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Monodisperse, sequence-defined macromolecules
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Sequence-defined macromolecules of uniform size unlock the door to many new applications in polymer

chemistry, such as structure/property or structure/activity relationship investigations, which cannot be con-

ducted accurately, if the investigated macromolecules exhibit dispersity. We herein demonstrate a first

example by reporting the efficient and template-free synthesis of monodisperse, sequence-defined cyclic
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Introduction

The field of sequence-control and definition in polymer chem-
istry has evolved to become one of the hottest topics in
polymer chemistry today, as chemists worldwide seek more
control over the molecular structure of macromolecules, and it
has allowed to develop new applications for well-defined poly-
mers and to correlate structure-property relationships.” Over
the last decade, numerous new approaches toward defined
macromolecules have been developed,'®* which have paved
the road for applications like data storage,® anti-counterfeit
tags® or enzyme mimicking catalysts.” As Lutz, Ouchi and
Sawamoto defined in 2013, it is crucial to distinguish between
the two terms “sequence-controlled” and “sequence-defined” in
this context, since only the latter are unique macromolecules
(i.e. not showing dispersity in the sequence or molecular
weight).® Sequence-controlled polymers, on the other hand,
still exhibit distributions in both the building block sequence
and macromolecule size (P > 1).”

Most synthetic approaches toward sequence-defined macro-
molecules are based on iterative strategies, which form oligo-
mers in a stepwise fashion, either by strategic combination of
orthogonal reactions, or by using protecting groups.”*®
Multicomponent reactions, like the Passerini three-component
reaction (P-3CR) used in this work, have been shown to be a
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oligomers that are significantly larger than conventional large macrocycles (here >150 backbone atoms).
Linear monodisperse precursors were utilized to evaluate the limits of ring-closing metathesis (RCM), man-
ifesting clear trends depending on the ring size and introduced side chains. Furthermore, this work is the
first example of a sequence-defined synthesis of a polymer architecture other than linear macromolecules.

highly efficient tool to introduce various functionalities to the
oligomeric backbone due to their modular character.*?>%°
P-3CR, which was first discovered in 1921, is a robust and
efficient one-pot reaction between an acid, an aldehyde
and an isocyanide, providing nearly quantitative yields (see
Scheme 1B)."°

Synthetic investigations on polymer architectures, such as
linear polymers, polymer brushes, star polymers, ladder poly-
mers, dendrimers, hyperbranched polymers, and network
polymers, have led to an understanding on how the material
properties are fundamentally affected by the respective mole-
cular architecture.'’ Oligomeric, monodisperse macrocycles
have gained growing interest due to their characteristic behav-
ior compared to their linear analogs, because the end groups
of non-cyclic polymers have demonstrated a significant influ-
ence on their properties.> The synthesis of cyclic polymers is
classified into two main methods: end-to-end cyclization of
linear precursors, which can be further divided into unimole-
cular reactions of a,o-heterofunctional polymers"® and bimole-
cular reactions of a,«’-homodifunctional polymers,* as well as
ring-expansion polymerizations."® However, regardless of the
mentioned methodology, the macrocycles obtained were either
disperse in size,"*” or monodisperse and small in size (ca.
3-13 bonds along the backbone)." In organic chemistry, ring-
closing metathesis (RCM) is mostly applied for the preparation
of small rings bearing five to seven ring atoms.'® However,
also larger rings of eight to eleven ring atoms, which are
referred to as medium sized rings, are formed by RCM'” and
furthermore so-called large macrocycles of 12 to 15 and
more ring atoms'” or more complex polycyclic systems are
obtained.’® These monodisperse cycles obtained by RCM

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 General reaction scheme for the synthesis of large, monodisperse and sequence-defined macrocycles using bifunctional acids (panel A)
as core units. The three different side chains (displayed in panel C) are introduced to the linear macromolecules. The general reaction scheme of the
P-3CR, which is used to form linear oligomers, is shown in panel B and the general reaction scheme of the RCM, which is used for macrocyclization,

is shown in panel D.

exhibit versatile structures'”*°

and the yields vary from very
low to nearly quantitative, depending on the substrates."”"’
Several examples of macrocyclic biomacromolecules are also
known, for instance macrocyclic peptides or DNA are
reported.”® In cyclic peptides, typically smaller cycles consist-
ing of four to six amino acids are formed,>" while examples of
ultra large DNA cycles are reported.?” Interestingly, such cycles
are formed using rigid precursors with an appropriate geo-
metry, which lead to a preorganization and thus easier cycliza-
tion. Preorganization of linear precursors by ligands, hydrogen
bonds or rigid architectures is a very useful and widely applied
concept to achieve an efficient macrocylization.*® In contrast,
macrocycles with a molecular weight in the range of polymers
(for example cyclic polythiolactones with a molecular weight of
up to 13 kDa>!) are obtained if disperse polymeric or oligo-
meric precursors, obtained by controlled radical polymeriz-
ation (i.e. ATRP polystyrene oligomers with a relatively low PDI
< 1.2%), are cyclized. The synthesis of macrocycles, that are
both large and monodisperse, in contrast, was especially devel-
oped for catenanes,*® where the use of a metal ion template,
that serves as a ligand coordination site for the linear com-
ponents, was inevitable.>” One interesting exception reported
by Alabi and coworkers is an iterative approach towards
defined macrocycles consisting of up to 56 ring atoms.>®

This journal is © The Royal Society of Chemistry 2019

Results and discussion
Synthesis of symmetric linear oligomers (LOx)

We herein present a new, efficient and fast template-free
approach toward large sequence-defined macrocycles (up to
152 ring atoms) of uniform size, bearing flexible backbones
and tailored side chains. To form sequence-defined macro-
cycles, linear and symmetric oligomers bearing tailored side
chains were first synthesized as precursors. For this purpose, a
synthesis protocol, which was previously developed by our
group in order to synthesize a sequence-defined icosamer,”
was adapted. The oligomers were formed in a two-step iterative
cycle consisting of P-3CR and a deprotection step. Apart from
the monomer (M1), which bears an isocyanide and a benzyl
ester protected acid, and which is synthesized in three
steps from the corresponding amino acid (see the ESIf for
details),”” all used substances are commercially available. We
have previously shown that this strategy leads to the straight-
forward and high-yielding synthesis of a sequence-defined ico-
samer.” Here, a bifunctional carboxylic acid as the starting
material (see Scheme 1A, i.e. bidirectional growth) reduced the
overall reaction time. As such, linear oligomers of different
lengths (LOy46510, See Fig. 1) carrying three different side
chains (namely ethyl, cyclohexyl or isopropyl, see Scheme 1C)

Polym. Chem., 2019, 10, 2716-2722 | 2717
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Fig. 1 SEC analysis of the linear oligomers (LO,_g) carrying isopropyl
side chains. The SEC traces clearly verify the uniform size distribution of
the obtained products.

were synthesized. Just as a note for clarity, the formed stereo-
centers remain undefined and thus a mixture of stereoisomers
is formed, as is typical in this young field of research. In the
future, it would be of course of high relevance and importance
to increase the molecular definition even further by stereo-
selective synthesis.

Initially, glutaric acid was used as the starting material, but
the yield in the first P-3CR was relatively low (69-86%, depend-
ing on the side chain). Thus, glutaric acid was later replaced
with the longer sebacic acid leading to significantly increased
yields of 97-99%. Four different oligomers were synthesized:
two with glutaric acid as the starting material and ethyl
or cyclohexyl side chains and two with sebacic acid as the
core unit carrying cyclohexyl or isopropyl side chains (see
Scheme 1). The P-3CRs were conducted in dichloromethane
(DCM) at a concentration of 0.5 M. Monomer M1 and the alde-
hyde components (propanal, cyclohexane carboxaldehyde or
isobutyraldehyde) were added in a small excess (1.5 eq.) rela-
tive to the acid groups (3.0 eq. of these components relative to
the diacid). After a reaction time of 24 hours, the crude pro-
ducts were purified by column chromatography to obtain the
pure dimers in nearly quantitative yields (i.e. 100% by NMR
spectroscopy, 98-99% purity by SEC, see Fig. 1). The oligomer
synthesis was performed on a gram scale (i.e. product LOg was
obtained with ayield of 2.5 g). The products were characterized
after each reaction step by 'H, >C NMR, and IR spectroscopy,
mass spectrometry and size exclusion chromatography (SEC)
to verify the structure of the obtained products and their dis-
persity (compare Fig. 1 and see the ESIf for the respective set
of analytical data of all the obtained products). In the second
reaction of the iterative cycle, the benzyl ester protecting
groups were removed by hydrogenolysis in a quantitative
manner. Upon complete deprotection, a second P-3CR can be
performed on account of the newly formed dicarboxylic acid.
By applying this iterative strategy, symmetric oligomers of a
length up to ten units were synthesized. In the third P-3CR,
the reaction time was extended to 48 hours to ensure full con-
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version, while for the deprotection step, the concentration was
decreased with increasing length of the oligomers to address
the increased viscosity and ensure full conversion (see the ESIT
for experimental details).

Introduction of terminal double bonds to form DOy

At different stages of the synthesis, small amounts
(300-900 mg) of the deprotected oligomers (LO,) were separ-
ated from the product and were used in one last P-3CR with
10-undecenal, in order to introduce two terminal double
bonds to the final linear oligomer (DO,). The introduction of
the double bonds always marked the final reaction before
macrocyclization for the respective oligomer DO,. The remain-
ing LO, was used to continue the synthesis towards higher
molecular weight oligomers, with the introduction of the
double bonds taking place at a later stage. Thus, symmetric
monodisperse dimers, tetramers, hexamers, octamers, and
decamers, containing tailored side chains and terminal
double bonds (DO,), were obtained.

Ring-closing metathesis to form MOy

The introduced terminal double bonds were exploited for the
formation of sequence-defined macrocycles (MO,) via RCM
(see Scheme 1D). Grubbs 1% generation catalyst was chosen,
since it catalyzes the RCM reaction, while minimizing the ring-
opening polymerization of the formed cycles.>® Furthermore, it
does not show olefin isomerization side reactions, which are
very pronounced for the 2" generation catalyst and can only
be suppressed to some extent (and would thus lead to disper-
sity in our system).?° Initially, the RCM reaction of a DOg carry-
ing cyclohexyl side chains was investigated and the crude
product (MOg) was analyzed by SEC-ESI-MS and a relatively
low conversion towards the macrocycle of around 32% was
determined. The reaction was thus optimized by adding the
same amount (10 mol%) of catalyst several times during the
reaction, thus increasing the total amount of catalyst to
40 mol%. This catalyst concentration is relatively high, if com-
pared with typical catalyst concentrations of 1-5 mol% for the
synthesis of smaller cycles; however, if larger or highly functio-
nalized molecules were cyclized, also higher catalyst concen-
trations of 30 or even 60 mol% are reported.'’® After this
optimization, all RCM reactions were performed under identi-
cal conditions in order to evaluate the influence of the side
chains or the oligomer length on the conversion towards the
macrocycle. The reactions were carried out in high dilution
(ca. 5x 107 mol L™" in chloroform) in order to prevent acyclic
diene metathesis (ADMET), using Grubbs 1* generation cata-
lyst, which was added in four aliquots in the course of the reac-
tion (4 x 10 mol%). The desired macrocycles were obtained
after five hours at 45 °C. Remarkably, the reactivity of the cata-
lyst was sufficient to achieve high conversion even at such low
concentrations.'”*

The 'H NMR spectra of MO,, carrying isopropyl side
chains, as well as its precursor, DOy, are exemplarily depicted
in Fig. 2. Spectrum A, showing MO, before the cyclization reac-
tion, shows the characteristic signals of the terminal double

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 H NMR comparison of a DO,4 (A) and a MO, (B) carrying iso-
propyl side chains. In the first *H NMR spectrum, the signals of the terminal
double bonds are clearly observed, whereas in the spectrum on the
bottom, the signal of the newly formed internal double bond appears,
and the two signals of the terminal double bond disappear completely,
indicating full conversion towards MOg,.

bonds, which disappear completely in spectrum B after cycliza-
tion, indicating full conversion toward the desired product.
SEC analysis, on the other hand, revealed that the conversion
of DO, toward MO, was only 91%. Besides the product, traces
of the ADMET side product are present as well as unreacted
DO,, which remained in the crude product. The comparison of
the NMR and SEC results thus clearly demonstrated the impor-
tance of SEC characterization for macromolecules exhibiting
uniform size distribution, because only the latter provides
sufficient resolution to prove the absence of tiny amounts of
impurities, which is essential and can otherwise not be pro-
vided by any other characterization technique. The crude
macrocyclic products MOy were thus characterized and com-
pared by SEC-ESI-MS analysis. Surprisingly, the side chains
did not influence the conversion significantly. The length of
the oligomers, on the other hand, resulted in a considerable
difference in conversion as observed by SEC (see Fig. 3): for
the dimer (DO,), nearly quantitative conversion towards the
desired macrocycle (MO,) was obtained, whereas lower conver-
sions were observed when longer oligomers underwent the
RCM reaction. For the decamer (MO;o), 51% conversion
towards the macrocycle was achieved, which is the lowest
conversion compared to the smaller macrocycles (MO, g).
Furthermore, ADMET oligomerization could be fully prevented
in the case of (DO,), whereas significant amounts of the
ADMET side product were obtained in the RCM reaction of
(DO4y) (ca. 17%, according to SEC analysis). Isolation of the
macrocyclic product (from the linear oligomer and the ADMET
side product) by column chromatography was not successful
due to the similar polarity of the compounds. We also con-
sidered purification by preparative SEC, however the resolution
was low compared to that of the oligomer-specific SEC
columns used for characterization. Nonetheless, character-

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Schematic representation of the structure of macrocycles with
cyclohexyl side chains and sebacic acid as the core unit in different sizes
(dimer — decamer), and the cooresponding SEC analysis results, reveal-
ing the influence of the size of the oligomer on the conversion towards
the macrocycle. For the decamer, a detailed description of the obtained
products is depicted exemplary. The different species were identified by
SEC-ESI-MS analysis.

ization of the crude macrocyclic products by SEC-ESI-MS ana-
lysis was found to be adequate not only to determine the ratio
between the linear starting material, macrocyclic product, and
ADMET side product, but also to support the successful for-
mation of the desired sequence-defined macrocycles arising
from the advantageous combination of the ESI-MS and SEC
data. For the decamer, for example, three peaks were observed,
the one at a retention time of 14.36 belonging to the ADMET
side product and the one at 15.33 minutes belonging to DOy,.
The ESI-MS spectrum of the product fraction at 15.86 minutes
showed a single isotopic distribution with a maximum at
1873.3949 m/z, which corresponds to the Na*>" adduct of the
cyclized MOy ([Caz0H372034N10Na,]>", see Fig. 4) It is note-
worthy that large macrocycles, composed of up to 152 ring
backbone atoms, were obtained (see Fig. 5). In Fig. 6, the RCM
towards two MOg with different side chains are compared
regarding conversion toward the desired macrocycle and the
ADMET side product, revealing low dependence on the side-
chains. Furthermore, Fig. 5 reveals that the conversion toward
the macrocycle is relatively independent of the applied side-
groups for different ring sizes. On the other hand, the conver-
sion strongly depends on the size of the macrocycle. These
trends confirm theoretical calculations.?" Interestingly, such
conclusions could not be drawn if disperse oligomers were

Polym. Chem., 2019, 10, 2716-2722 | 2719
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Fig. 4 SEC-ESI-MS analysis of the macrocyclic decamer bearing cyclo-
hexyl side chains. The single, double and triple charged sodium cations
are clearly observed. The expanded region (panel A) shows the apparent
isotopic pattern (black) which was found to be in good agreement with
the calculated one (blue, panel B), obtained by the program mmas.
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Fig. 5 Dependence of the oligomer size on the conversion toward the
macrocycle. The mean values and standard deviation of the conversions
for MO, 46,810 are displayed; the line is only drawn to guide the eye.
MO, and MOy do not have a standard deviation since they were not
synthesized with different side chains.

studied for their cyclization tendency,* as (i) resolution in SEC
would certainly be too poor to allow for proper integration
(compare Fig. 3 and Fig. 6) and (ii) molecular weight dispersity
would introduce a significant error in the abscissa of Fig. 5.
Considering, for example, a typical dispersity of controlled
radical polymerization of b ~ 1.2, a mass of 3724 m/z with 152
ring atoms (MO,,) would translate to a dispersity in ring size
of 35 ring atoms. Macromolecules of uniform size, on the
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Fig. 6 Comparison of the conversion toward the macrocycles MOg
carrying different side chains, namely cyclohexyl and isopropyl by SEC
analysis. The conversion is 57 and 49% for MOg carrying cyclohexyl and
isopropyl side chains, respectively. The peaks were identified by
SEC-ESI-MS to be MOg, DOg, and the two ADMET side products (DOg),
and (DOg)sz, from higher to lower retention time.

other hand, allow for easy analysis by integration of the SEC
traces if oligomer-specific columns with sufficient resolution
are utilized.

Conclusions

In summary, we have shown the first example of a template-
free approach towards sequence-defined, large macrocycles.
This is furthermore the first example of sequence-defined
macromolecules that are employed for the synthesis of a
polymer architecture other than linear macromolecules. The
synthetic procedure allowed the introduction of different tai-
lored side chains and long aliphatic backbones to the macro-
cyclic backbone. During RCM, clear trends were observed,
offering the possibility to identify the limits of RCM regarding
conversion and to determine clear structure-activity relation-
ships, here the dependence of RCM on the length of the linear
oligomer and on the side chains. Indeed, the side chains did
not influence the conversion significantly, whereas the length
of the oligomer greatly influenced the reaction selectivity. This
study serves as a model and example of application possibili-
ties of sequence-defined macromolecules of uniform size to
determine quantitative structure property/activity relation-
ships, which cannot be analyzed accurately if disperse systems
are utilized. More precisely, we have demonstrated herein the
limits and possibilities of RCM, which will be of interest to
polymer and organic chemists, not only for metathesis reac-
tions, but also for other ring-closing approaches.
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