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Binary-encoded poly(alkoxyamine amide)s were prepared by oligo-
mer ligation. These polymers contain digital sequences based on
two monomers defined as 0 and 1 bits. A library of oligomers
containing all possible dyads 00, 01, 10 and 11 was prepared and
used to construct long coded sequences.

Polymers containing sequence-encoded digital information have
recently been identified as a promising new class of synthetic
macromolecules." Similarly to natural nucleic acids these polymers
contain a string of information that can be decoded and eventually
interpreted.> The encoded monomer sequences can be prepared
using iterative solid-phase methodologies and can be analyzed
using sequencing tools that have been developed for genomics or
proteomics.®> For instance, our group has recently described
different types of non-natural information-containing macro-
molecules such as polyphosphates,* poly(triazole amide)s® and
poly(alkoxyamine amide)s.® The latter polymers were found to be
particularly appealing since their sequences can be easily written,
read and erased. Indeed, monodisperse poly(alkoxyamine amide)s
can be efficiently synthesized using a protecting-group-free
approach involving two orthogonal coupling steps, namely amine-
anhydride coupling and radical-radical coupling.® These polymers
can also be accurately sequenced by tandem (MS/MS) mass spectro-
metry since they contain weak alkoxyamine links that enhance their
MS/MS readability.” In that regard, these polymers are probably
easier to sequence by mass spectrometry than DNA or proteins.
Moreover, poly(alkoxyamine amide)s are thermo-labile and their
sequences can be erased by heating.®

Sequence-defined polymers are usually synthesized using
a monomer-by-monomer iterative approach.® Thus, numerous
chemical steps are needed to construct these polymers. However,
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the synthesis of monodisperse macromolecules can be greatly
simplified by using convergent strategies. For instance, the
groups of Hercules, Brooke and Hawker have shown that mono-
disperse polymers can be easily attained by iterative exponential
growth.” Kent and coworkers have also reported that the total
synthesis of high-molecular weight proteins can be eased by
convergent ligation strategies." In a recent publication, we have
shown that information-containing macromolecules can be effi-
ciently synthesized by stepwise ligation of dyad-encoded oligo-
mers.> Strictly speaking, this approach is only partly-convergent
since it still involves oligomer-based iterative coupling steps.
However, it permits to reduce by half the number of coupling
steps as compared to the traditional approach. Here, this con-
cept is applied to the class of poly(alkoxyamine amide)s.

Information-containing poly(alkoxyamine amide)s contain
coded amide moieties linked together by 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO)-based alkoxyamine spacers. They
are usually synthesized by successive orthogonal coupling of
bromo-anhydrides and amino-TEMPO (T) building-blocks on a
solid support.® The coded sequences of these polymers are
based on a binary-monomer code introduced in previous publi-
cations.®” Typically, 0 and 1 bits are encoded by two amide
synthons with mass of 71.0 and 85.1 Da, respectively. Although
the mass difference between these two motifs is small, this
molecular digital code can be read by MS/MS.” In the present
work, the poly(alkoxyamine amide)s were prepared following the
strategy shown in Fig. 1. A library of four o-acid, w-bromo
oligo(alkoxyamine amide)s containing all possible information
dyads, ie. 0TO, 0T1, 1TO and 1T1, was synthesized (Fig. 1a).
These oligomers were then used as building-blocks to construct
longer polymers. As shown in Fig. 1b, the synthesis was performed
on a solid support containing a premade amino-terminated
sequence, which can be reacted with any dyad of the library via
carboxylic acid/amine coupling (step (i) in Fig. 1b).

Step (i) is orthogonal and does not require any protecting
group. The resulting bromo-terminated sequences can be after-
wards activated by CuBr and reacted with T by orthogonal
radical-radical coupling (step (ii) in Fig. 1b)."* The sequential
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Fig. 1 General strategy studied in the present work for the synthesis of
sequence-encoded poly(alkoxyamine amide)s. (a) Molecular structure
of the dyad-encoded oligomers used as building-blocks in the iterative
synthesis. (b) Synthesis of long macromolecules by stepwise oligomer
coupling. Experimental conditions: (i) carboxylic acid—amine coupling: THF,
HBTU, DIPEA, (ii) radical-radical coupling: TEMPO—-NH, (T), CuBr, MegTREN,
DMSO, (iii) cleavage: TFA, CH,Cl,.

use of steps (i) and (ii) allows rapid construction of sequence-
coded poly(alkoxyamine amide)s. In principle, any desired digital
sequence can be constructed using this simple strategy.

The sequence-coded dyads were prepared by conventional
iterative synthesis on an unmodified Wang resin Ry as shown
in Fig. 2. These sequences were prepared using T and two coded
anhydrides a-0 and a-1.° In all cases, the first anhydride was
reacted with the free OH group of the Wang motif to afford a
cleavable ester bond. Afterwards, the desired sequence was
synthesized using three additional steps. The four oligomers
were characterized by 'H and >C NMR as well as electrospray
high resolution mass spectrometry (ESI-HR-MS). All these methods

)-or L

= CH, (a-1), H (a-0)
o o
Py
Ry

0, \ R4 Br.
9
b RZ
< (iv) ) (iii)

=CH, (a-1), H (a-0)

(0TO) R, =R, =H; (0T1) R, = H, R, = CH; R,
(1T0) R, = CH, R, = H; (1T1) R; =R, = CH,
Fig. 2 Synthesis of the dyad-encoded oligomers. Experimental conditions:
(i) anhydride—alcohol reaction: HBTU, DMAP, THF, microwave irradiation,
(ii) radical-radical coupling: CuBr, MegTREN, DMSO, RT, (iii) anhydride—amine
coupling: base, THF, RT, (iv) cleavage: TFA, CH,Cl,.
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confirmed the synthesis of monodisperse species. As pointed out
in earlier publications,®” it is important to note that the use of
carbon-centered tertiary radicals in step (ii) leads only to
marginal H-transfer. This is explained by the fact that this
side-reaction is generally disfavored when mild reaction tem-
peratures are used."'®'?

The dyad library was afterwards evaluated for the synthesis
of long poly(alkoxyamine amide)s. As mentioned above, a solid-
support containing a short amino-functional sequence, ie.,
RwGI1T1T, was used to start the syntheses. This modified support
was obtained by 4-steps iterative synthesis on a glycine-loaded
Wang resin R,G. Although not strictly mandatory,” glycine is
used as a convenient o-chain-end that leads to easily traceable
fragments in MS/MS sequencing. The integrity of the starting
sequence G1T1T was verified by cleaving a small fraction from
the support. However, prior to cleavage and characterization, a
fifth unit was attached to the sequence since Br-terminated oligo-
mers are easier to characterize than NH,-functional ones.

In order to evaluate the reliability of the approach, a homo-
polymer was first synthesized by successive ligation of the dyad
1T1 on RwG1T1T. In particular a polymer containing 19 monomer
units (i.e. 10 coded amide units and 9 T spacers) was prepared. As
shown in Fig. 1, it was obtained by repeating 3 times the cycle
involving successive steps (i) and (ii) followed by a final step
(i) and cleavage (iii) from the resin. After each step (i), a small
fraction of the formed polymer was cleaved from the resin and
analyzed by mass spectrometry (Fig. S1-S4, ESIT). In all cases, the
expected species were observed. In particular, characterization of
the exact mass by ESI-HR-MS confirmed the formation of the
targeted polymers (Fig. 3a). However, slight signs of polydispersity
can be observed in the ESI-MS spectrum of o-[1-T];-1-® and
more pronounced defects can be seen in the final spectrum of
o-[1-T]o-1-00. This was also confirmed by size exclusion chromato-
graphy (SEC) measurements, which indicated an apparent b
value of 1.03 for o-[1-T]s-1-o (Fig. S5, ESIt). As discussed in a
previous publication,® SEC chromatograms of uniform species
should be interpreted with caution since apparent polydisper-
sity may result from classical peak broadening.'® However, the
bimodality seen in Fig. S5 (ESIt) is probably not an artefact and
suggests that the last dyad coupling step was not fully quantita-
tive in the studied conditions. Nevertheless, after each step (i),
the intermediate sequence was characterized by MS/MS sequen-
cing (Fig. S6-S8, ESIt). The polymers underwent fragmentation
pathways described in earlier publications®” and the expected
sequences were confirmed. As an example, Fig. 3b and ¢ show
the MS/MS sequencing of the final polymer o-[1-T]o-1-0. These
results indicate that sequence-defined poly(alkoxyamine amide)s
can be efficiently constructed by successive dyad-ligation.

The concept was then extended to the synthesis of sequence-
coded polymers. A series of polymers containing different
coded sequences was synthesized and characterized (Table 1).
All these samples were prepared using the strategy of Fig. 1. For
example, entry 1 in Table 1 was constructed on RwG1T1T by
successive ligation two 0T1 dyads while entry 2 involved 0T1
prior to 1T0. Fig. S9 and S10 (ESI) show the ESI-MS character-
ization of the obtained digitally-encoded polymers. In all cases,
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Fig. 3 Characterization of a homopolymer obtained by successive oligomer ligation of the dyad 11 on a solid support. (a) Experimental molar mass
measured by ESI-HR-MS at different stages of the stepwise construction. (b) ESI-MS/MS spectrum obtained after collisional activation (35 eV) of the
m/z 1193.3 precursor ion [a-[1-Tlg-1-0 + 2H]?*. The m/z values in grey correspond to protonated cyclic (1T), internal fragments. (c) Interpretation of the

MS/MS fragmentation of the poly(alkoxyamine amide) a-[1-Tlg-1-®.

Table 1 Experimental molar mass measured by ESI-HR-MS for doubly
protonated molecules of different sequence-coded polymers prepared by
successive dyad-ligation

Sequence” m/zg, M/Zexp

0-(1-T-1-T)-(0-T-1)-T-(0-T-1)-® 698.9433 [M + 2H]** 698.9416
o-(1-T-1-T)-(0-T-1)-T-(1-T-0)-© 698.9433 [M + 2H[* 698.9435
0-(1-T-1-T)-(1-T-1)- T-(1-T-0)-® 705.9511 [M + 2H]** 705.9511

“ The parenthesis in the sequence are only displayed for clarity and
indicate the synthons that were used to build the polymers.

monodisperse or near monodisperse samples were observed.
Moreover, the measured exact mass matched closely theoretical
value for all samples (Table 1). These results imply that the
dyad-ligation strategy is not only efficient for homopolymers
but also for copolymers. Perhaps more importantly, it was
verified in all cases that the expected sequences were formed
thanks to their unique MS/MS dissociation pattern (Fig. 4 and
Fig. S11 and S12, ESIY). Even species exhibiting very slight
differences in their sequence, such as location of the second
0 coding units in entries 1 and 2, were discriminated (Fig. 4). The
peculiar fragmentation behavior of poly(alkoxyamine amide)s
was shown to consist of competitive homolytic cleavages of any
C-ON bond between a coding unit and TEMPO moiety, leading
to two product ion series holding either one or the other chain
As a result, the mass difference between two
consecutive fragments within a given series can only be equal
to 226.2 Da (T-0) or 240.2 Da (T-1). Consequently, any unknown
coded sequence can be read in a straightforward manner from
its MS/MS spectrum by simply measuring the mj/z distance
between peaks within a given series. For example, in Fig. 4a,
the first fragment at m/z 385.3 assigned to [0-1-T-1° + H]"
(named c,*") and upper homologues constituting this series,

terminations.”

This journal is © The Royal Society of Chemistry 2015

*m/z1012.6  y;* m/z786.5 * m/z 546.3

4‘ —I 2H+
o
H
N —o—
OH
ctm/z3853  cytm/z6114  cgtm/z851.6
A
. © 2
c, ¢ o [M+2H]* ®
385.3 © 3 698.9 l 20 eV
o
Al
e’ AN a
& < © © ]
< i = g 5
; . i ml | i [ 3 . l
500 750 1000 m/z

*m/z1012.6  y;* m/z786.5

b AHﬁIZ%Hﬁliﬁaﬁl
AR A

y2+t m/z546.3

c,;* m/z385.3 cy*m/z611.4 ¢4t m/z851.6
c,’ .
385.3 Y2 [M+2H]” ®
2 ) 698.9 l 20eV
© ~
w Ef) o

==

+ = ©
c, A Cs o
s . u © © =y
S O © E
i ; © l 1 B |
T T T
500 750 1000 m/z

Fig. 4 MS/MS sequencing of isomeric sequence-coded copolymers
(@) a-(1-T-1-T)-(0-T-1)-T-(0-T-1)-0; (b) o-(1-T-1-T)-(0-T-1)-T-(1-T-0)-0
Both ESI-MS/MS spectra were obtained after collisional activation (20 eV)
of doubly charged precursor ions at m/z 698.9. The m/z values in grey
correspond to internal or secondary fragments.
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c;*" at mjz 611.4 (Am/z 226.2: +T-0), ¢,*" at m/z 851.6 (Am/z 240.2:
+T-1) also detected as c,*>* at m/z 426.3, and c5*>" at m/z 539.4
(Am/z 113.1 = 226.2/2: +T-0), allowed the chain to be reconstructed
from the left- to the right-hand side as o-1-T-1-T-0-T-1-T-0.
Complementarily, the y;**" series composed of m/z 546.3
[*T-0-T-1-Br + H]', m/z 786.5 (Am/z 240.2: +1-T), m/z 1012.6
(Am/z 226.2: +0-T), and the doubly charged m/z 626.9 fragment
(Am/z 240.2/2: +1-T) was consistent with a T-1-T-0-T-1-T-0-T-1-Br
structure. Combining these two partial sequences unequivocally
conducted to the unique o-1-T-1-T-0-T-1-T-0-T-1-Br structural
conclusion.

Due to issues regarding location of the adducted protons,’
all but the first and the last C-ON bond cleavages produced a
pair of complementary fragments. Since sequences in entries 1
and 2 only differed by the two last units, they gave rise to the
same series of fragments holding the w end-group (that is, y;**")
as shown in Fig. 4. In contrast, they were distinguished based
on their ¢;*>" product ion, respectively detected at m/z 539.4
and m/z 546.4. The peak of the latter c;*>" fragment at m/z 546.4
could be separated from the signal of the m/z 546.3 y,*" thanks
to the high resolution capability of the 0aTOF mass analyzer. As
shown in the insets of Fig. 4, this assignment was supported by
3¢ isotopic peaks observed at m/z 547.3 for the singly charged
y>*" and m/z 546.9 for the doubly charged c5*>", as well as by the
mi/z shift experienced by the y;**" fragments only in the MS/MS
spectrum of the *'Br-containing precursor (Fig. S11, ESIt). The
MS/MS fragmentation observed for entry 3 also confirmed the
targeted sequence (Fig. S12, ESIT).

In summary, digitally-encoded poly(alkoxyamine amide)s were
synthesized by successive macromolecular ligation of dyads.
Using a simple library of four reactive dyads, any desired binary
sequence can be obtained. As a proof of concept, homopolymers
and copolymers were prepared in this work. MS/MS sequencing
measurements confirmed that the expected sequences were
formed in all cases. On the whole, this strategy is fast and
efficient and therefore greatly simplifies the solid-phase synthesis
of information-containing macromolecules. It should be however
remarked that slight polydispersity was observed after perform-
ing several iterations on the resin. This implies that capping steps
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and HPLC purification are probably mandatory if long polymer
chains are targeted. Nevertheless, the present work opens up
interesting avenues for the design of sequence-coded materials.?®
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