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A modular approach to explore the macrocyclic chemical
space around an aminoindoline scaffold is developed. This is
achieved by incorporating an amino acid moiety and subse-

quent “stitching technology”. Through screening of a zebrafish assay, several antiangiogenesis agents are identified.

Introduction

of undertaking biological targets that are beyond our reach
at present.[15,7]
In particular, the interest in accessing functionalized
large ring derivatives (i.e., macrocyclic compounds) is growing due to several reasons: (1) Medium-to-large ring structures present an opportunity to map a large surface area to
interact with protein targets. (2) Preorganization in large
rings allows several functional groups in specific orientations to be displayed. (3) In general, cyclic compounds possess better cell permeation properties.[16] Despite all of these
attractive features that large rings offer and despite the excellent track record of several macrocyclic natural products
as drugs, the full potential of this area remains to be explored thoroughly.[16–22] One of the challenges in this arena
is the development of synthesis methods that are modular
and practical in nature and that would allow different types
of functionalized medium to large rings to be obtained.
A few years ago, we initiated a synthesis program that
was aimed at developing methods to allow us access to
functionalized, enantioenriched natural product inspired
scaffolds.[23–25] In one study,[23] we developed a practical
synthesis of an aminoindoline scaffold having three orthogonally protected functional groups. In this report, we demonstrate that this bicyclic scaffold can be converted into a
tricyclic system through an in situ, stereocontrolled azaMichael reaction. Our approach is general and can be
transferred to the solid phase, which allowed us to obtain
a proof of concept library for further biological evaluation.

With the goal of expanding the currently accepted chemical space to search for small molecule modulators of protein–protein[1–3] and DNA/RNA–protein[4] interactions and
signaling pathways,[5,6] the past few years have seen a growing interest in accessing small molecules[7–9] that are more
natural product like, and many of these small molecules are
obtained through the inspiration of bioactive natural products.[10–12] Traditionally, small molecules that are broadly
available to the medicinal chemistry community for early
biological evaluation are rich in sp2 character, and in general, they lack the features that are commonly found in bioactive natural products.[13,14] Several leading review articles
have been written on this topic, and they challenge the organic synthesis community to access small molecules for
biological evaluation in the broad areas of protein–protein
interactions and other bio-macromolecular interactions.[14,7,10,12] It is hoped that by going beyond the conventional chemical space and by enriching our small molecule
collection to be more natural product like, we will identify
functional small molecules for areas that are considered difficult.[15,7] Moreover, this will allow us to expand the scope
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Results and Discussion
As an extension of this work, with the objective to explore macrocyclic chemical space,[26,27] we report herein a
modular method that allowed us to incorporate different
types of medium/large ring skeletons (see 1.2, 1.3, and 1.4;
Scheme 1) into enantioenriched aminoindoline scaffold 1.1.
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Scheme 1. The proposed plan to obtain macrocyclic-derived compounds 1.2, 1.3, and 1.4 from enantioenriched aminoindoline scaffold
1.1. P1: NHTeoc; P2: OBz; P3: NHAlloc.

There are several attractive features of aminoindoline scaffold 1.1 that make it an attractive starting point to incorporate various medium/large rings into the skeleton. These include the presence of (1) a trans-2,3-amino alcohol moiety
that can further be utilized to build trans-fused 12-membered ring 1.2, (2) a 1,2-amino alcohol that utilizes the
indoline nitrogen atom to provide 11-membered ring 1.3,
and (3) 1,3-orthogonally protected diamino functional
groups that can lead to bridged 11-membered ring 1.4. In
all three strategies, we utilized a common approach to incorporate the amino acid functionality, and ring-closing
metathesis[28–30] was used as stitching technology to construct the macrocyclic ring. For example, final target 1.2
presents several interesting features, including an enantioen-

riched aminoindoline substructure, a trans-fused 12-membered ring, and the presence of an amino acid functionality
in the macrocyclic skeleton to allow variation in the nature
of the chiral side chain. Similarly, target 1.3 provides the
aminoindoline substructure and an additional 11-membered ring having an amino acid in the skeleton to allow
variation in the chiral side chain. Finally, our third target,
that is, compound 1.4, contains an additional bridged 11memebred ring that utilizes both nitrogen atoms of an
aminoindoline scaffold. Altogether, these three divergent
strategies with a common objective provide an excellent opportunity to build a unique chemical toolbox having compounds that will represent the privileged substructure and
additional different types of large-ring derivatives to explore

Scheme 2. The synthesis of 1.2 having a 12-membered macrocyclic ring on an aminoindoline scaffold. Py = pyridine, Bz = benzoyl, DBU
= 1,8-diazabicyclo[5.4.0]undec-7-ene, TBAI = tetrabutylammonium iodide.
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their value in biology as modulators of protein–protein interactions and signaling pathways.
Our synthesis method to obtain 12-membered ring
macrocyclic ring derivative 1.2 from an enantioenriched
aminoindoline scaffold is outlined in Scheme 2. As we reported the synthesis of an aminoindoline scaffold earlier,[23]
a slightly revised procedure gave us easy access to 2.2 from
2.1 (note: the detailed synthesis procedure is provided in the
Supporting Information).
The free amine was acylated (i.e., R4 as the first diversity
point), and following removal of the benzyloxycarbonyl
(Cbz) group (10 % Pd over C), it was then subjected to reductive alkylation to obtain secondary amine 2.3 in good
yield (i.e., R3 as the second diversity point). The secondary
amine was then coupled with different 9-fluorenylmethoxycarbonyl (Fmoc) amino acids that allowed us to introduce
the diversity site as R1 (i.e., the side chain of an amino
acid). The Fmoc group was removed, and the free amine
was then acylated with acid chlorides to provide 2.4 with
the fourth diversity point (R2). Upon treatment under basic
conditions with allyl bromide, bisallylated product 2.5 was
produced in respectable yield. Under reactions conditions
that may have trace amounts of moisture, hydrolysis of the
benzoyl ester was also observed, which was then followed
by O-allylation. The next crucial step was to explore the
ring-closing metathesis based stitching technology on
highly functionalized substrate 2.5. This reaction worked
well, and as we proposed, the 12-membered macrocyclic
ring was easily obtained. The cyclic product was then subjected to hydrogenation to obtain the saturated version as
product 1.2, which was characterized through various analytical techniques (HPLC–MS and NMR spectroscopy).
Our approach is general in nature, and this was tested by

completing the synthesis of macrocyclic products 1.2. All
products were thoroughly purified and characterized (see
the Supporting Information).
Our next plan was to develop a synthesis method to access various macrocyclic compounds from 1.3 (Scheme 3).
To achieve this objective, we again utilized compound 2.2
as the starting material. The direct coupling with various
amino acid chlorides (i.e., to obtain the first diversity point
as R1) was achieved. The Fmoc group was removed, and
the amine was acylated to add the second diversity point as
R2. Because we planned to utilize the aminoindoline side
chain oxygen atom to obtain our macrocyclic ring, the
indoline amine was converted into a tertiary amide following removal of the Cbz group to give us two additional
diversity sites (R3 and R4). As described earlier, allylation
of 3.2 was performed, and as in the previous case, under
the reaction conditions 3.2 was also debenzoylated, which
led to O-allylation at the primary hydroxy group. The bisallylated product was then subjected to ring-closing metathesis by using Grubbs chemistry. Once again, this reaction
worked well and the 11-membered cyclic ring was easily obtained. To validate the generality of our approach, we tried
this method in four cases and all of them successfully produced the macrocyclic products. We subjected all four
macrocycles to double bond removal under hydrogenation
conditions, and their corresponding saturated derivatives
were easily obtained as 1.3. All the products were thoroughly purified and characterized by HPLC–MS and NMR
spectroscopy.
Our final approach to develop a method to access 11membered bridged macrocyclic derivatives (see, 1.4) is
shown in Scheme 4. As in the previous case, we obtained
4.1 from 3.1 in easy steps. At this stage, the amino group

Scheme 3. Synthesis of 1.3 with an 11-membered ring. DIPEA = N,N-diisopropylethylamine.
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Scheme 4. The incorporation of the 11-membered bridged macrocycle.

on scaffold 3.1 was deprotected and further acylated to obtain 4.1. Following the conversion of the side chain hydroxy
group from OBz to OMe or OBn, the substrate was subjected to the bisallylation reaction conditions. The bisallylated product was then subjected to crucial stitching technology by using ring-closing metathesis. To our pleasant surprise, this reaction worked well, and final product 1.4 obtained after double bond removal, and it was thoroughly
purified and characterized (see the Supporting Information). Once again, to explore the validity of this method,
we examined two other substrates, and our approach to
build the 11-membered bridged macrocyclic ring worked in
both cases. Careful analysis of the 3D model of 1.4a indicated that the benzylic nitrogen atom occupies a pseudoaxial position and this brings the CH2OMe group out of the
plane due to a relative 1,2-trans orientation. This may be a
crucial factor in bringing the two olefinic groups in proximity to facilitate formation of the 11-membered bridged
macrocycle. To the best of our knowledge, this strategy to
obtain different macrocyclic rings attached to the aminoindoline scaffold is unique and has not been reported. It
also provides an excellent opportunity to build a novel, natural product inspired chemical toolbox to explore its value
in a search of functional small molecules.
All the small molecules obtained from this project (in
total 39 compounds) were then subjected to an embryo zebrafish screen in three different assays: angiogenesis,[31–33]
early embryonic development,[34] and neurogenesis.[33,35] A
detailed list of all compounds tested in this study is shown
in the Supporting Information. These assays are well docu3962
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mented in the literature[33,35] and are routinely utilized in
our laboratories. A major advantage with the use of the
zebrafish technology is that it is close to the in vivo model,
and it is a cheap way to evaluate compounds in a highthroughput manner. Details of the screening procedure are
provided in the Supporting Information. The zebrafish
screen identified 3.1b, 3.2b, and S14 (Figure 1) as antiangiogenesis agents with partial inhibition at 2.5 μm and complete inhibition at 5.0 μm. Compounds 3.1d, 2.3c, and 2.3d
were found to exhibit complete inhibition at 2.5 μm. In another screen of early embryonic development, we identified
S26 functioning at 3.0 μm.

Conclusions
With the goal of building a diverse set of small molecules
having a privileged substructure and different types of medium to large ring derivatives, we developed a diversitybased method. The first study utilized the primary hydroxy
on the side chain and the benzylic amine to build a 12membered macrocyclic ring. Using a similar strategy and
through the use of the primary hydroxy group and the
indoline amino group, an 11-membered ring was synthesized. Finally, the use of both nitrogen atoms (i.e., primary
and secondary amines) led to the successful synthesis of an
11-membered bridged macrocycle. Upon evaluation of our
small molecules in a zebrafish assay, we identified three
novel compounds as antiangiogenesis agents. These findings are at an early stage and further work is required to
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gain deeper insight into the mode of action of these functional small molecules.
Supporting Information (see footnote on the first page of this article): General methods, experimental procedures, spectral data, and
zebrafish screening.
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Figure 1. Zebrafish angiogenesis assay: (a) embryonic zebrafish,
(b) control with DMSO, (c) antiangiogenesis effect of 3.1b at
5.0 μm; embryo development assay: (a) normal development,
(b) the effect of small molecule S26 at 3.0 μm.
Eur. J. Org. Chem. 2013, 3959–3964

[1] M. R. Arkin, J. A. Wells, Nat. Rev. Drug Discovery 2004, 3,
301–317.
[2] J. A. Wells, C. L. McClendon, Nature 2007, 450, 1001–1009.
[3] P. Pellicena, J. Kuriyan, Curr. Opin. Struct. Biol. 2006, 16, 702–
709.
[4] D. L. Boger, J. Desharnais, K. Capps, Angew. Chem. 2003, 115,
4270–4309; Angew. Chem. Int. Ed. 2003, 42, 4138–4176.
[5] J. D. Scott, T. Pawson, Science 2009, 326, 1220–1224.
[6] M. C. Fishman, J. A. Porter, Nature 2005, 437, 491–493.
[7] S. L. Schreiber, Proc. Natl. Acad. Sci. USA 2011, 108, 6699–
6702.
[8] T. E. Nielsen, S. L. Schreiber, Angew. Chem. 2008, 120, 52–61;
Angew. Chem. Int. Ed. 2008, 47, 48–56.
[9] S. L. Schreiber, Nat. Chem. Biol. 2005, 1, 64–66.
[10] J. P. Nandy, M. Prakesch, S. Khadem, P. T. Reddy, U. Sharma,
P. Arya, Chem. Rev. 2009, 109, 1999–2060.
[11] P. Arya, R. Joseph, Z. H. Gan, B. Rakic, Chem. Biol. 2005, 12,
163–180.
[12] A. Reayi, P. Arya, Curr. Opin. Chem. Biol. 2005, 9, 240–247.
[13] S. Dandapani, L. A. Marcaurelle, Curr. Opin. Chem. Biol. 2010,
14, 362–370.
[14] S. Dandapani, L. A. Marcaurelle, Nat. Chem. Biol. 2010, 6,
861–863.
[15] T. Hoffmann, R. Metternich, Angew. Chem. 2012, 124, 8800–
8801; Angew. Chem. Int. Ed. 2012, 51, 8670–8671.
[16] E. M. Driggers, S. P. Hale, J. Lee, N. K. Terrett, Nat. Rev. Drug
Discovery 2008, 7, 608–624.
[17] C. Dockendorff, M. M. Nagiec, M. Weiwer, S. Buhrlage, A.
Ting, P. P. Nag, A. Germain, H. J. Kim, W. Youngsaye, C.
Scherer, M. Bennion, L. Xue, B. Z. Stanton, T. A. Lewis, L.
Macpherson, M. Palmer, M. A. Foley, J. R. Perez, S. L. Schreiber, ACS Med. Chem. Lett. 2012, 3, 808–813.
[18] L. F. Peng, B. Z. Stanton, N. Maloof, X. Wang, S. L. Schreiber,
Bioorg. Med. Chem. Lett. 2009, 19, 6319–6325.
[19] B. Z. Stanton, L. F. Peng, N. Maloof, K. Nakai, X. Wang, J. L.
Duffner, K. M. Taveras, J. M. Hyman, S. W. Lee, A. N.
Koehler, J. K. Chen, J. L. Fox, A. Mandinova, S. L. Schreiber,
Nat. Chem. Biol. 2009, 5, 154–156.
[20] M. Prakesch, U. Sharma, M. Sharma, S. Khadem, D. M. Leek,
P. Arya, J. Comb. Chem. 2006, 8, 715–734.
[21] U. Sharma, S. Srivastava, M. Prakesch, M. Sharma, D. M.
Leek, P. Arya, J. Comb. Chem. 2006, 8, 735–761.
[22] S. Khadem, R. Joseph, M. Rastegar, D. M. Leek, K. A. Oudatchin, P. Arya, J. Comb. Chem. 2004, 6, 724–734.
[23] Z. Gan, P. T. Reddy, S. Quevillon, S. Couve-Bonnaire, P. Arya,
Angew. Chem. 2005, 117, 1390–1392; Angew. Chem. Int. Ed.
2005, 44, 1366–1368.
[24] R. R. Poondra, N. N. Kumar, K. Bijian, M. Prakesch, V. Campagna-Slater, A. Reayi, P. T. Reddy, A. Choudhry, M. L.
Barnes, D. M. Leek, M. Daroszewska, C. Lougheed, B. Xu,

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eurjoc.org

3963

S. S. Kitambi, P. Arya et al.

SHORT COMMUNICATION
M. Schapira, M. A. Alaoui-Jamali, P. Arya, J. Comb. Chem.
2009, 11, 303–309.
[25] M. Prakesch, K. Bijian, V. Campagna-Slater, S. Quevillon, R.
Joseph, C. Q. Wei, E. Sesmilo, A. Reayi, R. R. Poondra, M. L.
Barnes, D. M. Leek, B. Xu, C. Lougheed, M. Schapira, M.
Alaoui-Jamali, P. Arya, Bioorg. Med. Chem. 2008, 16, 9596–
9602.
[26] a) B. Dasari, S. Jogula, R. Borhade, S. Balasubramanian, G.
Chandrasekar, S. S. Kitambi, P. Arya, Org. Lett. 2013, 15, 432–
435; b) M. Aeluri, C. Pramanik, L. Chetia, N. K. Mallurwar,
S. Balasubramanian, G. Chandrasekar, S. S. Kitambi, P. Arya,
Org. Lett. 2013, 15, 436–439.
[27] M. Aeluri, J. Gaddam, D. V. K. S. Trinath, G. Chandrasekar,
S. S. Kitambi, P. Arya, Eur. J. Org. Chem. 2013, 3955–3958.
[28] R. H. Grubbs, Tetrahedron 2004, 60, 7117–7140.
[29] R. H. Grubbs, S. Chang, Tetrahedron 1998, 54, 4413–4450.

3964

www.eurjoc.org

[30] R. H. Grubbs, S. J. Miller, G. C. Fu, Acc. Chem. Res. 1995, 28,
446–452.
[31] G. N. Serbedzija, E. Flynn, C. E. Willett, Angiogenesis 1999, 3,
353–359.
[32] A. Vogt, P. A. McPherson, X. Shen, R. Balachandran, G. Zhu,
B. S. Raccor, S. G. Nelson, M. Tsang, B. W. Day, Chem. Biol.
Drug Des. 2009, 74, 358–368.
[33] M. Konantz, T. B. Balci, U. F. Hartwig, G. Dellaire, M. C. Andre, J. N. Berman, C. Lengerke, Ann. N. Y. Acad. Sci. 2012,
1266, 124–137.
[34] A. Vogt, A. Cholewinski, X. Shen, S. G. Nelson, J. S. Lazo, M.
Tsang, N. A. Hukriede, Dev. Dynam. 2009, 238, 656–663.
[35] R. T. Peterson, M. C. Fishman, Methods Cell Biol. 2011, 105,
525–541.
Received: March 18, 2013
Published Online: May 21, 2013

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Org. Chem. 2013, 3959–3964

