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Abstract: Fragment-based drug design (FBDD) affords active
compounds for biological targets. While there are numerous
reports on FBDD by fragment growing/optimization, fragment
linking has rarely been reported. Dynamic combinatorial
chemistry (DCC) has become a powerful hit-identification
strategy for biological targets. We report the synergistic
combination of fragment linking and DCC to identify inhib-
itors of the aspartic protease endothiapepsin. Based on X-ray
crystal structures of endothiapepsin in complex with fragments,
we designed a library of bis-acylhydrazones and used DCC to
identify potent inhibitors. The most potent inhibitor exhibits an
IC50 value of 54 nm, which represents a 240-fold improvement
in potency compared to the parent hits. Subsequent X-ray
crystallography validated the predicted binding mode, thus
demonstrating the efficiency of the combination of fragment
linking and DCC as a hit-identification strategy. This approach
could be applied to a range of biological targets, and holds the
potential to facilitate hit-to-lead optimization.

Over the past decade, fragment-based drug design (FBDD)
has emerged as a novel paradigm in drug discovery and it has
been applied to a growing number of biological targets.[1–3]

FBDD has higher hit rates than high-throughput screening
and enables coverage of the chemical space using smaller
libraries.[2] Since its inception in the mid-1990s,[4] FBDD has
expanded tremendously and various pharmaceutical compa-

nies have used FBDD to develop more than 18 drug
candidates that are now in clinical trials.[5]

After the identification of fragment hits by various
screening techniques, the hits are optimized to lead com-
pounds and drug candidates by fragment growing, linking,
and/or merging. Fragment growing, on the one hand, has
become the favorite optimization strategy,[6, 7] even though it
involves cycles of iterative design, synthesis and validation of
the binding mode of each derivative. To overcome this
drawback, we have previously reported the combination of
fragment growing and dynamic combinatorial chemistry
(DCC) to accelerate drug discovery.[8] Fragment linking, on
the other hand, is attractive because of the potential for super-
additivity (an improvement in ligand efficiency (LE) rather
than mere maintenance of LE). The first example of fragment
linking was reported by Fesik and co-workers.[4, 9] Since then,
a few studies demonstrating the efficiency of fragment linking
of low-affinity fragments to produce higher-affinity ligands
have been reported.[10, 11] The challenge lies in preserving the
binding modes of the fragments in adjacent pockets whilst
identifying a linker featuring an optimal fit.[12,13]

In addition to FBDD, DCC[14–18] and dynamic ligation
screening (DLS)[19–22] are powerful strategies for identifying/
optimizing hit compounds for biological targets. In a dynamic
combinatorial library (DCL), the bonds between the building
blocks are reversible and are continuously being made and
broken. Addition of the target protein leads to re-equilibra-
tion as one or more library components are bound to the
protein, resulting in amplification of the strongest binder(s)
from the DCL. In DLS, formation of a reversible covalent
bond between a directing probe and a nucleophilic fragment
enables the detection of low-affinity ligands while measuring
at micromolar concentrations.

We therefore envisaged the potentially synergistic combi-
nation of fragment linking and DCC as an efficient hit-
identification/optimization strategy. In this work, we com-
bined fragment linking and bis-acylhydrazone-based DCC to
identify inhibitors for endothiapepsin, which belongs to the
notoriously challenging family of pepsin-like aspartic pro-
teases.[23]

Aspartic proteases are found in fungi, vertebrates, plants,
and retroviruses such as HIV. This class of enzymes play
a causative role in important diseases such as malaria,
AlzheimerÏs disease, hypertension, and AIDS.[23] Owing to
its high similarity with these drug targets, endothiapepsin has
been used as a model enzyme for mechanistic studies[24–26] and
for the discovery of inhibitors of renin[27] and b-secretase.[28]
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Endothiapepsin is a robust enzyme, which remains active for
more than 20 days at room temperature, is readily available in
large quantities, and crystallizes easily, thus making it a useful
representative for aspartic proteases.[18] Pepsin-like aspartic
proteases are active as monomers and consist of two
structurally similar domains, each of which donates an
aspartic acid residue to the catalytic dyad (D35 and D219 in
endothiapepsin), which hydrolyzes the peptide bond of the
substrate through nucleophilic attack by a catalytic water
molecule.

Although bis-acylhydrazone-based DCC has been
reported,[29] there are no reports of fragment linking using
DCC. Herein, we describe the combination of fragment
linking/optimization and DCC to efficiently afford ligands for
inhibiting the aspartic protease endothiapepsin.

We chose X-ray crystal structures of endothiapepsin in
complex with acylhydrazones 1 and 2 (PDB IDs: 4KUP and
3T7P, respectively) as a starting point for fragment linking

(Figure 1). We had previously identified 1 and 2 as hits from
an acylhydrazone-based DCL using the synergistic combina-
tion of de novo SBDD and DCC.[18] Our hits 1 and 2 displayed
IC50 values of 12.8 mm and 14.5 mm and ligand efficiencies
(LEs) of 0.27 and 0.29, respectively, against endothiapepsin.
Both hits displayed alternative binding modes with the
catalytic dyad: either through a water-mediated interaction
or through direct interaction, with displacement of the lytic
water molecule. Fragments 1 and 2 occupy the S1 and S2 or S1
and S2’ pockets, respectively (Figure 2a).

We envisaged the linking of 1 and 2 to afford an inhibitor
that should occupy the S1, S1’, S2, and S2’ pockets of
endothiapepsin and benefit from numerous protein–ligand
interactions, while maintaining/improving the LE. With the
help of the molecular-modeling software Moloc,[30] we linked
the mesityl moiety of 1 to the naphthyl moiety of 2 through an
acylhydrazone linker, which resides at the junction of the S2
and S2’ pockets and appeared to be a suitable linker.
Acylhydrazone-based DCC is attractive for medicinal
chemistry-based projects because the resulting products
feature both H-bond donors and H-bond acceptors and are
stable enough as drug candidates under acidic and physio-
logical conditions. In our previous studies, we demonstrated
that acylhydrazone-based DCC is compatible with endothia-
pepsin.[8, 18] Inspection of known co-crystal structures of
endothiapepsin[31] and hotspot analysis[32] of the active site
suggested that both aromatic and aliphatic moieties can be
hosted in the S2’ pocket, since they benefit from hydrophobic
contacts with residues G37, L133, and F194. Based on our
molecular-modeling studies and evaluation of synthetic
accessibility, we designed and optimized a series of bis-

acylhydrazone-based inhibitors of endothiapepsin. A super-
imposition of a modeled potential bis-acylhydrazone-based
inhibitor and the parent fragments is shown in Figure 2. All of
the bis-acylhydrazones form H-bonding interactions with the
catalytic dyad and most of them occupy the S1, S2, S1’, and S2’
pockets, and maintain the binding mode of fragments 1 and 2.

Retrosynthetic analysis of the designed bis-acylhydra-
zones led to isophthalaldehyde (3) and nine hydrazide
building blocks (4–12) for DCC (Scheme 1). Whereas the
bis-aldehyde 3 and hydrazides 10–12 are commercially
available, we synthesized hydrazides 4–9 from their corre-
sponding methyl esters through treatment with hydrazine
monohydrate (60–90% yield, see Scheme S1 in the Support-
ing Information).

We set up a DCL with bis-aldehyde 3 and the nine
hydrazides 4–12, which has the potential to produce 78 bis-
acylhydrazones (excluding E/Z isomers) and 12 mono-acyl-
hydrazones. To facilitate the analysis, we divided the library
into two sub-libraries. We used reversed-phase HPLC and
LC–MS to analyze and identify the best binders from the
DCLs and we employed aniline as a nucleophilic catalyst to
ensure that the equilibrium is established faster than in the
absence of a catalyst.

The first library, DCL-1, consisted of the four hydrazides
5, 6, 10, and 12 (100 mm each), and bis-aldehyde 3 (50 mm) in
presence of 10 mm aniline and 2% DMSO in 0.1m sodium
acetate buffer at pH 4.6, thus resulting in the formation of 15
potential homo- and hetero-bis-acylhydrazones (excluding E/
Z isomers) and five mono-acylhydrazones in equilibrium with
the initial building blocks. We were able to detect all of the
homo- and hetero-bis-acylhydrazones by LC–MS analysis.
Upon the addition of endothiapepsin, we observed amplifi-

Figure 1. Structures of hits 1 and 2.

Figure 2. a) Superimposition of the crystallographically determined
binding modes of 1 (C: orange) and 2 (C: green) (PDB IDs: 4KUP and
3T7P, respectively) with a putative bis-acylhydrazone inhibitor (C:
yellow). b) Chemical structure of the modeled bis-acylhydrazone
shown in Figure 2a.[33]
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cation of the bis-acylhydrazones 13 and 14 by more than three
times compared to the blank reaction (Figure 3 and Figure S1
in the Supporting Information). We set up the second library,
DCL-2, using the five hydrazides 4, 7, 8, 9, and 11 (100 mm
each), and bis-aldehyde 3 (50 mm) under the same conditions,
giving rise to the formation of 28 potential homo- and hetero-

bis-acylhydrazones (excluding E/Z isomers) and seven mono-
acylhydrazones in equilibrium with the initial building blocks.
Upon addition of the protein, bis-acylhydrazones 15 and 16
were amplified by a factor of more than two compared to the
blank reaction (Figure 3 and Figure S2 in the Supporting
Information). We also constructed a large library, DCL-3,
using all nine hydrazides (4–12) and bis-aldehyde 3 and
observed amplification of the previously observed bis-acylhy-
drazones 13, 14, and 16 along with bis-acylhydrazones 17 and
18 (Figure 3 and S3 in the Supporting Information). We
identified a total of two homo- (13 and 16) and four hetero-
(14, 15, 17 and 18) bis-acylhydrazones from the three libraries
DCL-1–3 (Figure 3).

To determine the biochemical activity of the amplified bis-
acylhydrazones, we synthesized the two homo-bis-acylhydra-
zones 13 and 16 from their corresponding hydrazides 5 and 8
and the bis-aldehyde 3 (see Schemes S2 and S3 in the
Supporting Information). We determined their inhibitory
potency by applying a fluorescence-based assay adapted from
an assay for HIV protease.[34] Biochemical evaluation con-
firmed the results of our DCC experiments, which were
analyzed by LC–MS. Bis-acylhydrazones 13 and 16 indeed

Scheme 1. Structures and retrosynthetic analysis of the designed bis-acylhydrazone inhibitors and their corresponding aldehyde (3) and hydrazide
(4–12) precursors.

Figure 3. Chemical structures of the bis-acylhydrazones identified from
three DCLs using LC–MS analysis.

Figure 4. IC50 inhibition curve of 13 (IC50 =54.5�0.5 nm) measured in
duplicate; the errors are given as the standard deviation (SD).
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inhibit the enzyme with IC50 values of 0.054 mm and 2.1 mm,
respectively (see Figure 4, and Figures S4 and S5 in the
Supporting Information). The potency of the best inhibitor
was increased 240-fold compared to the parent hits. The
experimental Gibbs free energies of binding (DG) and LEs,
derived from the experimental IC50 values using the Cheng–
Prusoff equation,[35] are DG(13) =¢49 kJmol¢1, DG(16) =

¢34 kJmol¢1, and LE(13) = 0.29, LE(16) = 0.25, which rep-
resents an improvement in DG values while preserving the
LEs compared to the parent fragments (Table 1).

To validate the predicted binding mode of the linked
fragments, we soaked crystals of endothiapepsin with the
most potent inhibitor (13) and determined its crystal structure
(PDB ID: 5HCT) in complex with endothiapepsin at 1.36 è
resolution. 13 binds to the S1, S1’, and S2 pockets and
addresses the catalytic dyad through its a-C amino group
(Figure 5a). A part of this bis-acylhydrazone is not visible in
the electron-density map, thus implying disorder of this
substituent across multiple conformational states, which is in
line with our modeling studies. In two plausible poses, the
unresolved portion of bis-acylhydrazone 13 would be oriented
towards the S2’ and S6 pockets of the enzyme or remain
solvent-exposed (Figure 5b).

The detailed binding mode of bis-acylhydrazone 13 is
shown in Figure 5a. The visible portion of 13 preserves the
binding mode of the initial hit 1 and forms four charged
H bonds with the catalytic dyad through its a-C amino group,
as well as an H bond with the carboxylate group of D81
through the NH of the indolyl moiety, which is accommo-
dated in the S1 pocket and engaged in offset p–p stacking and
CH–p interactions with F116 and L125, respectively. The
phenyl group of 13 binds in the S2 pocket and is involved in
hydrophobic interactions with I300 and I304. Like the mesityl
group of 1, the phenyl group of 13 also engages in an amide–p

interaction with the peptide bond connecting residues G80
and D81. The phenyl moiety in 13 is connected with two imine
functionalities, thus making the aromatic ring electron-
deficient, which presumably strengthens the amide–p inter-
action compared to the electron-rich mesityl group in 1.[36]

In this study, we have demonstrated for the first time that
the synergistic combination of fragment linking and DCC is
a powerful and efficient strategy for accelerating hit identifi-
cation and optimization to afford inhibitors of the aspartic
protease endothiapepsin. We exploited LC–MS analysis to
identify the best binders directly from the DCLs. The best
inhibitor exhibits an IC50 value of 54 nm, representing a 240-
fold improvement in potency. Subsequent soaking experi-
ments validated our in silico fragment linking. Our strategic
combination of computational and analytical methods holds
great promise for accelerating drug development for this
challenging class of proteases, and it could afford useful new
lead compounds. This approach could be also extended to
a large number of other protein targets.
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Figure 5. a) X-ray crystal structure of endothiapepsin co-crystallized with bis-acylhydrazone 13 (PDB ID: 5HCT). b) Superimposition of the crystal
structure (violet) and modeled structures (yellow and cyan) of 13.[33]

Angewandte
ChemieCommunications

9425Angew. Chem. Int. Ed. 2016, 55, 9422 –9426 Ó 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


by the Dutch Ministry of Education, Culture, Science
(Gravitation program 024.001.035).

Keywords: dynamic combinatorial chemistry ·
fragment-based drug design · inhibitors · proteases ·
X-ray diffraction

How to cite: Angew. Chem. Int. Ed. 2016, 55, 9422–9426
Angew. Chem. 2016, 128, 9569–9574

[1] D. A. Erlanson, R. S. McDowell, T. O. Brien, J. Med. Chem.
2004, 47, 3463 – 3482.

[2] P. J. Hajduk, J. Greer, Nat. Rev. Drug Discovery 2007, 6, 211 –
219.

[3] H. Chen, X. Zhou, A. Wang, Y. Zheng, Y. Gao, J. Zhou, Drug
Discovery Today 2015, 20, 105 – 113.

[4] S. B. Shuker, P. J. Hajduk, R. P. Meadows, S. W. Fesik, Science
2013, 274, 1531 – 1534.

[5] D. A. Erlanson, Top. Curr. Chem. 2011, 317, 1 – 32.
[6] G. Chessari, A. J. Woodhead, Drug Discovery Today 2009, 14,

668 – 675.
[7] G. E. de Kloe, D. Bailey, R. Leurs, I. J. P. de Esch, Drug

Discovery Today 2009, 14, 630 – 646.
[8] M. Mondal, D. E. Groothuis, A. K. H. Hirsch, MedChemComm

2015, 6, 1267 – 1271.
[9] P. J. Hajduk, G. Sheppard, D. G. Nettesheim, E. T. Olejniczak,

S. B. Shuker, R. P. Meadows, D. H. Steinman, G. M. Carrera,
P. A. Marcotte, J. Severin, et al., J. Am. Chem. Soc. 1997, 119,
5818 – 5827.

[10] A. W. Hung, H. L. Silvestre, S. Wen, A. Ciulli, T. L. Blundell, C.
Abell, Angew. Chem. Int. Ed. 2009, 48, 8452 – 8456; Angew.
Chem. 2009, 121, 8604 – 8608.

[11] N. Howard, C. Abell, W. Blakemore, G. Chessari, M. Congreve,
S. Howard, H. Jhoti, C. W. Murray, L. C. A. Seavers, R. L. M.
Van Montfort, J. Med. Chem. 2006, 49, 1346—1355.

[12] D. C. Rees, M. Congreve, C. W. Murray, R. Carr, Nat. Rev. Drug
Discovery 2004, 3, 660 – 672.

[13] S. Chung, J. B. Parker, M. Bianchet, L. M. Amzel, J. T. Stivers,
Nat. Chem. Biol. 2009, 5, 407 – 413.

[14] M. Demetriades, I. K. H. Leung, R. Chowdhury, M. C. Chan,
M. A. McDonough, K. K. Yeoh, Y.-M. Tian, T. D. W. Claridge,
P. J. Ratcliffe, E. C. Y. Woon, et al., Angew. Chem. Int. Ed. 2012,
51, 6672 – 6675; Angew. Chem. 2012, 124, 6776 – 6779.

[15] V. T. Bhat, A. M. Caniard, T. Luksch, R. Brenk, D. J. Campo-
piano, M. F. Greaney, Nat. Chem. 2010, 2, 490 – 497.

[16] O. Ramstrçm, J.-M. Lehn, Nat. Rev. Drug Discovery 2002, 1, 26 –
36.

[17] M. Mondal, A. K. H. Hirsch, Chem. Soc. Rev. 2015, 44, 2455 –
2488.

[18] M. Mondal, N. Radeva, H. Kçster, A. Park, C. Potamitis, M.
Zervou, G. Klebe, A. K. H. Hirsch, Angew. Chem. Int. Ed. 2014,
53, 3259 – 3263; Angew. Chem. 2014, 126, 3324 – 3328.

[19] M. F. Schmidt, A. Isidro-Llobet, M. Lisurek, A. El-Dahshan, J.
Tan, R. Hilgenfeld, J. Rademann, Angew. Chem. Int. Ed. 2008,
47, 3275 – 3278; Angew. Chem. 2008, 120, 3319 – 3323.

[20] M. F. Schmidt, A. El-Dahshan, S. Keller, J. Rademann, Angew.
Chem. Int. Ed. 2009, 48, 6346 – 6349; Angew. Chem. 2009, 121,
6464 – 6467.

[21] E. Burda, J. Rademann, Nat. Commun. 2014, 5, 5170.
[22] M. I. Fern�ndez-Bachiller, A. Horatscheck, M. Lisurek, J.

Rademann, ChemMedChem 2013, 8, 1041 – 1056.
[23] J. B. Cooper, Curr. Drug Targets 2002, 3, 155 – 173.
[24] L. Coates, P. T. Erskine, S. Mall, R. Gill, S. P. Wood, D. A. Myles,

J. B. Cooper, Eur. Biophys. J. 2006, 35, 559 – 566.
[25] L. Coates, P. T. Erskine, S. P. Wood, D. A. Myles, J. B. Cooper,

Biochemistry 2001, 40, 13149 – 13157.
[26] L. Coates, H.-F. Tuan, S. Tomanicek, A. Kovalevsky, M.

Mustyakimov, P. Erskine, J. Cooper, J. Am. Chem. Soc. 2008,
130, 7235 – 7237.

[27] J. Cooper, W. Quail, C. Frazao, S. I. Foundling, T. L. Blundell, C.
Humblet, E. A. Lunney, W. T. Lowther, B. M. Dunn, Biochem-
istry 1992, 31, 8142 – 8150.

[28] S. Geschwindner, L. L. Olsson, J. S. Albert, J. Deinum, P. D.
Edwards, T. De Beer, R. H. A. Folmer, J. Med. Chem. 2007, 50,
5903 – 5911.

[29] A. J. Clipson, V. T. Bhat, I. McNae, A. M. Caniard, D. J.
Campopiano, M. F. Greaney, Chem. Eur. J. 2012, 18, 10562 –
10570.

[30] P. R. Gerber, K. Mîller, J. Comput.-Aided Mol. Des. 1995, 9,
251 – 268.

[31] H. Kçster, T. Craan, S. Brass, C. Herhaus, M. Zentgraf, L.
Neumann, A. Heine, G. Klebe, J. Med. Chem. 2011, 54, 7784 –
7796.

[32] H. Gohlke, M. Hendlich, G. Klebe, Perspect. Drug Discovery
Des. 2000, 20, 115 – 144.

[33] PyMOL(TM) Molecular Graphics System, Warren L. DeLano,
http://www.pymol.org/, version 1.4.1.

[34] M. V. Toth, G. R. Marshall, Int. J. Pept. Protein Res. 1990, 36,
544 – 550.

[35] H. C. Cheng, J. Pharmacol. Toxicol. Methods 2001, 46, 61 – 71.
[36] M. Harder, B. Kuhn, F. Diederich, ChemMedChem 2013, 8, 397 –

404.

Received: March 29, 2016
Revised: May 5, 2016
Published online: July 12, 2016

Angewandte
ChemieCommunications

9426 www.angewandte.org Ó 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 9422 –9426

http://dx.doi.org/10.1021/jm040031v
http://dx.doi.org/10.1021/jm040031v
http://dx.doi.org/10.1038/nrd2220
http://dx.doi.org/10.1038/nrd2220
http://dx.doi.org/10.1016/j.drudis.2014.09.015
http://dx.doi.org/10.1016/j.drudis.2014.09.015
http://dx.doi.org/10.1007/128_2011_180
http://dx.doi.org/10.1016/j.drudis.2009.04.007
http://dx.doi.org/10.1016/j.drudis.2009.04.007
http://dx.doi.org/10.1016/j.drudis.2009.03.009
http://dx.doi.org/10.1016/j.drudis.2009.03.009
http://dx.doi.org/10.1039/C5MD00157A
http://dx.doi.org/10.1039/C5MD00157A
http://dx.doi.org/10.1021/ja9702778
http://dx.doi.org/10.1021/ja9702778
http://dx.doi.org/10.1002/anie.200903821
http://dx.doi.org/10.1002/ange.200903821
http://dx.doi.org/10.1002/ange.200903821
http://dx.doi.org/10.1021/jm050850v
http://dx.doi.org/10.1038/nrd1467
http://dx.doi.org/10.1038/nrd1467
http://dx.doi.org/10.1038/nchembio.163
http://dx.doi.org/10.1002/anie.201202000
http://dx.doi.org/10.1002/anie.201202000
http://dx.doi.org/10.1002/ange.201202000
http://dx.doi.org/10.1038/nchem.658
http://dx.doi.org/10.1038/nrd704
http://dx.doi.org/10.1038/nrd704
http://dx.doi.org/10.1039/C4CS00493K
http://dx.doi.org/10.1039/C4CS00493K
http://dx.doi.org/10.1002/anie.201309682
http://dx.doi.org/10.1002/anie.201309682
http://dx.doi.org/10.1002/ange.201309682
http://dx.doi.org/10.1002/anie.200704594
http://dx.doi.org/10.1002/anie.200704594
http://dx.doi.org/10.1002/ange.200704594
http://dx.doi.org/10.1002/anie.200901647
http://dx.doi.org/10.1002/anie.200901647
http://dx.doi.org/10.1002/ange.200901647
http://dx.doi.org/10.1002/ange.200901647
http://dx.doi.org/10.1038/ncomms6170
http://dx.doi.org/10.1002/cmdc.201300078
http://dx.doi.org/10.1007/s00249-006-0065-7
http://dx.doi.org/10.1021/bi010626h
http://dx.doi.org/10.1021/ja801269x
http://dx.doi.org/10.1021/ja801269x
http://dx.doi.org/10.1021/bi00150a005
http://dx.doi.org/10.1021/bi00150a005
http://dx.doi.org/10.1021/jm070825k
http://dx.doi.org/10.1021/jm070825k
http://dx.doi.org/10.1002/chem.201201507
http://dx.doi.org/10.1002/chem.201201507
http://dx.doi.org/10.1007/BF00124456
http://dx.doi.org/10.1007/BF00124456
http://dx.doi.org/10.1021/jm200642w
http://dx.doi.org/10.1021/jm200642w
http://dx.doi.org/10.1023/A:1008781006867
http://dx.doi.org/10.1023/A:1008781006867
http://www.pymol.org/
http://dx.doi.org/10.1016/S1056-8719(02)00166-1
http://dx.doi.org/10.1002/cmdc.201200512
http://dx.doi.org/10.1002/cmdc.201200512
http://www.angewandte.org

