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Abstract: The efficient synthesis of a sequence-defined deca-
mer, its characterization, and its straightforward dimerization
through self-metathesis are described. For this purpose,
a monoprotected AB monomer was designed and used to
synthesize a decamer bearing ten different and selectable side
chains by iterative Passerini three-component reaction (P-
3CR) and subsequent deprotection. The highly efficient
procedure provided excellent yields and allows for the multi-
gram-scale synthesis of such perfectly defined macromolecules.
An olefin was introduced at the end of the synthesis, allowing
the self-metathesis reaction of the resulting decamer to provide
a sequence-defined 20-mer with a molecular weight of
7046.40 gmol¢1. The obtained oligomers were carefully char-
acterized by NMR and IR spectroscopy, GPC and GPC
coupled to ESI-MS, and mass spectrometry (FAB and orbitrap
ESI-MS).

In recent years, the potential of sequence-controlled and
sequence-defined polymers has attracted researchers all over
the world. Hence, tremendous progress has been made in the
synthesis of sequence-controlled polymers, which in turn led
to the possibility of tuning material properties and three-
dimensional structures depending on the monomer
sequence.[1] Furthermore, possible applications of sequence-
defined polymers as catalysts and data storage materials are
envisioned.[2] In general, the synthetic approaches can be
divided into three subgroups, which are based on chain-
growth, templated, and stepwise reactions.[2a, 3] The chain-
growth methods rely on controlled (living) polymerizations,
synthesizing sequence-controlled polymers. These
approaches take advantage of simple one-pot reactions;
however, the statistical nature of these processes leads to
polymers of different chain lengths and to a distribution of the
placed functional groups.[4] For the synthesis of sequence-
defined polymers, templated systems and iterative reactions
have to be considered. Although templated systems and the
use of molecular machines are highly sophisticated and
elegant, the products are only obtained on a milligram scale,
which limits the applicability of the obtained products.[3a,5]

Also stepwise approaches are mostly conducted on a (soluble)

solid support, which simplifies and accelerates the synthesis
and workup procedures but limits the reaction scale.[6] On the
other hand, some solution-phase approaches exist that
theoretically allow scalable reactions.[7] Here, high yields in
each reaction step are crucial in the synthesis of longer
sequences. Therefore, scalable synthesis protocols that allow
for high overall yields are required in order to bring sequence-
defined macromolecules into application, for instance as
artificial enzymes, catalysts, and active ingredients for phar-
maceutical applications. However, some of the envisioned
applications of sequence-defined materials, for instance in the
field of data storage, do not necessarily need larger scales.[8]

In order to achieve high yields and scalability with one
strategy, an appropriate monomer was synthesized and
subsequently used for the synthesis of sequence-defined
oligomers through iterative Passerini three-component reac-
tion (P-3CR) and deprotection. Thus, a monomer having both
an isocyanide and a benzyl ester protected carboxylic acid
function was prepared, which is similar to the monomer
employed for the synthesis of dendrimers using the Ugi four-
component reaction (Ugi-4CR).[9] This combination of func-
tional groups seemed to be the most convenient from our
point of view due to the limited stability and difficult synthesis
of aldehydes, on the one hand, and the lack of protecting
groups for isocyanides, on the other hand. Moreover, the
efficient, simple, and orthogonal deprotection of benzyl esters
is highly valuable for this strategy. An overview of the
reaction conditions for the monomer synthesis is shown in
Scheme 1. The overall yield over three steps was 63% and the
reaction was performed on a 15-gram scale. This synthesis
protocol can be adapted to other amino acid derivatives,
allowing a variety of structural backbones along with
selectable side chains.

Scheme 1. Three-step synthesis of the monoprotected AB-type mono-
mer M1, having both a benzyl ester and an isocyanide functionality.
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Supporting information for this article (including experimental
details and in-depth characterization of the products) is available on
the WWW under http://dx.doi.org/10.1002/anie.201509398.
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Subsequently, monomer M1 was applied in the efficient
iterative sequence consisting of a P-3CR and subsequent
deprotection of the benzyl ester to yield a sequence-defined
decamer with ten different side chains (Scheme 2). In detail,
the isocyanide functionality of monomer M1 was reacted in
a P-3CR with, for example, stearic acid as the starting
substrate and an aldehyde component.

The thus obtained product of the P-3CR bears a benzyl
ester moiety, which can be used for another P-3CR after
hydrogenolysis with a heterogeneous Pd/C catalyst and
simple workup by filtration. Remarkably, the workup by

column chromatography after the P-3CR step turned out to
be simpler with increasing chain lengths: the excess low-
molecular-weight reactants (monomer M1 and the aldehyde)
were recovered by elution with apolar solvents and subse-
quently, polar eluents allowed the simple collection of the
sequence-defined oligomers. By the use of different alde-
hydes for the P-3CR, we were able to introduce ten different
side chains to the sequence-defined oligomer, including
aliphatic, aromatic, and olefinic moieties (Figure 1, top). It
has to be noted that if olefins are introduced to the oligomer,
the deprotection step also leads to a reduction of the double

bonds. Thus, olefins must be introduced either at the end of
the sequence, or the double bond must be protected or
further functionalized prior to the hydrogenolysis of the
benzyl ester.

The overall yields in the synthesis of the sequence-
defined oligomers were very high. The yields were consid-
erably higher and the workup was simplified compared to
that in a previously reported procedure (see Table 1,
entries 1–5).[7b] In addition, only one single monoprotected
building block was required, the reactions could be
conducted on a multigram scale, and activating agents
were not necessary, making this synthesis protocol advanta-
geous over other stepwise procedures, such as the well-
established polypeptide synthesis.

The sequence-defined decamer (Figure 1, top) was
obtained in 19 reaction steps in an excellent overall yield
of 44 %. It has to be highlighted that the reactions were
carried out on multigram scale; hence 2.4 g of the sequence-
defined decamer was obtained (see Figure S4). This implies

Scheme 2. Synthesis strategy towards sequence-defined macromolecules
using the monoprotected AB monomer M1.

Figure 1. Top: Structure of the sequence-defined decamer with ten side chains, including aliphatic, aromatic, and olefinic side chains. Bottom left:
GPC traces of the obtained products after each P-3CR. Bottom right: ESI mass spectrum of the sequence-defined decamer. The assigned masses
correspond to the doubly (m/z 1805.36) and the triply (m/z 1211.23) charged sodium ions ([M + z Na]z+).
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that the synthesis of defined macromolecules for certain
applications and the establishment of structure–property
relationships will be possible in the future. The high purity
of the obtained products was evidenced by GPC (Figure 1,
bottom left) and NMR spectroscopy, and the macromolecules
were further characterized by GPC-ESI-MS and mass spec-
trometry (see the Supporting Information). Figure 1 (bottom,
right) shows the obtained ESI mass spectrum of the sequence-
defined decamer. The doubly (m/z 1805.36) and triply (m/z
1211.23) charged sodium cations ([M + z Na]z+) are clearly
observed. Moreover, the isotope pattern was compared with
the calculated one, confirming the chemical structure of the
sequence-defined decamer (Figure S2). Beyond that, MS/MS
techniques were recently reported in order to obtain a post-
synthetic proof of the synthesized sequences.[10]

In order to highlight the versatility of our approach, we
introduced a cis double bond to the side chain of the tenth

repeating unit allowing further modifications. Thus, we
successfully conducted the self-metathesis of the sequence-
defined decamer (see Figure 2, left) using the Hoveyda–
Grubbs second-generation catalyst in combination with p-
benzoquinone in order to prevent possible isomerization
reactions.[11] In this way, a sequence-defined 20-mer was
synthesized in 48 % yield, resulting in an overall yield of 21%
over 20 reaction steps. The GPC trace of the 20-mer shows
a clear shift in retention time compared to the decamer due to
the significant increase in molecular weight (Figure 2, right).
In addition, the high purity of the 20-mer is evidenced. In
order to characterize the sequence-defined 20-mer in more
detail, we further conducted a coupled GPC-ESI-MS mea-
surement. The GPC trace and the ESI mass spectrum
recorded at a retention time of 13.56 min are displayed in
Figure 3. The ESI mass spectrum clearly shows the fourfold
(m/z 1784.34), fivefold (m/z 1432.07), and sixfold (m/z
1197.22) charged sodium ions ([M + zNa]z+) of the
sequence-defined 20-mer. Additionally, we analyzed the
isotope pattern of the spectrum, which is in very good
agreement with the calculated one and verifies the chemical
structure of the product (Figure S3).

In conclusion, an easy, scalable, and high-yield strategy
towards sequence-defined macromolecules was developed
and successfully applied in the synthesis of a sequence-
defined decamer with a molecular weight of 3565.28 gmol¢1.
Remarkably, a quantity of more than two grams could be
synthesized applying this strategy. Furthermore, functional
side chains, such as double bonds, were introduced, which
allow for further modifications. Here, the self-metathesis
reaction of the sequence-defined decamer led to a sequence-
defined 20-mer with a molecular weight of 7046.40 gmol¢1. In
addition, the high purity of the products was evidenced by in-
depth analysis including NMR spectroscopy, GPC, and GPC-
ESI-MS and ESI orbitrap mass spectrometry.

Table 1: Comparison of the yields of the previously published Passerini/
thiol–ene[7b] approach with the monomer approach reported here.

Sequence[a] Passerini/thiol–ene Passerini/deprotection

1st 71% 97%
2nd 73% 96%
3rd 65% 88%
4th 65% 90%
5th 68% 91%
6th 92%
7th 91%
8th 92%
9th 89%
10th 95%
overall yield 15% (for 5-mer) 44% (for 10-mer)

[a] Sequence includes the Passerini reaction as well as the thiol–ene
addition or the deprotection.

Figure 2. Left: Reaction scheme of the self-metathesis reaction of the sequence-defined decamer. Right: GPC traces of the obtained products,
indicating the clear shift of the 20-mer compared to the decamer due to the almost doubling of the molecular weight.

Angewandte
ChemieCommunications

1206 www.angewandte.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 1204 –1207

http://www.angewandte.org


Acknowledgements

We thank Prof. Barner-Kowollik and his group for access to
the GPC-ESI-MS equipment. We are grateful to the Deutsche
Forschungsgemeinschaft (German Research Council, DFG)
in the context of §91b application under the auspices of Prof.
C. Barner-Kowollik for funding the orbitrap mass spectrom-
eter. S.C.S. is grateful for a PhD scholarship from the Verband
der Chemischen Industrie (VCI). We kindly thank the DFG
for funding this project in the framework of the collaborative
research center 1176 (SFB 1176, project A3).

Keywords: metathesis · multicomponent reactions ·
Passerini reaction · polymers · sequence control

How to cite: Angew. Chem. Int. Ed. 2016, 55, 1204–1207
Angew. Chem. 2016, 128, 1222–1225

[1] A. M. Rosales, R. A. Segalman, R. N. Zuckermann, Soft Matter
2013, 9, 8400 – 8414.

[2] a) J.-F. Lutz, M. Ouchi, D. R. Liu, M. Sawamoto, Science 2013,
341, 1238149; b) H. Colquhoun, J.-F. Lutz, Nat. Chem. 2014, 6,
455 – 456.

[3] a) N. ten Brummelhuis, Polym. Chem. 2015, 6, 654 – 667; b) T. T.
Trinh, C. Laure, J.-F. Lutz, Macromol. Chem. Phys. 2015, 216,
1498 – 1506.

[4] a) M. Zamfir, J.-F. Lutz, Nat. Commun. 2012, 3, 2151; b) G.
Gody, T. Maschmeyer, P. B. Zetterlund, S. Perrier, Nat.
Commun. 2013, 4, 3505; c) S. Srichan, H. Mutlu, N. Badi, J.-F.
Lutz, Angew. Chem. Int. Ed. 2014, 53, 9231 – 9235; Angew.
Chem. 2014, 126, 9385 – 9389.

[5] a) B. Lewandowski, G. De Bo, J. W. Ward, M. Papmeyer, S.
Kuschel, M. J. Aldegunde, P. M. E. Gramlich, D. Heckmann,
S. M. Goldup, D. M. DÏSouza, A. E. Fernandes, D. A. Leigh,
Science 2013, 339, 189 – 193; b) D. M. Rosenbaum, D. R. Liu, J.
Am. Chem. Soc. 2003, 125, 13924 – 13925; c) S. Ida, M. Ouchi, M.
Sawamoto, J. Am. Chem. Soc. 2010, 132, 14748 – 14750; d) M. L.
McKee, P. J. Milnes, J. Bath, E. Stulz, A. J. Turberfield, R. K.
OÏReilly, Angew. Chem. Int. Ed. 2010, 49, 7948 – 7951; Angew.
Chem. 2010, 122, 8120 – 8123.

[6] a) P. Espeel, L. L. G. Carrette, K. Bury, S. Capenberghs, J. C.
Martins, F. E. Du Prez, A. Madder, Angew. Chem. Int. Ed. 2013,
52, 13261 – 13264; Angew. Chem. 2013, 125, 13503 – 13506; b) M.
Porel, C. A. Alabi, J. Am. Chem. Soc. 2014, 136, 13162 – 13165;
c) R. K. Roy, A. Meszynska, C. Laure, L. Charles, C. Verchin, J.-
F. Lutz, Nat. Commun. 2015, 6, 8237; d) A. A. Ouahabi, M.
Kotera, L. Charles, J.-F. Lutz, ACS Macro Lett. 2015, 4, 1077 –
1080; e) T. T. Trinh, L. Oswald, D. Chan-Seng, L. Charles, J.-F.
Lutz, Chem. Eur. J. 2015, 21, 11961 – 11965.

[7] a) N. Zydziak, F. Feist, B. Huber, J. O. Mueller, C. Barner-
Kowollik, Chem. Commun. 2015, 51, 1799 – 1802; b) S. C.
Solleder, M. A. R. Meier, Angew. Chem. Int. Ed. 2014, 53,
711 – 714; Angew. Chem. 2014, 126, 729 – 732; c) S. C. Solleder,
K. S. Wetzel, M. A. R. Meier, Polym. Chem. 2015, 6, 3201 – 3204;
d) F. A. Leibfarth, J. A. Johnson, T. F. Jamison, Proc. Natl. Acad.
Sci. USA 2015, 112, 10617 – 10622; e) J. C. Barnes, D. J. C.
Ehrlich, A. X. Gao, F. A. Leibfarth, Y. Jiang, E. Zhou, T. F.
Jamison, J. A. Johnson, Nat Chem. 2015, DOI: 10.1038/
nchem.2346.

[8] J.-F. Lutz, Macromolecules 2015, 48, 4759 – 4767.
[9] L. A. Wessjohann, M. Henze, O. Kreye, D. G. Rivera, WO2011/

134607A1, PCT EP 2011/001905, 2011.
[10] H. Mutlu, J.-F. Lutz, Angew. Chem. Int. Ed. 2014, 53, 13010 –

13019; Angew. Chem. 2014, 126, 13224 – 13233.
[11] a) S. H. Hong, D. P. Sanders, C. W. Lee, R. H. Grubbs, J. Am.

Chem. Soc. 2005, 127, 17160 – 17161; b) H. Mutlu, L. M.
de Espinosa, M. A. R. Meier, Chem. Soc. Rev. 2011, 40, 1404 –
1445.

Received: October 8, 2015
Published online: December 9, 2015

Figure 3. GPC-ESI-MS analysis of the sequence-defined 20-mer show-
ing the GPC chromatogram and the ESI mass spectrum at a retention
time of 13.56 min. The assigned peaks correspond to the fourfold
(m/z 1784.34), fivefold (m/z 1432.07), and sixfold (m/z 1197.22)
charged sodium ions ([M + zNa]z+).
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