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ABSTRACT: A library of privileged-substructure-based, heterocyclic compounds was constructed by a sequence of Ugi four-
component reactions incorporating the indole motif and microwave-assisted cyclizations in branched pathways. Cheminformatic
analysis confirmed that the library exhibited a high degree of structural diversity and good drug-likeness.
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■ INTRODUCTION

An increasing number of therapeutic targets have been
identified due to the rapid advances in genomics and
proteomics. This has created a tremendous need to develop
more efficient methods to generate new chemical libraries used
for drug screening.1 It is recognized that molecular skeletons
are more important than the appendices for high-throughput
screening, and a compound library featuring a high degree of
skeletal diversity can effectively increase the occupation of
“chemical space”, thus improving the hit rates for diverse
biological targets in “biological space”.2 However, the hit rates
of most of current combinatorial libraries are far from
satisfactory. This is often attributed to the lack of structural
diversity in these libraries which traditionally yield similar
molecular skeletons decorated with different substituents. In
addition to diversity, high-quality compound libraries are
expected to display good drug-like properties.3 A diverse
library created with little consideration of drug-like properties
may be subjected to more absorption, distribution, metabolism,
excretion, and toxicity (ADME/T) problems during the drug
discovery process. The concept of diversity-oriented synthesis4

around privileged structures, defined as rational DOS or
privileged-substructure-based DOS (pDOS), has been proven
as a powerful tool to construct high-quality compound
libraries.5 Even though, the development of robust strategies
to create diverse molecular architectures embedded with
privileged structures remains a demanding challenge and is
highly desirable for improving the success of biological
screenings.6 We herein introduce an efficient strategy which

allows rapid access to pDOS libraries encompassing molecular
complexity, structural diversity, and drug-like properties.

■ RESULTS AND DISCUSSION

Library Construction. Multicomponent reactions (MCRs)
provide an efficient complexity-generating approach to easily
transform three or more starting materials into a single product
in an atom- and step-economical way.7 Privileged structures
offer an ideal source of lead compounds for drug discovery due
to their inherent affinity for diverse biological targets.8

Microwave heating can speed up a broad range of organic
reactions compared to conventional heating conditions.9

Combining these ideas, we proposed a sequential procedure
of a versatile MCR incorporating a privileged structural motif in
the modular inputs, and subsequent branched post-MCR
transformations under microwave heating. This may serve as a
flexible and robust strategy to rapidly access diverse and drug-
like libraries.
As a demonstration, we selected the Ugi reaction10 as the

MCR, indole as the privileged structure, and microwave-
assisted intramolecular cyclizations as the post-transformations
(Scheme 1). Indole motifs represent one of the most
prominent privileged structures and are ubiquitous in natural
products and pharmaceutical compounds.11 More importantly,
from the point of view of diversity, there are at least three
reactive sites in the indole structure, with the potential for
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divergent synthesis. For example, selective N1, C2, or C3-
arylation of indoles has received numerous developments in
recent years.12 Considering the diverse biological and chemical
properties of indole, we chose to incorporate this versatile motif
in the aldehyde component of the Ugi reactions. In the first
step, high levels of molecular functionality are incorporated to
provide various linear Ugi adducts. The iodide functionality acts
as a leaving group in the subsequent nucleophilic cyclizations
and can be alternately incorporated into each component of the
Ugi reactions to increase the structural diversity of the final
library. These Ugi products then served as precursors which
participated in the subsequent selective post-transformations
under different conditions in a branched manner. In addition,
the diversity level can be further enhanced by third-step
transformations if the Ugi substrates are equipped with
additional distinct reactive sites such as two pairs of iodide
functionalities. When these post-Ugi transformations are
conducted under microwave heating, the creation of pDOS
library can be greatly accelerated.
In our previous work, we have successfully prepared three

distinct sets of indole-based heterocycles from the same set of
Ugi adducts under microwave heating in a reaction-condition-
controlled manner (Scheme 2).13 The Ugi products 5 were
synthesized by condensation of 1H-indole-2-carbaldehydes 1,
2-iodobenzoic acids 2, amines 3, and isocyanides 4. The linear
precursors 5 contain five potential nucleophilic sites, i.e. indole
C3, indole N1, the α-C of the secondary amide, the oxygen and
NH of the secondary amide. The iodide functionality in the
benzoyl moiety of 5 acts as a directing group in the subsequent
cyclizations. In light of the distinctive nucleophilicity and
affinity of the reactive sites in 5 for different promoters,
deliberate choice of reaction conditions allowed regioselective
cyclizations to form diverse heterocyclic compounds. Specifi-
cally, treatment of 5 with cesium carbonate (Cs2CO3) provided
exclusively 6 through an unprecedented metal-free intra-
molecular sp3-hybridized C−H arylation. When substrates 5
were subjected to copper catalysis, N1-arylation products 7
were preferentially formed; whereas, palladium catalysis led to
intramolecular C3-arylation products 8. These protocols have
valuable features of easily available Ugi inputs, broader substrate
scope, operational simplicity, step economy, high yields, and
short reaction time.
Further, the diversity was expanded by incorporating the

directing iodide group to the amine input of the Ugi reaction
(Scheme 2).14 The acyclic, peptide-like α-acylaminoamides 11
were obtained by similar Ugi condensations from 1H-indole-2-
carbaldehydes 1, carboxylic acids 9, 2-iodoanilines 10, and
isocyanides 4. Simply switching the catalytic systems of 11
provided two skeleton-diversifying branches. Specifically,
copper iodide promoted intramolecular N1-arylation reactions
leading to 12, while palladium acetate triggered intramolecular
C3-arylations to provide 13. In all cases, the divergent
sequences gave moderate to good yields.

To further expand the scope of this strategy, we herein
shifted the directing iodide group to the aldehyde input of the
Ugi reaction, to allow the synthesis of 6−5−5 polycyclic
heterocycles (Scheme 2). The linear substrates 15 were
obtained from the four-component Ugi reaction between 3-
iodo-indole-2-carbaldehyde 14, carboxylic acids 9, amines 3,
and isocyanides 4. Selected examples of the assayed conditions
based on substrate 15a are shown in Table 1. Preliminary
optimization of the cyclization conditions demonstrated that
copper catalysis was not effective for the formation of the
indole-fused polycyclic compound 16a. A considerable amount
of deiodination byproduct 17 was isolated (entry 1, Table 1),
which may be caused by moisture in the solvent.15 The
palladium-catalyzed cross-coupling of a nitrogen nucleophile
with an aryl halide is known as the Buchwald−Hartwig
reaction.16 The proper choice of catalyst, ligand, base, and
solvent in Buchwald−Hartwig chemistry is crucial for the
success of a given amidation reaction. Initial exploration into
the intramolecular Buchwald−Hartwig reaction of 16a involved
an investigation of the palladium catalytic system. Among
various catalysts, tris(dibenzylideneacetone)dipalladium
(Pd2(dba)3) has been shown to work well in combination
with biaryldialkylphosphines16 in many instances. Using the
Pd(OAc)2/PPh3 system failed to promote the transformation,
and Pd-catalyzed fragmentation17 by oxidative cleavage of α-
arylamino amide 15a to α-ketoamide was detected using TLC
and LC/MS analysis (entry 2, Table 1). These results indicated
that the cyclization needs to be conducted under anaerobic
conditions and in an anhydrous solvent. Bidentate ligand 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos) did
not lead to any desired product (entry 3, Table 1). Zhu et al.
recently reported similar intramolecular Buchwald−Hartwig
reactions;18 however, under Zhu’s conditions, dicyclohexyl-
phosphino-2′,4′,6′-triisopropylbiphenyl (XPhos) and 2-dicyclo-
hexylphosphino-2′-methylbiphenyl (MePhos) also resulted in
low yields, even when the temperature was raised to 150 °C
(entries 4−7, Table 1). The incomplete conversion of the
starting material is likely a consequence of the poor heating
ability of low-polarity solvents under microwave irradiation.
Indeed, the use of polar solvent as DMF allowed for rapid
heating of the reaction mixture, and all the starting material was
consumed. The reaction afforded a higher yield of the desired
product 16a in DMF than in acetonitrile or toluene (entries 8−
10, Table 1). Eventually, this reaction was best effected using a
combination of Pd2(dba)3, XPhos, and K2CO3 at 130 °C in
DMF under anaerobic condition (entry 8, Table 1).
This optimized condition was then transferred to the

synthesis of several 6−5−5 polycyclic heterocyclic compounds
16. Under the reaction condition, all derivatives were smoothly
converted into the tricyclic derivatives with moderate to good
yields (Scheme 2). The arylation was a slightly sensitive to
steric hindrance effects, and a decreased product yield was
observed when starting from the more hindered butyl
isocyanide.
However, this is not the end of our chemistry story. We

envisioned that the modular four-component Ugi reaction and
the versatile chemistry of Ugi adducts may provide further
skeletal diversification when two directing iodide groups were
introduced. A sequenced process via initial generation of Ugi
product 18 and subsequent divergent intramolecular cycliza-
tions produced various heterocyclic compounds possessing
distinct skeletons (Scheme 2). In this synthetic plan,
particularly noteworthy are the reactivity differences toward

Scheme 1. Strategy to Create a Diverse and Drug-Like
Library of Polycyclic Scaffolds
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Scheme 2. Construction of Indole-Based Library of Heterocyclic Compounds from Indole-2-Carbaldehyde via Ugi Four-
Component Reactions and Subsequent Divergent Cyclizations Under Microwave Heatinga

aReagents and conditions: (a) acids, amines, isocyanides, MeOH, rt for products 5, 11, and 18, 40 °C for products 15, 3 d. (b) Cs2CO3, DMSO,
MW, 80 °C, 40 min. (c) CuI, L-proline, K2CO3, DMSO, MW, 80 °C, 40 min. (d) Pd(OAc)2, PPh3, K2CO3, dioxane/MeCN = 3/1 (v/v), MW, 110
°C, 2 h. (e) CuI, L-proline, K2CO3, DMSO, MW, 90 °C, 40 min. (f) Pd(OAc)2, PPh3, K2CO3, dioxane/MeCN = 3/1 (v/v), MW, 130 °C, 2 h. (g)
Pd2(dba)3, XPhos, K2CO3, DMF, MW, 130 °C, 20 min. (h) Cs2CO3, DMSO, MW, 60 °C, 40 min.
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nucleophilic substitution exhibited by the two directing iodide
groups installed in molecule 18. First, the aryl iodide on the
aniline ring is less reactive than that on the benzoyl moiety.
Selective arylations of the latter through inherently different
nucleophilic sites provided 19, 22, and 24 under the optimal
reaction conditions described previously.13 Then, the second
iodide group offers the possibility for further diversification,
leading to the polyheterocyclic products 20, 21, 23, and 25
under different catalytic systems with decent yields.14 Thus, this
simple but powerful sequence of reactions created a highly
diverse library of fused heterocyclic compounds nearly in a
“one-step one-skeleton” manner.
Cheminformatic Analysis. Using our strategy, a small

library of 50 indole-based heterocyclic compounds with 10
distinct scaffolds was generated within only two or three steps.
The following cheminformatic analysis was then performed to
assess the quality of this pDOS library in terms of diversity and
drug-likeness. For comparison, several reference sets were also
collected: (1) Zinc Set, a diverse subset of small molecules from
the ZINC database;19 (2) Focus Set, a focused library
(conventional combinatorial chemistry) considering the frag-
ment diversity;20 (3) CMC Set, Comprehensive Medicinal
Chemistry (CMC) database (Accelrys Software Inc.), an
annually updated database which includes data on compounds
used or studied as human medicinal agents from 1900 onward;
and (4) FDA Drugs, small molecule drugs approved by the
FDA.
The data sets were prepared as follows:

(1) Zinc Set: The chemical structure file in SMILES format,
containing a total of 19 734 523 purchasable compounds
and representing the largest commercially available
chemical space, was retrieved from the ZINC database
(http://zinc.docking.org accessed on February 16, 2012).
The data set was reduced to a manageable subset of 10
000 using the Diverse Molecules component of Pipeline
Pilot (PP) 7.5 (Accelrys Software Inc.), which selects
diverse compounds with respect to specified molecular

properties. Here, the dissimilarity described by FCFP_4
molecular fingerprint21 and Tanimoto distance was used.

(2) Focus Set: An in-house combinatorial library designed
for the discovery of cyclophilin A (CypA) inhibitors20

was used as another reference. The compounds in this
set contain three building blocks, which constitute a
CypA-focused compound library with a population of
255 (5 × 3 × 17). PP was used to generate SMILES
representations for all members of this set.

(3) CMC Set: The 9099 chemical structures deposited in the
CMC database (2011.1 release) were exported in SDF
format, and then transformed to SMILES representations
using PP.

(4) FDA Drugs: The chemical structure file of the 1410 small
molecule drugs approved by the FDA was downloaded in
SMILES format from DrugBank22 (http://www.
drugbank.ca accessed on October 12th, 2011).

Diversity Analysis. The normalized principal moment of
inertia (PMI) ratio approach formalized by Sauer and Schwartz
was used to capture the shape-based distribution of our pDOS
library.2b First, a set of up to 255 three-dimensional (3D)
conformations were generated for each compound, using the
Catalyst CAESAR component of Discovery Studio (DS) 2.5
(Accelrys Software Inc.).23 These conformers were then
subjected to energy minimization using the Minimize Molecule
component of PP, and the lowest energy conformer was used
for the PMI calculations. Default parameter settings were used
for components of DS and PP, unless otherwise specified. The
two-dimensional characteristic X and Y coordinates of the PMI
plot are the ratios of the smallest or medium eigenvalues for the
diagonalized mass tensor to the largest (i.e., X = Ismall/Ilarge, Y =
Imedium/Ilarge) and were calculated using the Principal Moments
of Inertia component of PP. The points in the resulting plot
occupy an isosceles triangle defined by the vertices (0, 1), (0.5,
0.5), and (1, 1), corresponding to the shapes of a rod, disk, and
sphere, respectively.

Table 1. Survey of Reaction Conditions for the Post-transformation of 15a

entry conditiona yield of 16a (%)b

1 CuI, L-proline, K2CO3, 90 °C, 40 min, DMSO (92)c

2 Pd(OAc)2, PPh3, K2CO3, dioxane/CH3CN = 1:1, 130 °C, 1 h <10d

3 Pd2(dba)3, XantPhos, K2CO3, PhMe/CH3CN = 3:1, 150 °C, 1 h 0
4 Pd2(dba)3, MePhos, K2CO3, PhMe/CH3CN = 3:1, 100 °C, 2 h <10d

5 Pd2(dba)3, MePhos, K2CO3, PhMe/CH3CN = 3:1, 150 °C, 2 h 40d

6 Pd2(dba)3, XPhos, K2CO3, PhMe/CH3CN = 3:1, 150 °C, 2 h 34d

7 Pd2(dba)3, MePhos, K2CO3, dioxane/CH3CN = 3:1, 150 °C, 2 h 43d

8 Pd2(dba)3, XPhos, K2CO3, DMF, 130 oC, 20 min 67
9 Pd2(dba)3, XPhos, K2CO3, CH3CN, 130 °C, 20 min 48
10 Pd2(dba)3, XPhos, K2CO3, PhMe, 150 °C, 2 h 30d

a15a (1.0 equiv), metal catalyst (0.05 equiv), ligand (0.1 equiv), and base (2.0 equiv) in solvent under nitrogen protection, MW. bIsolated yield.
cYield of 17. d15a was recovered.
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As shown in Figure 1A, the dots representing the 20
intermediates (Ugi products) of the pDOS compounds are
colored green, and the 50 final compounds are shown in red.
Cleary, the intermediates were dispersedly distributed, and the
final compounds further expanded the space covered. This
result indicates that our diversity-oriented synthesis proceeded
along different pathways upon minor changes in reagents and
reaction conditions, allowing access to different chemical space
via the production of a wide distribution of compounds. The
PMI plot also provides a visual method to compare diversity
corresponding to the area of shape space covered by a
collection of molecules. Figure 1B−D shows the distribution
heat maps for the pDOS library and two reference sets, where
regions of a high occurrence rate are represented by warm
colors and low occurrence by cold colors. We noted that the
pDOS compounds were distributed evenly over the space and
populated the central regions among rod-, disk-, and sphere-like
shapes; no distinct “hot spots” were observed in the plot. In
contrast, the compounds in the Zinc and Focus Sets were
mainly located along the left-hand triangle side, adopting a flat
and/or elongated molecular shape. The Zinc set compounds
spanned nearly the entire range of the left edge of the PMI
space, and the Focus set compounds were more densely
distributed in the upper-left region. Notably the Focus Set
compounds exhibited a hot spot, indicating that combinatorial
library design may not be an efficient method to achieve
chemical diversity.
The tendency of compound libraries to mainly occupy the

left or upper-left sides of the triangle in PMI plots has been
reported previously. Wirth and Sauer pointed out that a skewed
distribution is characteristic of compound data sets from
different origins, even for some biologically relevant collec-

tions.24 Thus, we questioned whether an advantage can be
gained to artificially increase the number of spherical
compounds in a screening library. However, ligand-binding
sites vary widely in size and shape: they can be a curved groove
composed of several interconnected subpockets, or a nearly
smooth and spherical cavity. For example, catalytic sites of
enzyme usually exist as large, deep clefts on the protein
surfacemany drugs have been observed to bind into the
largest surface cavities, which tend to be less spherical overall.25

In contrast, the ligand-binding domain of pregnane X receptor
(PXR) is a typical spherical example,26 which shows limited
orientation specificity and may cause difficulty for designing
selective ligand. Clearly, the existence of such spatially distinct
sites encourages us to strive for maximum shape diversity in the
pDOS-derived compound collection.

Drug-Likeness Analysis. In addition to diversity, high-
quality libraries are also expected to exhibit drug-likeness3 to
produce compounds with desirable pharmacokinetic and safety
profiles. Much effort has been invested to identify the key
differences between drugs and other organic compounds,
among which the most widely applied approach is Lipinski’s
rule of five (RO5) with respect to determining oral drug-
likeness.27 Recently, we reported a distribution analysis of 50
structural and physicochemical properties on different chemical
databases.28 Six molecular saturation and heteroatom propor-
tion-related properties, together with their optimum value
ranges, were found to be useful for differentiating between
drug-like and non-drug-like databases. These properties are
easy to understand and calculate, while can only be used to set
the limits that form the drug region. In this study, we defined
the dl score, an averaged satisfaction ratio of the six molecular

Figure 1. Molecular shape diversity analysis: (A) PMI plot depicting 20 pDOS intermediates (green) and 50 final compounds (red) from this study
and heat maps depicting the molecular shape distributions of the data sets, (B) pDOS library, (C) Zinc Set, and (D) Focus Set.
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saturation and heteroatom proportion-related properties, as an
index to quantify the drug-likeness of compound collections.
Table 2 summarizes the dl scores of our pDOS library and

several reference sets. The FDA Drugs yielded the highest score

of 0.608, closely followed by the other drug-related set, the
CMC Set, with a score of 0.593. For comparison, the collection
of common organic chemicals in the Zinc Set produced a much
lower dl score of 0.370, and the Focus Set combinatorial
chemical library had the lowest score of 0.339. As the Zinc Set
and Focus Set were included as non-drug-like reference sets in
this study, these results clearly demonstrate that the dl score is
an efficient index for quantitatively differentiating drug-like and
nondrug-like databases. Satisfactorily, our pDOS library yielded
a high dl score of 0.545, which is close to the scores of the drug-
related sets and much higher than the other organic screening
libraries. Therefore, we may infer from this analysis that pDOS-
derived compounds have a significant degree of drug-likeness
and may represent a valuable resource for the discovery of
novel small-molecule modulators in chemical biology and drug
discovery.

■ CONCLUSIONS
In summary, we have rapidly constructed a library of 50
privileged-substructure-based heterocyclic compounds within
only two or three steps, by integrating the modularity of the
Ugi four-component reaction, versatile properties of 1H-indole-
2-carbaldehyde, regioselective control of divergent post-Ugi
transformations, and the enabling technique of microwave
heating. This synthetic strategy has various advantageous
features, such as readily available inputs, broad substrate
scope, operational simplicity, step economy, good yields, and
short reaction time. Furthermore, cheminformatic analysis
confirmed that the library exhibited a high degree of molecular
diversity and good drug-likeness. We anticipate that these novel
heterocyclic compounds fused with the bioactive indole motif
may find their pharmaceutical applications after further
investigations.

■ EXPERIMENTAL PROCEDURES
General Procedure for Preparation of Ugi Adducts 15

(15a As an Example). To a solution of aniline (1.0 mmol) in
dry MeOH (5.0 mL) was added 3-iodo-1H-indole-2-
carbaldehyde (1.0 mmol), benzoic acid (1.0 mmol), and
cyclohexyl isocyanide (1.0 mmol), and the reaction mixture was
stirred at 40 °C for 24 h. The solvent was removed under
reduced pressure. The residue was purified by flash
chromatography to give the corresponding Ugi product 15a.
General Procedure for Preparation of Ugi Adduct 18.

To a solution of 2-iodoaniline (1.0 mmol) in dry MeOH (5.0
mL) was added indole-2-carbaldehyde (1.0 mmol), and the
reaction mixture was stirred at room temperature for 10 min.
After addition of 2-iodobenzoic acid (1.0 mmol), the reaction

mixture was stirred for 5 min followed by addition of cyclohexyl
isocyanide (1.0 mmol), and the reaction mixture was stirred at
room temperature for 3 days. The solvent was removed under
reduced pressure. The residue was purified by flash
chromatography to give the corresponding Ugi product 18.

General Procedure for Preparation of Compounds 16.
A high-pressure microwave vessel was loaded with Ugi product
15 (0.04 mmol, 1.0 equiv), Pd2(dba)3 (0.002 mmol, 0.05
equiv), XPhos (0.004 mmol, 0.1 equiv), and K2CO3 (0.08
mmol, 2.0 equiv) in dry DMF (0.02 M). The vessel was
degassed, refilled with argon, and sealed. The mixture was
subjected to microwave heating at the temperature and power
indicated for 20 min. After cooling, the reaction mixture was
washed with water and then extracted with ethyl acetate. The
organic extracts were washed with brine, dried over Na2SO4,
and concentrated. The residue was purified by flash
chromatography to give the corresponding products.

Preparation of 3-Iodoindole-2-Carboxaldehyde 14. An
ice-cooled solution of I2 (1.67 g, 6.6 mmol) in DMF (30 mL)
was added to a solution of 2-formylindole (0.96 g, 6.6 mmol)
and powdered KOH (1.3 g, 23.8 mmol). After stirring at rt for
4 h, the mixture was poured into a solution of 28% NH4OH
(100 mL) and NaHSO3 (1 g, 9.6 mmol) in water (1.5 L). The
precipitates were separated by filtration to give the 3-iodoindole
14 (1.45 g, 81%).

■ ASSOCIATED CONTENT
*S Supporting Information
1H and 13C NMR data and spectra for products 6−8, 12, 13,
16, 17, and 19−25. This material is available free of charge via
the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: hliu@mail.shcnc.ac.cn.
Author Contributions
†Lei Zhang and Mingyue Zheng contributed equally to this
work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge financial support from the National
Natural Science Foundation of China (Grants 21021063,
91229204, and 81025017), National S&T Major Projects
(2012ZX09103101-072 and 2012ZX09301001-005).

■ REFERENCES
(1) (a) Drewry, D. H.; Macarron, R. Enhancements of Screening
Collections to Address Areas of Unmet Medical Need: an Industry
Perspective. Curr. Opin. Chem. Biol. 2010, 14, 289−298. (b) Danda-
pani, S.; Marcaurelle, L. A. Grand Challenge Commentary: Accessing
New Chemical Space for “Undruggable” Targets. Nat. Chem. Biol.
2010, 6, 861−863. (c) Bleicher, K. H.; Böhm, H. J.; Müller, K.;
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106, 17−89. (b) Dömling, A.; Ugi, I. I. Multicomponent Reactions
with Isocyanides. Angew. Chem., Int. Ed. 2000, 39, 3168−3210.
(8) (a) Welsch, M. E.; Snyder, S. A.; Stockwell, B. R. Privileged
Scaffolds for Library Design and Drug Discovery. Curr. Opin. Chem.
Biol. 2010, 14, 347−361. (b) DeSimone, R. W.; Currie, K. S.; Mitchell,
S. A.; Darrow, J. W.; Pippin, D. A. Privileged Structures: Applications
in Drug Discovery. Comb. Chem. High Throughput Screen 2004, 7,
473−494.
(9) (a) Caddick, S.; Fitzmaurice, R. Microwave Enhanced Synthesis.
Tetrahedron 2009, 65, 3325−3355. (b) Kappe, C. O.; Dallinger, D.
The Impact of Microwave Synthesis on Drug Discovery. Nat. Rev.
Drug Discov. 2006, 5, 51−63.
(10) (a) Xu, Z.; De Moline, F.; Cappelli, A. P.; Hulme, C. Ugi/aldol
Sequence: Expeditious Entry to Several Families of Densely
Substituted Nitrogen Heterocycles. Angew. Chem., Int. Ed. 2012, 51,
8037−8040. (b) El Kaïm, L.; Grimaud, L.; Wagschal, S. Toward
Pyrrolo[2,3-d]pyrimidine scaffolds. J. Org. Chem. 2010, 75, 5343−
5346. (c) Erb, W.; Neuville, L.; Zhu, J. Ugi-post Functionalization,
From a Single Set of Ugi-adducts to Two Distinct Heterocycles by
Microwave-assisted Palladium-catalyzed Cyclizations: Tuning the
Reaction Pathways by Ligand Switch. J. Org. Chem. 2009, 74, 3109−
3115. (d) El Kaim, L.; Gizzi, M.; Grimaud, L. New MCR-Heck-
isomerization Cascade Toward Indoles. Org. Lett. 2008, 10, 3417−
3419. (e) Ma, Z.; Xiang, Z.; Luo, T.; Lu, K.; Xu, Z.; Chen, J.; Yang, Z.
Synthesis of Functionalized Quinolines via Ugi and Pd-catalyzed
Intramolecular Arylation Reactions. J. Comb. Chem. 2006, 8, 696−704.
(f) Bonnaterre, F.; Bois-Choussy, M.; Zhu, J. Rapid Access to
Oxindoles by the Combined Use of an Ugi Four-component Reaction
and a Microwave-assisted Intramolecular Buchwald−Hartwig Amida-

tion Reaction. Org. Lett. 2006, 8, 4351−4354. (g) Marcaccini, S.;
Torroba, T. Post-Condensation Modifications of the Passerini and Ugi
Reactions. In Multicomponent Reactions; Zhu, J., Bienayme,́ H., Eds.;
Wiley-VCH: Weinheim, 2005; pp 33−75. (h) Xiang, Z.; Luo, T.; Lu,
K.; Cui, J.; Shi, X.; Fathi, R.; Chen, J.; Yang, Z. Concise Synthesis of
Isoquinoline via the Ugi and Heck Reactions. Org. Lett. 2004, 6,
3155−3158. (i) Gracias, V.; Moore, J. D.; Djuric, S. W. MRI Findings
in a Dog with Discospondylitis Caused by Bordetella Species.
Tetrahedron Lett. 2004, 45, 417−420.
(11) (a) Ishikura, M.; Yamada, K.; Abe, T. Simple Indole Alkaloids
and Those with a Nonrearranged Monoterpenoid Unit. Nat. Prod. Rep.
2010, 27, 1630−1680. (b) Kochanowska-Karamyan, A. J.; Hamann,
M. T. Marine Indole Alkaloids: Potential New Drug Leads for the
Control of Depression and Anxiety. Chem. Rev. 2010, 110, 4489−
4497. (c) de Sa ́ Alves, F. R.; Barreiro, E. J.; Fraga, C. A. From Nature
to Drug Discovery: the Indole Scaffold as a “Privileged Structure”.
Mini. Rev. Med. Chem. 2009, 9, 782−793. (d) Aygun, A.; Pindur, U.
Chemistry and Biology of New Marine Alkaloids from the Indole and
Annelated Indole Series. Curr. Med. Chem. 2003, 10, 1113−1127.
(12) Joucla, L.; Djakovitch, L. Transition Metal-Catalysed, Direct and
Site-Selective N1-, C2-, or C3-Arylation of the Indole Nucleus: 20
Years of Improvements. Adv. Synth. Catal. 2009, 351, 673−714.
(13) Zhang, L.; Zhao, F.; Zheng, M.; Zhai, Y.; Liu, H. Rapid and
Selective Access to Three Distinct Sets of Indole-based Heterocycles
from a Single Set of Ugi-adducts Under Microwave Heating. Chem.
Commun. 2013, 49, 2894−2896.
(14) Zhang, L.; Zhao, F.; Zheng, M.; Zhai, Y.; Wang, J.; Liu, H.
Selective Synthesis of 5,6-Dihydroindolo[1,2-a]quinoxalines and 6,7-
Dihydroindolo[2,3-c]quinolines by Orthogonal Copper and Palladium
Catalysis. Eur. J. Org. Chem. 2013, 5710−5715.
(15) Cristau, H. J.; Cellier, P. P.; Spindler, J. F.; Taillefer, M. Highly
Efficient and Mild Copper-catalyzed N- and C-arylations with Aryl
Bromides and Iodides. Chem.Eur. J. 2004, 10, 5607−5622.
(16) (a) Surry, D. S.; Buchwald, S. L. Dialkylbiaryl Phosphines in Pd-
Catalyzed Amination: A User’s Guide. Chem. Sci. 2011, 2, 27−50.
(b) Surry, D. S.; Buchwald, S. L. Biaryl Phosphane Ligands in
Palladium-catalyzed Amination. Angew. Chem., Int. Ed. 2008, 47,
6338−6361.
(17) El Kaïm, L.; Gamez-Montaño, R.; Grimaud, L.; Ibarra-Rivera, T.
New Palladium-catalyzed Aerobic Oxidative Cleavage and Cyclization
of N-aryl Peptide Derivatives. Chem. Commun. 2008, 1350−1352.
(18) Bonnaterre, F.; Bois-Choussy, M.; Zhu, J. Rapid Access to
Oxindoles by the Combined Use of an Ugi Four-component Reaction
and a Microwave-assisted Intramolecular Buchwald-Hartwig Amida-
tion Reaction. Org. Lett. 2006, 8, 4351−4354.
(19) Irwin, J. J.; Shoichet, B. K. ZINC−A Free Database of
Commercially Available Compounds for Virtual Screening. J. Chem.
Inf. Model. 2005, 45, 177−182.
(20) Li, J.; Zhang, J.; Chen, J.; Luo, X.; Zhu, W.; Shen, J.; Liu, H.;
Shen, X.; Jiang, H. Strategy for Discovering Chemical Inhibitors of
human Cyclophilin a: Focused Library Design, Virtual Screening,
Chemical Synthesis and Bioassay. J. Comb. Chem. 2006, 8, 326−337.
(21) Hert, J.; Willett, P.; Wilton, D. J.; Acklin, P.; Azzaoui, K.; Jacoby,
E.; Schuffenhauer, A. Comparison of Topological Descriptors for
Similarity-based Virtual Screening Using Multiple Bioactive Reference
Structures. Org. Biomol. Chem. 2004, 2, 3256−3266.
(22) (a) Knox, C.; Law, V.; Jewison, T.; Liu, P.; Ly, S.; Frolkis, A.;
Pon, A.; Banco, K.; Mak, C.; Neveu, V.; Djoumbou, Y.; Eisner, R.;
Guo, A. C.; Wishart, D. S. DrugBank 3.0: A Comprehensive Resource
for “Omics” Research on Drugs. Nucleic Acids Res. 2011, 39, D1035−
D1041. (b) Wishart, D. S.; Knox, C.; Guo, A. C.; Cheng, D.;
Shrivastava, S.; Tzur, D.; Gautam, B.; Hassanali, M. DrugBank: A
Knowledgebase for Drugs, Drug Actions and Drug Targets. Nucleic
Acids Res. 2008, 36, D901−D906. (c) Wishart, D. S.; Knox, C.; Guo,
A. C.; Shrivastava, S.; Hassanali, M.; Stothard, P.; Chang, Z.; Woolsey,
J. DrugBank: A Comprehensive Resource for in silico Ddrug Discovery
and Exploration. Nucleic Acids Res. 2006, 34, D668−D672.
(23) Li, J.; Ehlers, T.; Sutter, J.; Varma-O’brien, S.; Kirchmair, J.
CAESAR: A New Conformer Generation Algorithm Based on

ACS Combinatorial Science Research Article

dx.doi.org/10.1021/co4001309 | ACS Comb. Sci. 2014, 16, 184−191190



Recursive Buildup and Local Rotational Symmetry Consideration. J.
Chem. Inf. Model. 2007, 47, 1923−1932.
(24) Wirth, M.; Sauer, W. H. B. Bioactive Molecules: Perfectly
Shaped for Their Target? Mol. Inf. 2011, 30, 677−688.
(25) Sonavane, S.; Chakrabarti, P. Cavities and Atomic Packing in
Protein Structures and Interfaces. PLoS Comput. Biol. 2008, 4,
e1000188.
(26) Ngan, C. H.; Beglov, D.; Rudnitskaya, A. N.; Kozakov, D.;
Waxman, D. J.; Vajda, S. The Structural Basis of Pregnane X Receptor
Binding Promiscuity. Biochemistry 2009, 48, 11572−11581.
(27) Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J.
Experimental and Computational Approaches to Estimate Solubility
and Permeability in Drug Discovery and Development Settings. Adv.
Drug Delivery Rev. 2001, 46, 3−26.
(28) Zheng, S.; Luo, X.; Chen, G.; Zhu, W.; Shen, J.; Chen, K.; Jiang,
H. A New Rapid and Effective Chemistry Space Filter in Recognizing a
Druglike Database. J. Chem. Inf. Model. 2005, 45, 856−862.

ACS Combinatorial Science Research Article

dx.doi.org/10.1021/co4001309 | ACS Comb. Sci. 2014, 16, 184−191191


