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ABSTRACT: A mild and general protocol for the Pd(0)-
catalyzed heteroannulation of o-bromoanilines and alkynes is
described. Application of a Pd(0)/P(‘Bu); catalyst system
enables the efficient coupling of o-bromoanilines at 60 °C,
mitigating deleterious side reactions and enabling access to a
broad range of useful unnatural tryptophans. The utility of this
new protocol is demonstrated in the highly convergent total
synthesis of the bisindole natural product (—)-aspergilazine A.

he development of new methods to prepare unnatural

tryptophan derivatives is an important endeavor with
interdisciplinary applications. In the context of natural product
synthesis, a large number of alkaloids contain tryptophan
subunits embedded explicitly or implicitly within their
structures;' in chemical biology, functionalized tryptophan
derivatives have emerged as important molecules for studying
protein function and dynamics.” Although subtle perturbations
to this core amino acid may seem trivial, the preparation of the
requisite tryptophan building block often constitutes a
substantial synthetic undertaking. The Pd-catalyzed hetero-
annulation reaction between o-bromoanilines and serine-derived
alkynes represents a convergent approach to unnatural
tryptophan derivatives, yet its versatility has thus far been limited
due to challenges of reactivity and functional group tolerance.
Herein, we describe the development and application of a Pd-
catalyzed synthesis of structurally complex and synthetically
useful tryptophan derivatives from widely available o0-bromoani-
lines. Using this method, a concise synthesis of the bisindole
alkaloid (—)-aspergilazine A is reported.

The Pd(0)-catalyzed heteroannulation of disubstituted
alkynes with o-haloanilines,” commonly known as the Larock
indole synthesis, is a powerful method for the preparation of 2,3-
disubstituted indoles.*™® Larock’s original conditions, which
employ a “ligandless” Pd catalyst in conjunction with an
inorganic base and chloride salt additive, were developed for o-
iodoanilines and remain the most widely utilized (Figure 1A).” In
2004, Senanayake and co-workers expanded the scope of this
transformation to include o-chloro- and o-bromoanilines by
employing a bidentate phosphine ligand, 1,1'-bis-di-tert-
butylphosphinoferrocene (dtbpf), at elevated temperatures
(110-130 °C), providing 51mple indoles in good yield and
high regioselectivity (not shown).®

Despite these advances, efforts to employ the Larock indole
synthesis in complex settings, particularly using alkynyl
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Figure 1. Larock indole synthesis.

substrates containing peptide functionality and o-bromoanilines,
reveal significant limitations in the state of the art. For example,
Baran’s elegant synthesis of (+)-kapakahine B necessitated
prolonged reaction times (24 h) and increased catalyst loadln%s
(20 mol %) under Larock’s standard conditions (Scheme 1A).
Similarly, Boger’s landmark synthesis of the chloropeptins, which
employed an intramolecular Larock macrocyclization of an aryl
bromide, required excess [Pd] and dtbpf (1.1 and 1.3 equiv,
respectively) to effect high yields (Scheme 1B).”*

We also encountered challenges during our efforts to
implement a late-stage indole annulation for the total syntheses
of the C3-arylpyrroloindolines (+)-naseseazines A and B
(Scheme 1C). Specifically, poor catalyst turnover and low yields
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Scheme 1. Challenging Larock Indolizations in Natural
Product Synthesis
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were obtained using substoichiometric [Pd], while the use of
higher catalyst loadings or higher temperatures resulted in
hydrodehalogenation, epimerization of the d1ket0p1perazme,
poor regioselectivity, and low mass recovery.” Following
extensive experimentation, we determined that use of 25 mol
% of Pd[P(o-tol);], in conjunction with Na,CO; provided the
product in 56% isolated yield. Although only two turnovers of
[Pd] were achieved, this report represents the first Larock indole
synthesis using an o-bromoaniline with subst01ch10metr1c Pd in
the context of a complex polypeptide substrate.'’

Given our general interest in the synthesis of indole
alkaloids,'" we sought to develop a mild and reliable Pd-
catalyzed synthesis of tryptophan derivatives that addresses the
challenges outlined above. Specifically, we hoped to identify
conditions that would (1) enable the general use of widely
available o-bromoanilines, (2) proceed with synthetically useful
catalyst loadings, and (3) deliver tryptophan products at lower
temperatures in order to mitigate deleterious side reactivity.

In assessing the existing limitations of the Larock indole
synthesis, we hypothesized that the poor reactivity of o-
bromoanilines under the originally disclosed ligandless con-
ditions was likely due to slow rates of oxidative addition.

Although this elementary step could be enabled by the use of an
electron-donating phosphine ligand,'” it was recognized that
such ligands might slow the rate of subsequent alkyne insertion.
We reasoned that sterically demanding phosphines, which have
been demonstrated to favor Pd—monophosphine complexes,"’
could serve to balance these opposing effects by providing a
vacant coordination site to facilitate alkyne insertion.

Our studies commenced with the coupling between o-
bromoaniline (1a) and alkyne 2'* to afford tryptophan 3a.
Treatment of a mixture of 1a and 2 with 5 mol % of Pd(OAc),
and Na,COj, at 100 °C, Larock’s original conditions,” provided
3a in 27% yield (Table 1, entry 1). A survey of conditions

Table 1. Optimization Studies

o o)
Br N OMe oe
@ TES 2 NHBoc (o
we  Pocamel enad TS
base, DMF, 24 h
1a 3a
temy
entry [Pd cat.] ligand base (°C§ yield® (%)
1 Pd(OAc), Na,CO; 100 27
2 Pd(OAc), PPh, Na,CO,4 100 17
3 Pd(OAc), DavePhos  Na,CO, 100 8
4 Pd(OAc), PCy, Na,CO,4 100 <
S Pd(OAc), dtbpf Na,CO, 100 <5
6 Pd[P(o-tol);], Na,CO;4 100 70
7 Pd[P(‘Bu)], Na,CO,4 100 78
8 Pd[P(‘Bu),], Na,CO, 60 85
9 Pd[P(‘Bu)], Cy,NMe 60 85
10°  Pd[P(‘Bu);], Cy,NMe 60 84 (87)°
119 Pd,(dba), P('Bu); Cy,NMe 60 83

“Reactions conducted on 0.1 mmol scale w1th 2.0 equiv of alkyne 2
and 2.5 equiv of base in DMF (0.5 mL). "Yield determined by 'H
NMR analySIS of the crude reactlon mixture relative to an internal
standard. “1:1 [Pd]/ligand used. “Isolated yield on 0.3 mmol scale.
“Reaction performed in 1,4-dioxane.

previously reported in the literature to promote Larock
indolizations, including the addition of 11 mol % of PPh;,
PCys, DavePhos, or dtbpf (the optimal ligand in Senanayake’s
report),” suppressed the reaction (entries 2—3). The preformed
complex Pd[P(o-tol);],, our most successful catalyst in the
synthesis of the nalseseazines,9 delivered 3a in 70% yield.

Increasing the steric demand of the ligand through the use of
Pd[P(‘Bu),),"’ further increased the yield (Table 1, entry 7).
Pleasingly, lowering the temperature to 60 °C enabled a clean
reaction and provided the product in 85% yield (entry 8). Use of
the soluble organic base Cy,NMe in 1,4-dioxane furnished 3a
with comparable efficiency (entries 9 and 10). Generation of the
catalyst from a 1:1 [Pd]/ligand ratio was also feasible and
improved the initial rate of the reaction (entry 11). To the best of
our knowledge, this reaction represents the lowest temperature
Larock indolization of any o-haloaniline reported to date.

As shown in Figure 2, the reaction exhibits excellent scope:
both electron-rich (3b—d) and electron-deficient (3e—1) o-
bromoanilines react efficiently to provide an array of unnatural
tryptophan derivatives. Substitution is readily tolerated at all
positions of the aniline substrate, including at nitrogen, although
the preparation of 4-substituted indoles requires slightly elevated
temperatures to achieve acceptable reaction rates (3c and 3i).
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Figure 2. Substrate scope of the o-bromoaniline. Reactions were
conducted with 1 (1.0 equiv), 2 (2.0 equiv), and Cy,NMe (2.5 equiv) in
1,4-dioxane (0.2 M) at 60 °C; the isolated yields of 3 are reported. For
compounds 3¢ and 3i, the reaction was performed at 80 °C. For
compounds 3h, 3s, and 3u, desilylation with 1 M TBAF or 1 N HCl in
MeOH was performed prior to chromatography. The synthesis of 30
was conducted on 5.0 mmol scale with 2.5 mol % of Pd[P(‘Bu);], and
1.5 equiv of 2 and then desilylated with 1.0 M TBAF.

Halogenated substrates react with excellent chemoselectivity
for the aryl bromide over the aryl chloride; a variety of useful
chlorinated (3f,g,i) and fluorinated (3e,j) tryptophans are readily
prepared. Lewis-basic heterocycles also perform well under these
conditions (3n,0). It is noteworthy that tryptophan 3o, prepared
here in two steps from commercially available materials, has
recently been reported as a new fluorescent probe with useful
photophysical propertles Flnally, these conditions can be

extended to o-bromophenol to provide direct access to a
substituted benzofuran derivative (3u). Importantly, chiral SFC
analysis of the products verifies that this reaction proceeds
mthout racemization, providing all products in enantiopure
form.'® The 2-triethylsilyl group is easily removed using aqueous
acid or fluoride sources or, alternatively, can serve as a useful
functional handle for a variety of transformations.'”

To investigate the scope of the alkyne, several dipeptide-and
diketopiperazine-based substrates were prepared and subjected
to the reaction conditions (Figure 3). In all cases, the products
are obtained in good yields and with no observed epimerization
of the a-stereocenters.
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Figure 3. Substrate scope of the alkyne. Reactions were conducted with
1 (1.0 equiv), 4 (2.0 equiv), and Cy,NMe (2.5 equiv) in 1,4-dioxane (0.2
M) at 60 °C; isolated yields of 5 are reported. For compound Se, the
reaction was performed at 80 °C.

The synthetic studies described above utilize S mol % of
catalyst for ease of operation; however, individual couplings can
be conducted on preparatively useful scales with lower catalyst
loadings. For example, the coupling between 2-amino-3-
bromopyridine (1n) and alkyne 2 was carried out on S mmol
scale using 2.5 mol % of Pd[P(‘Bu);], and 1.5 equiv of alkyne,
which upon desilylation with 1 M TBAF in THF grovided 128¢
(80% yield) of 7-azatryptophan (Figure 2, 30)."

To further highlight the utility of this protocol, we sought to
complete a total synthesis of the dimeric diketopiperazine natural
product (—)-aspergilazine A (10),"”?° which is characterized by
its novel C6-to-N1 bisindole linkage (Scheme 2). We envisioned
that 10 would be ideally suited for a sequential indolization
strategy that would allow assembly of the natural product in a
direct and convergent manner. To this end, the requisite
dibromide (8) was prepared via Buchwald— Hartw1g coupling of
1-bromo-2-iodobenzene (6) with diamine 7.>' Subjection of a
mixture of dibromide 8 and alkyne 9 to 10 mol % of PA[P(‘Bu)s ],
and 2.5 equiv of Cy,NMe in 1,4-dioxane at 80 °C furnished
bis(triethylsilyl)-(—)-aspergilazine A in 62% isolated yield,
representing an average reaction efficiency of 79% per
indolization. Subsequent HCl-mediated desilylation cleanly
provided the natural product. Importantly, the success of this
strategy hinges largely on the ability of this new protocol to
enable the coupling of 2-bromoanilines; the preparation of the
diiodinated analogue of diarylamine 8 via C—N bond formation
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Scheme 2. Total Synthesis of (—)-Aspergilazine A
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is a considerably more challenging synthetic undertaking. This
highly convergent synthesis proceeds in an overall yield of 21%
from commercially available starting materials and underscores
the utility of this methodology in the direct preparation of
complex molecular scaffolds.

In summary, we have developed a mild and general protocol
for the Pd-catalyzed synthesis of functionalized tryptophan
derivatives. The reaction proceeds with low catalyst loadings,
displays excellent substrate scope, and is readily scalable to
provide gram quantities of synthetically useful unnatural
tryptophans. Furthermore, the synthetic utility of this trans-
formation has been demonstrated in the concise synthesis of the
natural product (—)-aspergilazine A.
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