Indolactam V (1)
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properties of 15, which they prepared in 15 steps from
commercially available S-benzyloxyindole.'' Accordingly,
application of the modified conditions for activation with
ZrCl, reported by the Garg effectively promoted cyclization of
15 to the desired tricycle 16 in a 77% yield (13% recovered 15).
Epimerization at C9 to the natural stere01somer with NaHCO,
(50% yield with 45% 16 recovered)'' followed by reduction of
the ester with LiBH, (99% vyield) provided indolactam V (1)
with an optical rotation identical to that of the reported value.”*

In summary, we have developed a concise, eight-step
synthetic route of indolactam V that utilizes our modular
cross-coupling protocol. The development of an effective
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magnesium-promoted one-pot deprotection—dehydration re-
action further allows rapid access to an advanced precursor and
facile cyclization to the indolactam tricycle. A key advantage of
our strategy is the application of our optimized copper-
catalyzed amino acid arylation, which provides a high yielding
method for introduction of diverse hydrophobic subunits. We
anticipate that application of this protocol to acidic, basic, and
unnatural amino acids will serve as a versatile platform for
diversification of the indolactam scaffold. Ongoing studies are
focused on the synthesis and biological evaluation these
analogues as well as more elaborate members of the indolactam
alkaloid family.
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