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Indole arynes or indolynes are a completely new class of
reactive aryne intermediate that we discovered and reported

beginning in 2007.1�5 As their unusual and fascinating chemistry
is revealed, they are becoming versatile and powerful tools for use
in organic synthesis, including natural products total synthesis.
Indeed, indolyne cycloaddition methodologies have already
proven their value, as we recently demonstrated in the total
synthesis of the trikentrins and the herbindoles. Subsequent
work from the Garg6�11 and Lautens12 laboratories using
indolyne chemistry helped to validate this point of view.

During the course of a second-generation formal total synthe-
sis of cis-trikentrin A,4 we found that the 4,6,7-tribromoindole 1
underwent highly selective metal�halogen exchange at the C7
bromo position, followed by 6,7-indole aryne formation and
subsequent cycloaddition with cyclopentadiene (Scheme 1) to
give the cycloadduct 3.

The C4 bromine was completely unaffected by these condi-
tions, but readily participated in transition metal-catalyzed cross-
coupling such as the Negishi reaction to afford the common
late stage intermediate 4. This reaction orthogonality appears
to be general in these systems, and has also been observed with 3
in the Suzuki�Miyaura and Buchwald�Hartwig cross-coupling
manifolds.4

Encouraged by these results, and in connection with our
ongoing efforts to identify interesting chemotypes for library
development,13,14 we decided to apply the indole aryne metho-
dology to the synthesis of novel, polycyclic annulated indoles.
Our strategy makes use of the unique advantages and properties
of indole aryne chemistry. This goal is significant because

annulated indoles, with the exception of only a few biologically
active natural products such as the trikentrins,15 herbindoles,16

teleocidins,17 and nodulisporic acids,18 (Figure 1) have no repre-
sentation in the PubChem or MLSMR databases.

These structural entities are therefore predicted to have
unique chemical property space characteristics. The indole aryne
methodology offers the most efficient access to these useful and
potentially valuable compounds. Without this methodology, the
construction of annulated indole scaffolds would be rendered
much more difficult, and as a consequence, the therapeutic
potential of their libraries would likely be overlooked. We now
report the first 93-member annulated indole library using a
combination of indole cycloaddition and cross-coupling
chemistry.

The 4,6,7-tribromoindole scaffold was synthesized using the
Bartoli reaction,19 and follows our previously published route
(Scheme 2).4 Thus, o-nitroaniline 11 was first brominated at C2
and C4 (Br2, MeOH/CH2Cl2 (1:1), 95%), followed by diazoti-
zation to afford the 2,3,5-tribromonitrobenzene 12. Application
of the Bartoli reaction conditions (vinylmagnesium bromide, 3.0
equiv, tetrahydrofuran (THF), �45 �C) consistently gave the
desired indole in 45% yield on a 5�10 g scale. The indole
nitrogen was then alkylated with methyl iodide (88%) to afford
the desired N-methyl indole scaffold 13.
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ABSTRACT:The construction of an unprecedented class of an
indole-based library, namely, a 6,7-annulated-4-substituted 93-
member indole library, using a strategic combination of 6,7-
indolyne cycloaddition and cross-coupling reactions under both
Suzuki�Miyaura and Buchwald�Hartwig conditions is de-
scribed. This work represents the first example of library
development that employs the indole aryne methodology. Annulated indoles, with the exception of only a few biologically active
natural products (i.e., the trikentrins, herbindoles, teleocidins, and nodulisporic acids), have no representation in the PubChem or
MLSMR databases. These structural entities are therefore predicted to have unique chemical property space characteristics and a
high probability of exhibiting interesting biological activity.
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Indole aryne formation (n-BuLi, 1.2 equiv, toluene,�78 �Cto rt)
followed by cycloaddition with either cyclopentadiene or furan
gave the corresponding cycloadducts 15 and 16 in 72% and 84%

yields, respectively. We elected to reduce the olefin with diimide
(generated in situ from o-nitrobenzosulfonhydrazide 17 and
triethylamine)20 as the presence of the alkene resulted in sharply

Scheme 1. Reaction Orthogonality in the 4,6,7-Tribromoindole System

Scheme 2. Synthesis of the 4-Bromo-6,7-annulated Indole Scaffolds

Figure 1. Annulated indole alkaloid natural products.

Scheme 3. Validation for the Suzuki�Miyaura and Buchwald�Hartwig Cross-Coupling Chemistry
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Scheme 4. Synthesis of the Cyclopentadiene-Annulated Suzuki�Miyaura Cross-Coupled Library

Scheme 5. Synthesis of the Furan-Annulated Suzuki�Miyaura Cross-Coupled Library
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diminished yields in the subsequent cross-coupling reactions. In
this manner the final scaffolds 18 and 19 were each produced in
94% yield. The bridged bicyclic system is an uncommon structural
motif in library design. A recent report21 suggests that the presence
of additional sp3-hybridized content in complex library structures
correlates with an increased number of hits for activity in certain
cell-based assays, particularly in the area of CNS (e.g., histone
deacetylase, or HDAC, inhibition).

With the key scaffolds in hand, our attention turned to the
cross-coupling reactions. We elected to use the Suzuki�Miyaura

and Buchwald�Hartwig reactions based on our successful pre-
vious experience and the fact that a diverse collection of boronic
acid and amine cross-coupling partners for these reactions are
readily available. During the development and validation studies,
we found that microwave heating gave superior results in terms of
yield and the minimization of side-products. Optimization for the
Suzuki�Miyaura and Buchwald�Hartwig reactions was carried
out with the furan-based scaffold (Scheme 3). The production
library targeted 128 compounds (2 scaffolds � 32 boronic acids;
2 scaffolds� 32 amines) on a reaction scale of 105 mg per scaffold.

Scheme 6. Synthesis of the Cyclopentadiene-Annulated Buchwald�Hartwig Cross-Coupled Library

Scheme 7. Synthesis of the Furan-Annulated Buchwald�Hartwig Cross-Coupled Library
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Of the 128 compounds targeted, 93 were produced and
purified to a threshold of approximately 90% or better via mass-
directed fractionation (MDF), which represents a 73% pass rate.
There were 51 Suzuki�Miyaura reaction products (Schemes 4
and 5) and 42 Buchwald�Hartwig coupled products (Schemes 6
and 7). Both the Suzuki�Miyaura and Buchwald�Hartwig
library sets showed a broad range of aromatic and heteroaromatic
moieties that support a diverse array of substitution and func-
tional groups (aldehydes, alcohols, alkenes, amides, ethers,
thioethers, halides). The majority of library members in the
Suzuki�Miyaura series were obtained with a yield of 4�76%,
while those in the Buchwald�Hartwig manifold were realized
in 5�83%. All library members were produced in quantities
between 20 and 50 mg, with 12 in excess of 50 mg, and six in the
range of 5�20 mg (Figure 2).

In silico profiling22�26 of physicochemical and ADME proper-
ties, which is reported in detail in Supporting Information, Table
1, suggests that the 6,7-indole aryne products generated from
both the Suzuki�Miyaura and Buchwald�Hartwig libraries
should be reasonably amenable to both biochemical and cell-
based assays. In general, the libraries are fully compliant with the
Lipinski Rule of Five23 in that none of the constituent com-
pounds have more than one violation, and nearly two-thirds of
the species have no violations. The observed violations entail
marginally high cLogP values, which range up to 7.75 among
violators. Predicted solubility in aqueous and 2% DMSO solu-
tions is correspondingly marginal for these violators, but the vast
majority had solubilities adequate for our analytical and pre-
parative processing and thus should be viable for screening. The
library products are generally predicted to yield good cell
permeability profiles, volume distribution, and albumin binding.
Our models suggest that the compounds are not generally very
likely to display hERG blocking tendencies. Many of them are
predicted to exhibit blood-brain-barrier permeability, which
might prove useful for probing central nervous system targets.
As a whole, compounds in this study are exceptionally unique
relative to the current MLPCN screening set that forms our
reference for comparison. The full product manifold spans 46
distinct cells in chemical space, which bespeaks a significant
amount of chemical diversity in these library elaborations. Only
six compounds (24{7}, 24{15}, 24{18}, 21{6}, 21{15} and
21{18}) were found to occupy regions of chemical space whose
compound density was above the mean, while 75 products
occupied areas with less than half the mean density, 23 were in areas
with less than 10% of the mean density, and three compounds

(25{13}, 25{18}, and 23{13}) occupied cells with zero existing
MLPCN compounds.

In conclusion, we have prepared the first annulated and
polycyclic 93-member indole library using 6,7-indole aryne
cycloaddition chemistry combined with versatile cross-coupling
reactions to afford a diverse suite of novel structures. All of the
compounds thus produced have been submitted to the NIH
Molecular Libraries Screening Centers Network (MLSCN) for
biological evaluation with a broad range of biochemical and cell-
based assays. Other drug-like designs based on the annulated indole
platform are in progress and will be disclosed in due course.
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