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ABSTRACT: Linear monodisperse 18- and 20-mer acrylates are obtained via consecutive synthesis of two sequence-
defined acrylate 9- and 10-mers, followed by disulfide coupling utilizing reversible addition-fragmentation chain transfer
(RAFT) end group chemistry. The sequence-defined oligoacrylates are accessed via consecutive single (SUMI) and multi-
ple (MUMI) unit monomer insertions through RAFT polymerization, using the extensive acrylate monomer library as
functional building blocks. Aminolysis of the trithiocarbonate macroRAFT end group and in situ oxidation of the thiols to
form a disulfide bridge lead to the formation of 18- and 20-mer acrylates. In this approach, one or multiple acrylate build-
ing blocks can be inserted in each step by chain extension to form a stable carbon-carbon backbone. Isolation of the tar-
geted monodisperse oligomers, from the statistical mixtures obtained at first, is performed by flash column chromatog-
raphy with high efficiency. It is shown that the SUMI and MUMI strategy, when combined with flash column chromatog-
raphy separation, is highly efficient and allows to construct monodisperse materials of very considerable length starting

from cheap and very versatile building blocks.

Biopolymers such as proteins and DNA have highly se-
lective and complex functions, based fundamentally on
their primary structure, hence, the specific order of re-
peating units and functionalities along their backbone.
Concomitantly, there is a high need for specialized sus-
tainable materials produced via synthetic routes. There-
fore, the synthesis of precision polymers with unprece-
dented control over the primary monomer sequence is
currently widely investigated.! Regulation of the mono-
mer sequence in polymerizations, the so called sequence-
controlled multiblock copolymers having a polydisperse
nature, is of high interest to mimic biological materials in
their functionality.> Truly following the concept of nature,
thus, to synthesize monodisperse materials, so-called
sequence-defined polymers, broadens the functionality of
these materials further, and opens new perspectives for
example for biological and information storage applica-
tions.3 Iterative and orthogonal growth via nonradical
chemical strategies have been reported on this matter. A
binary encoded polyphosphate oligomer with a degree of
polymerization above 100 was synthesized by iterative
Merrifield-based chemistry by Lutz and coworkers. This
method being inspired by solid-phase peptide synthesis.4
More nonradical iterative approaches up to 10-mers are

known in literature.> However, orthogonal and iterative
growth strategies can only couple one building block at a
time and in many cases require protection/deprotection
strategies of the growing oligomer chain which makes it
an expensive and time-consuming approach. While some
of these methods are able to yield products with high
efficiencies, typically monomer building blocks need to be
presynthesized, which must be taken into account when
assessing the economy of reactions. In here, the synthesis
of an acrylate monomer based sequence-defined 18- and
20-mer are reported via a radical growth strategy in ho-
mogeneous liquid phase. It must be noted that the used
terminology for all sequences refers to the amount of
acrylate monomers incorporated in the sequence.
Telechelic monodisperse 9- and 10-mers are produced,
which were then coupled via disulfide coupling utilizing
RAFT end group chemistry. Counting functional groups
per chain, one would need to take polymer end groups
into account, yielding 20- and 22-mers as products. How-
ever, no clear terminology exists on this matter yet.
Counting only the inserted functionalities, in this case
acrylate monomers, gives a more conservative number for
the sequence length. To to stay on the side of caution this
notation has been implemented across this manuscript.

1



automated

NS O N I \/(/\/
/i\s’u\ﬁ/\ ')\SJLS/\ S \\i/ s —» \\\i/ _GO')\SJLs’\ = [EHA] =4\[]/0
NF 100°C separation 100°C -3 )
RAFT agent ~ °™n 1-mer 30min O: (nBA] :4\n/0\/\/
m/z = [227.994]Na* m/z = [412.140]Na+ automated o
separation = [MA] = 4\[]/0\
automated S N S ° —
separatlon 0-8 100°C o
8-mer 30 min 2-mer
m/z = [1056.446]Na* m/z = [540.223]N
85°C
25h
New. O JSL automated N o -H -)\SJ\ amine, 0, Ny OHOH Fsmsd HOFO- _N
S —~N— S—8S 4
\|/ 0-5s separatlon \|/ S 8h \l/ 6 2 2 6 \I/

10-mer
m/z=

[1256.551]Ne+

20-mer

m/z = [2280.141]N*

Scheme 1. General reaction scheme for the synthesis of a 20-mer. Four RAFT polymerizations were performed, with purification
steps in between via automated separation through flash column chromatography, to obtain a 10-mer. All RAFT polymerizations
were thermally initiated at elevated temperatures by 2,2’-azobis(2-methylpropionitrile) (AIBN). The 10-mers were then orthogo-
nally coupled via aminolysis of the RAFT end group followed by in situ oxidation for the formation of a disulfide bridge to yield

20-mers.

Acrylate monomers are known for their high propaga-
tion rate thus insertions are fast, typically on the time-
scale of tens of minutes or faster. Due to the radical pro-
cess, oligomer growth is not limited to one unit at a time
and a rather chemically inert carbon-carbon backbone is
grown, making SUMI sequence-defined materials consid-
erably chemically more stable than most counterparts
made from iterative strategies, which often require het-
eroatom incorporation in the main chain. Moreover,
chain extension can, after purification, be either mono- or
polydisperse and a large versatility of building blocks and
functionalities is available. Yet, as a downside, careful
purification is required (which is however also the case
for many other techniques) and overall product yields are
on first glance low due to the separation of products out
of statistical mixtures. It must be noted though that isola-
tion of oligomers always results in a library of monodis-
perse compounds, which can be used for further purpos-
es. In other words, the yield for a single sequence selected
to be implemented in a further reaction is rather modest,
yet multiple other unique sequence-defined structures are
formed as well. This, in combination with the very simple
synthesis procedure itself and the broad availability of
cheap monomers leads to an overall very economic and
efficient synthesis process. In here, oligomers were pre-
pared in a two-step approach. First, a 9- and 10-mer were
prepared via precise insertion of a single unit (SUMI) or
multiple units (MUMI) of acrylate monomer(s) at a time
through reversible addition-fragmentation chain transfer
(RAFT) polymerization. Second, the obtained oligomers
were orthogonally coupled via aminolysis of the RAFT
end group followed by in situ oxidation for the formation
of a disulfide bridge. Coupling allows to increase the
reachable chain length of the oligomers significantly, but

serves also as an ideal tool to demonstrate another ad-
vantage of using the well-known controlled radical
polymerization (CRP) methods for sequence-defined
oligomer synthesis. For CRP, a plethora of click-like cou-
pling techniques have been developed in previous years,
which are directly available for the SUMI products with-
out any further modification.

Monodisperse sequences of the targeted oligomer length
were isolated via flash column chromatography which is
unavoidable due to the statistical polydisperse nature of
radical polymerizations as mentioned above. In this
study, a range of four different acrylate monomer build-
ing blocks was selected, being 2-ethylhexyl acrylate
(EHA), n-butyl acrylate (nBA), methyl acrylate (MA) and
ethyl acrylate (EA). Any acrylate monomer that is com-
patible with RAFT could in principle be chosen for this
purpose with an adaptation of the separation protocol.
Scheme 1 shows a general reaction scheme for the synthe-
sis of a 20-mer and its assembly in a disulfide coupling
reaction. Virtually any other oligomer sequence can like-
wise be synthesized by varying type and length of each
monodisperse building block. In short, to demonstrate
the scope of the reaction, single monomer insertions were
first carried out using EHA and nBA, respectively. In the
next step, a chain length extension of six MA units was
performed (see Figure 1). Finally, two further EA units
were built into the sequence to yield a 10-mer (see Figure
2). Polydisperse oligomer mixtures were purified by flash
column chromatography, a straightforward and scalable
technique which Hawker and coworkers recently em-
ployed for the separation of homopolymer insertion
products.® In previous studies we had used recycling GPC
to purify mixtures.” Flash column chromatography has
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Figure 1. ESI-MS analysis of the oligomer chain extension
with six methyl acrylate (MA) units. ESI-MS shows the iso-
lated oligomers after purification via flash column chroma-
tography. The corresponding isolated yields are given at the
side.

proven to be not only significantly faster (with separation
of the products taking roughly 1 h), but also being able to
separate higher sequence lengths compared to GPC when
polar monomers are employed. Finally, the RAFT w-end
groups of the obtained oligomers were aminolyzed and in
situ oxidized for disulfide bridge formation. Via this ap-
proach, selected sequences could be coupled to form
custom-made precision polymers.

Monodisperse 10- and 20-mers were synthesized ac-
cording to this procedure. Although all purified products
are monodisperse, they still consist out of a mixture of
stereoisomers which is inherent to the employed ap-
proach. Precise synthesis procedures and product analysis
for all steps are described in detail in the supporting in-
formation (SI). An indispensable technique for the analy-
sis of oligomer mixtures is hereby electrospray ionization
mass spectrometry (ESI-MS). The RAFT control agent 2-
cyano-2-propyl ethyl trithiocarbonate (CPE-TTC) was
synthesized (Supporting Information, section S3.1) to

initiate the oligomer sequences and all polymerization
steps were thermally initiated by 2,2™-azobis(2-
methylpropionitrile) (AIBN).

Without going into detail on the exact synthesis pro-
cedures here (section S3 in the Supplementary Infor-
mation), it is important to discuss reaction efficiencies.
The first SUMI reaction yielded 1.9 g (58 mol % isolated
yield) of the monodisperse a-[EHA],-@ 1-mer. The follow-
ing SUMI with n-butyl acrylate (nBA) (Scheme 1) yielded
again a monodisperse macroRAFT o-[EHA],-[nBA];-@ 2-
mer (540 mg, 45 mol % isolated yield). ESI-MS analysis
shows > 99% end group fidelity of the obtained 1- (Figure
S4.1) and 2-mers (Figure S4.2). Although purification of
the oligomer mixtures is inevitable, reactions can be op-
timized to obtain maximum yields of the targeted oligo-
mer length as described previously (close to 45 mol % was
identified to be the maximum achievable crude yield, only
for the first insertion higher yields are achievable due to
the difference in pre-equilibrium kinetics).® In principle,
from here on several SUMIs could be performed as a fol-
low up, each time adding exactly one unit. In the follow-
ing step, to use the power of RAFT, a multiple unit mon-
omer insertion (MUMI) was performed up to 6 acrylate
units at a time. Many sequence-defined natural materials
contain homosequences of several units, and a direct
insertion of a larger (yet monodisperse) block can be of
large advantage. After polymerization of macroRAFT
agent o-[EHA],-[nBA],-0 with methyl acrylate, 750 mg
crude reaction product was loaded on the flash column to
isolate 53 mg (5 mol % isolated yield) of the monodisperse
8-mer o-[EHA],-[nBA],-[MA]s-o (all other yields are given
in Figure 1). The more units are inserted per step, the
lower the overall achievable yield due to the resulting
Poisson distribution of products. The polydisperse ESI-
MS spectrum directly after polymerization of MA shows a
chain length distribution from o to 8 insertions of MA.
The flash column chromatography system could be easily
operated under UV detection due to the high absorption
of the trithiocarbonate RAFT end group. ESI-MS of the
crude oligomer spectrum shows that higher insertions (>
6) are only present in very small amounts. Insertions 7
and 8 were isolated and analyzed by ESI-MS as shown in
Figure S4.3. Via this technique almost no product losses
are encountered during purification since monomer in-
sertions were baseline separated according to the UV
detection signal (Figures S6.1-6.4). More details about the
purification procedures are added to the SI (Section S6).
Isolated yields shown in Figure 1 are calculated based on
the initial amount (mol %) of macroRAFT agent. For o to
6 insertions of MA > 85 mol % of the crude material could
be isolated in total, so only minor losses are encountered
via this approach taking into account the higher insertion
products and little losses due to sample preparation,
analysis and purification. Thus, while the individual yield
of a single oligomer sequence may be low, the overall
yield of all isolated oligomers is rather close to quantita-
tive.
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Figure 2. ESI-MS analysis of the oligomer chain extension
with three ethyl acrylate (EA) units. ESI-MS spectra show the
isolated oligomers after purification via flash column chro-
matography. The corresponding yields are given at the side.

Figure 2 shows the final RAFT polymerization step
where the sequence was chain extended with ethyl acry-
late as a fourth monomer building block to obtain a-
[EHA],-[nBA],-[MA]s-[EAlx-w. One, two and three inser-
tions of EA could be isolated as monodisperse sequences
yielding 8 mg 9-mers (14 mol % isolated yield), 7 mg 10-
mers (11 mol % isolated yield) and 6 mg 11-mers (8 mol %
isolated yield). It can be observed that more losses are
encountered which can be explained by mixed insertion
fractions obtained after column chromatography and the
beginning loss of separation resolution with increasing
chain lengths (Figure S6.5). Overall yields obtained for
the 9-, 10- and u-mers, after four chain extensions, are in
the range of a few percent. However, the synthesis of the
targeted oligomer sequences is still economically feasible
since starting materials are cheap and commercially avail-
able. Moreover, purification of the polydisperse oligomer
mixtures via flash column chromatography is fast, which
limits eluent consumption. More precisely, purification of
the final 10-mer sequence was performed in less than 1
hour (Figure S6.5). Overall, synthesis is fast and sequenc-
es can be built up rapidly without the use of solid phase
synthesis strategies, even if product amounts are low
when compared to Merrifield synthesis approaches.

As widely investigated in literature, so-called mid-
chain radicals can be formed via backbiting during
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Figure 3. Representation of the synthesized 18- and 20-mer.
Monodisperse oligomers were obtained as shown by ESI-MS.
The marked signals are assigned to a single and double sodi-
um charged 21-mer (< 10%) due to coupling of a 10- and u-
mer trace left from the starting material.

acrylate propagation due to the formation of a more stable
tertiary radical. These radicals can undergo propagation
and cause branched polymer structures, a phenomenon
that is well known.? Obviously, branching would disturb
the pristine sequence desired. While ESI-MS shows the
monodisperse nature of the isolated oligomers, it does
not give any information on the exact macromolecular
architecture since structural branched isomers have ex-
actly the same mass-to-charge signal in ESI-MS (isobaric
structures). To exclude branching and to proof a linear
growth of the oligomers without defects in the structure,
3C and attached proton test (APT) carbon NMR spectra
where taken, confirming the complete absence of any
branched structure in the final products. It can be specu-
lated that branched structures are associated with consid-
erably different polarities and are hence separated out in
the chromatography process, see details in the SI (Section
Ss).

Figure 3 demonstrates the disulfide coupling toward
the final 18- and 20-mers as an example of how RAFT
SUMI reactions can be combined with post-
oligomerization reactions. RAFT chemistry allows for
numerous click-like reactions, ranging from azide-alkyne
coupling over Diels-Alder cycloadditions to thiol-ene
chemistry. Disulfide coupling was chosen herein to
demonstrate the synthetic potential as disulfide bridges
are a common motif in biomolecule conjugation, and
because we see the future of the SUMI-made sequence-
defined materials in this field. To carry out the coupling,
the trithiocarbonate RAFT end group is reduced by ami-
nolysis, a fast and quantitative reaction. Disulfide bridges
form under oxidative conditions of the residual thiol end
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groups in air. The coupling products were purified by
manual silica column chromatography (to remove
ethane-thiol coupling side products) and analyzed by ESI-
MS. The mass spectra (Figure 3) exhibit a double and
single sodium charged species of the 18- (Figure 3A,
2057.05 g-mol™) and 20-mer (Figure 3B, 2257.15 g-mol?).
Some small side products can also be identified in the 20-
mer product, these can be assigned to single- and double
sodium charged 21-mers (< 10%) due to coupling of a 10-
and 11-mer trace left from the starting material. These side
products occur only at very low abundancy.

In conclusion, an effective and flexible route toward
the synthesis of sequence-defined oligomers was estab-
lished. Using flash column chromatography has signifi-
cantly advanced the reachable sequence length of the
materials, now unfolding the full potential of using RAFT
for the synthesis of sequence-defined materials. The 18-
and 20-mers with a precisely defined monomer order
could be synthesized, allowing for single monomer inser-
tions or for insertion of several monomer units at a time
with a large tolerance toward functional groups. Separa-
tion of the various insertion products via flash column
chromatography resulted in the fast (< 1 h) and elegant
(baseline) purification of reaction mixtures. The materials
described herein mark an unprecedented length for se-
quence-defined materials made from radical reactions,
and are highly competitive with iterative synthesis strate-
gies. Individual yields of the different sequences are rela-
tively low, yet in each step a library of compounds is ob-
tained. This plethora of sequences, each with a varying
structure, can be of significant interest to study the prop-
erty differences between them. Furthermore, a simple and
fast synthesis process is presented. All monomers are
cheap and commercially available and synthesis time is
minimal. Also purifications typically do not consume
much time (typically 60 min per separation), allowing for
comparatively fast oligomer separation. ESI-MS and APT
3C NMR confirmed the high structural integrity of the
products. Furthermore, the successful coupling of two
monodisperse blocks of a specified length has been
demonstrated, resulting in 18- and 20-mers. This straight-
forward synthesis of such sequence-defined block copol-
ymers truly pushes the boundaries of sequence-controlled
materials and paves the way to numerous innovations in
the future in the field of material chemistry with the pos-
sibility to create new, highly-customizable materials.
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Linear monodisperse 18- and 20-mer oligoacrylates are obtained via consecutive synthesis of two sequence-defined
acrylate 9- and 10-mers followed by disulfide coupling. The sequence defined oligoacrylates are accessed via single
unit (SUMI) and multiple (MUMI) unit monomer insertions through reversible addition-fragmentation chain trans-
fer (RAFT) polymerization, using the extensive acrylate monomer library as functional building blocks.
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