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Abstract

The collision-induced dissociation (CID) of sequence-defined poly(alkoxyamine
phosphodiester)s was studied by electrospray ionization mass spectrometry. These
informational polymers were synthesized using three different nitroxide building blocks,
namely proxyl-, SG1- and TEMPO-derivatives. For a polymer containing TEMPO- and SG1-
based main chain alkoxyamines, it was found that both types of alkoxyamines break in CID
tandem mass spectrometry (MS/MS). However, SG1-sites are preferentially cleaved and this
predominance can be increased by reducing collision energy, even though selective bond
fragmentation was not observed. On the other hand, for a polymer containing proxyl- and SG1-
alkoxyamines, selective bond cleavage was observed at all studied collision energies. The SG1-
alkoxyamines can be first cleaved in MS/MS conditions and secondly the proxyl-alkoxyamines
in pseudo-MS? conditions. These results open up interesting new avenues for the design of

readable, erasable or programmable informational polymers.
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1. Introduction

Until very recently, macromolecular information storage was a property only exhibited by
biopolymers.ll Yet, starting about seven years ago,l? synthetic information-containing
macromolecules have been introduced as an exciting new class of functional polymers.B-41 Just
like biological polymers, these macromolecules store information in a defined comonomer
sequence.® Hence, this new field of research opens up unprecedented applications of
synthetic polymers in areas such as data storage,’®* cryptography,*4*%! traceability, plastic
recycling,!* anti-counterfeiting technologies,[”-* and synthetic Life.[*¥ Overall, the synthesis
of information-containing macromolecules is a topic that is increasingly studied and well-
documented.[ Comparatively, another fundamental aspect that has been less investigated is the
degradation of these macromolecules; even though it is a crucial parameter that influences
storage,? erasure,®! editing®?! and decryption of informational sequences. For instance,
controlled bond cleavage is a crucial aspect in destructive sequencing methods such as
collision-induced dissociation (CID) tandem mass spectrometry (MS/MS) or chemically-
induced depolymerization.[??251 However, although all macromolecules are somehow
decomposing over time, their degradation paths are not always controllable and useful. For
example, the cleavage of DNA informational side-groups may occur in CID, thus prohibiting
MS/MS sequencing.!?8! In this context, guiding macromolecular degradation through molecular
design is an important objective. This aspect is, of course, much easier to implement in synthetic
polymers than in biological ones because the molecular structure of the former can be varied at
will, whereas the one of the latter is often limited by biological constraints.

Among the wide variety of chemical reactions and building blocks that can be used to
construct synthetic information-containing polymers, the chemistry of nitroxides?” and
alkoxyamines has been proven to be extremely useful.[®l It is well known that NO-C bonds,
formed by radical-radical coupling of nitroxides with carbon-centered radicals, are thermo-
labile and dynamic. Thus, various types of dynamic polymer architectures have been prepared
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using nitroxide chemistry.[?81 More recently, it was also shown that this chemistry can be used
for the synthesis of digitally-encoded macromolecules such as poly(alkoxyamine amide)st® 2°!
and poly(alkoxyamine phosphodiester)s.l*%-3! Besides the fact that radical-radical couplingt®
is a fast and efficient reaction for stepwise orthogonal polymer synthesis,!*¥ the presence of
alkoxyamine repeat units in the formed polymers enables chain erasing by thermal
degradation® and favors sequencing because NO-C bonds are the first to break when subjected
to CID.B% 31 Thus, alkoxyamines were afterwards intentionally included in other types of
digital polymers to guide their CID dissociation and sequencing.[**! However, in all these works,
the classic nitroxide 2,2,6,6-tetramethylpiperidinyloxy (TEMPQO) was primarily used. Many
other nitroxides exist and the stability of the corresponding alkoxyamines strongly depend on
their molecular structure.*6-%8 For example, 2,2,5,5- tetramethylpiperidinyloxy (proxyl) and N-
tert-butyl-1-diethylphosphono-2,2-dimethyl propyl (SG1)B® nitroxides lead to NO-C bonds,
which are markedly different from TEMPO-based ones.*Y In the present work, TEMPO, proxyl
and SG1 building-blocks were tested for the iterative synthesis of digital poly(alkoxyamine
phosphodiester)s and the MS/MS sequencing of the formed coded copolymers was
investigated. In particular, the CID of the different types of alkoxyamines was examined and

compared.

2. Results and Discussion

Scheme 1 shows the route that was used in this work for the synthesis of the sequence-defined
poly(alkoxyamine phosphodiester)s. As described earlier,% these polymers were prepared via
an orthogonal iterative solid-phase approach involving two different types of bifunctional
building blocks, namely a phosphoramidite monomer bearing an alkyl bromide and an hydroxy-
functional nitroxide, as well as two successive coupling reactions: (i) phosphoramidite coupling
and (ii) radical-radical coupling. To include molecular information in the polymer chains, two
different phosphoramidite monomers (0 and 1, Scheme 1) and three different nitroxides (P, S
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and T, Scheme 1) were used herein. In these syntheses, the radical-radical coupling step (ii)
leads to the formation of main-chain alkoxyamines with the general structure -NHCOC(CH3).-
ON-. The bond dissociation energy (BDE) of these alkoxyamines depends on the molecular
structure of the corresponding nitroxide. For instance, it has been reported that for
alkoxyamines formed with the same alkyl fragment R= C¢HsC(CH3), activation energy for the
dissociation Eag at 293 K follows the trend R-SG1 < R-TEMPO < R-proxyl.[“l Based on these
literature data, building blocks S and T were first considered for the construction of sequence-
defined poly(alkoxyamine phosphodiester)s. The model polymer P1 with sequence a-0TOSOT
was synthesized. Figure S1 shows the negative mode high-resolution electrospray ionization
mass spectrometry (ESI-HRMS) spectrum recorded for this polymer. This measurement
confirmed the synthesis of a uniform oligomer with a monoisotopic mass of 1574.8411 Da. The
CID fragmentation of this polymer was then studied at different collision energies (Figure 1).
As previously observed,®* alkoxyamines break preferentially in these structures, while other
main-chain heteroatom-containing groups (i.e. amides and phosphates) remain stable. Yet, the
fragmentation of the polymers strongly depends on collision energy (Figure 1a), with products
of the SG1-based alkoxyamine (in blue) clearly formed from a lower energy threshold
compared to those expected from C—ON bond homolysis at the TEMPO moiety. As a result,
using very low collision energies allows almost selective homolysis of the SG1-based
alkoxyamine bond. For example, in the MS/MS spectrum recorded for P1 at 9 eV (Figure 1b),
the complementary products c;> and y,~ formed upon homolysis of the SG1-based
alkoxyamine are observed with higher abundance than fragments c1*~ and ys? generated after
cleavage of the first TEMPO C-ON bond (counting from left to right starting from the o
terminus), while the cs® ion expected at the second TEMPO-based alkoxyamine remains
undetected. Raising collision energy up to 15 eV allows both SG1- and TEMPO-based
alkoxyamines to undergo homolytic cleavage. Consistent with the lack of transition state for

bond homolysis in gas phase ions, the higher dissociation rate of the SG1-based alkoxyamine
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compared to TEMPO accounts for the larger abundance of the c2?/y.~ ion pair compared to
other fragments (Figure 1c). Nevertheless, these activation conditions allow all ¢i* fragments
to form, hence enabling full sequence coverage by MS/MS according to decoding rules that
have been previously established.®% Overall, a highly-favored (but not truly selective)
decomposition of SG1-based alkoxyamines was observed as compared to TEMPO-based
alkoxyamines in P1.

A second model polymer P2, having the sequence a-1P1SOP1S, was then synthesized
using the pair of building blocks S and P. ESI-HRMS (Figure S2) confirmed the formation of
the targeted polymer with a mass of 2119.1089 Da. Figure S3 shows the MS/MS breakdown
curves recorded for P2. At all studied collision energies, the cleavage of SG1-based
alkoxyamines is orthogonal as compared to proxyl-based ones. Of note, the experiment
presented in Figure S3 was limited to collision energies below 15 eV since activating P2 with
higher energies induced secondary fragmentation via alternative rearrangement reactions.
Figure 2a shows the MS/MS spectrum of P2 recorded at a collision energy of 9 eV,
corresponding to a center-of-mass energy (Ecm = 0.470 eV) comparable to that used for P1 in
Figure 1b (Ecm = 0.473 eV) for the sake of comparison. All observed peaks indicate that
primary fragmentation of P2 proceeds at the two SG1-based alkoxyamines. Indeed, the peak at
m/z 309.1 assigned to c1~ clearly corresponds to a secondary fragment formed from c,% (vide
infra) because the complementary ys* ion expected at m/z 602.0 in case of primary
fragmentation of P2 is not detected. Data from Figure 2a show that other secondary
dissociations selectively occur at SG1. This C-ON bond cleavage in cs* yields c,> (hence
further contributing the peak intensity at m/z 399.7) together with the doubly charged internal
fragment at m/z 502.7 (designated by a grey asterisk). The same m/z 502.7 internal fragment is
also produced after the y3® primary ion has eliminated the SG1-OH terminal radical moiety.
Therefore, selective bond cleavage is more distinct for the pair SG1/proxyl than for

SG1/TEMPO. These results are somehow in accordance with the homolysis rate constants
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reported for model alkoxyamines.[“9l Yet, it shall be reminded that the CID experimental
conditions studied in this work are markedly different from solution conditions that are typically
used in nitroxide mediated polymerization or in ESR decomposition studies. Furthermore, the
homolytic cleavage of proxyl-, SG1- and TEMPO-based alkoxyamines is influenced by the
nature of the alkyl fragment (i.e. the amide moiety -NHCOC(CHzs)2 in the present case), by the
steric and electronic effects of nitroxide substituents and eventually by side reactions.[36-37: 41-
42l Nonetheless, in the studied experimental conditions (that is, for gas phase ions in vacuum),
SG1-based alkoxyamines were selectively cleaved in MS/MS regime where homolysis of C—
ON bonds at proxyl is not competitive. A second activation stage was required to induce
cleavage of the proxyl-based alkoxyamines in primary fragments and hence recover the whole
polymer sequence. To do so, ¢~ homolysis products of the two SG1 C-ON bonds were
subjected to pseudo-MS? experiments, after being formed in-source upon raising the kinetic
energy of their transfer through the interface of the mass spectrometer. In such conditions, CID
of c22 at m/z 399.2 led to c1'*~ at m/z 309.1 and y”1'*~ at m/z 490.3 (Figure 2b), indicating the
a-1-P-1 starting block. Then, as illustrated in the inset dissociation scheme of Figure 2c, the
MS/MS pattern of c4* at m/z 451.2 permitted to complete the sequence as a-1-P-1-S-0-P-1,
and subtracting its m/z value to the m/z 528.8 value of the [P2 — 4H]*" precursor confirmed the
last building block was S-OH. Of note, selective homolysis of C-ON bonds at SG1 is also
observed in the pseudo-MS? experiment reported in Figure 2c. Indeed, cleavage at the second
proxyl group in c4* is not a primary dissociation event since the ¢z~ fragment expected at m/z
438.2 is not detected. Instead, homolysis at this proxyl moiety occurs in y’2?" to produce y’1'*
(at the same m/z 490.3 compared to the internal fragment released from c22" to produce c11)

together with the m/z 515.2 internal fragment (annotated with an asterisk in Figure 2c).



3 Conclusions

In summary, sequence-defined poly(alkoxyamine phosphodiester)s were synthesized using
different nitroxide building blocks and their fragmentation was characterized by high-resolution
electrospray ionization mass spectrometry. When the studied polymer contained both SG1- and
TEMPO-based alkoxyamines, it was found that SG1 sites were predominantly (but not
selectively) cleaved under CID conditions. Still, the preponderance of SG1-related fragments
varied with collision energy. In case of a polymer containing both SG1- and proxyl-based
alkoxyamines, selective bond cleavage was observed. First, the SG1-based sites were
selectively cleaved in MS/MS and afterwards the proxyl alkoxyamines were cleaved in pseudo-
MS? conditions. These findings open up interesting avenues for tuning the properties of digital
polymers. For instance, they enable the design of informational macromolecules with
programmed fragmentation; a strategy that has been recently validated for decoding long
information sequences.l®! Alternatively, they may allow conception of blocky informational
polymers, in which specific information blocks could be degraded and not others. Altogether,
the results described in this communication further confirm that the properties of synthetic

informational polymers can be finely tuned by macromolecular design.
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Scheme 1. Iterative steps and building blocks used in the present work for the synthesis of
sequence-defined poly(alkoxyamine phosphodiester)s. Experimental conditions: (i1)
phosphoramidite coupling: RT, AcCN, tetrazole; (i2) oxidation: RT, I, 2,6-lutidine, THF/H0;
(i) radical-radical coupling: CuBr, MesTREN, DMSO, (iii) cleavage: piperidine, AcCN, RT,

then MeNH, NH4OH, H20, RT.
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Figure 1. MS/MS fragmentation of P1. (a) Breakdown curves recorded for the [P1-3H]*
precursor ion at m/z 523.9 (black dots) at different collision energies. The grey zones highlight
the examples that are displayed in panels b and c. (b) MS/MS spectrum recorded for [P1-3H]*
at a laboratory frame collision energy of 9 eV (0.473 eV in the center-of-mass frame). (c)
MS/MS spectrum recorded for [P1-3H]* at a laboratory frame collision energy of 15 eV (0.788

eV in the center-of-mass frame). The grey asterisks designate internal fragments.
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Selective bond cleavage in informational poly(alkoxyamine phosphodiester)s

Gianni Cavallo, Jean-Louis Clément, Didier Gigmes, Laurence Charles, Jean-Francois Lutz*

Materials. 3-Amino-proxyl (99%, Acros Organics), N,N-diisopropylethylamine (DIPEA, 99%,
TCI), 1H-benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, 98%,
Novabiochem/Merck), copper(l) bromide (98%, Alfa Aesar), tris(2-dimethylaminoethyl)amine
(MesTREN, 99%, Alfa Aesar), piperidine (99%, Alfa Aesar), methylamine (aqueous solution,
40%, Fluka), ammonium hydroxide solution (28-30% NHs3, VWR), tetrazole (acetonitrile
solution, 0.45M, Sigma-Aldrich), tetrabutylammonium fluoride solution (1.0 M in THF,
Sigma-Aldrich), 2,6-lutidine (98%, Alfa Aesar), tetrahydrofuran (THF, > 99%, 250 ppm BHT,
Sigma-Aldrich), anhydrous dichloromethane (DCM, Sigma-Aldrich), anhydrous acetonitrile
(AcCN, Sigma-Aldrich) and anhydrous dimethyl sulfoxide (DMSO >99%, Sigma-Aldrich)
were used as received. Anhydrous tetrahydrofuran (THF) was obtained on a dry solvent station
GTS100. 5-((triisopropylsilyl)oxy)pentanoic acid was synthesized following a previously
described procedure.l The nitroxides S, T and the phosphoramidite monomers 0, 1 were
prepared as previously reported.?-*l The phosphoramidite monomers were kept in the freezer at
-18°C. Oligomers iterative syntheses were performed in an equipped argon/vacuum solid phase
extraction glass tube (12 mL with frit 3) and stirred with an IKA HS 260 Basic shaker. They
were performed on an aminomethylated-polystyrene resin (1.4 mmol g, Merck) that was
modified with 4-ox0-4-(3-(dimethoxy-trityloxy)propoxy)butanoic acid as reported earlier.™!

Synthesis of 5-hydroxy-N-proxyl-pentanamide. The nitroxide P was synthesized by reacting
3-amino-proxyl with 5-((triisopropylsilyl)oxy)pentanoic acid and subsequent deprotection of
the triisopropylsilyl (TIPS) group. 5-((Triisopropylsilyl)oxy)pentanoic acid (190 mg, 0.66
mmol, 1 eq.), DIPEA (255mg, 1.98 mmol, 3 eq.) and 3-amino-proxyl (103 mg, 0.66 mmol, 1 eq.)
were dissolved in 20 mL of anhydrous DCM and the solution was cooled to 0°C. To the reaction
mixture, PyBOP (515 mg, 0.99 mmol, 1.5 eq.) was added and the solution was allowed to reach
room temperature and stirred overnight. The day after, the reaction was quenched with ammonium
chloride saturated solution and the solvent was evaporated. The aqueous layer was extracted with
EtOAc (3x20 mL), washed with brine (20 mL) and dried over MgSO4. Chromatographic column
on silica gel (EtOAc/Cyclohexane) (30/70) gives the TIPS-protected product in 67% vyield. ESI-
HRMS [M+H]", m/z expected for Cz3HasN203Si*" 414.3272, found 414.3271. The TIPS-
protected intermediate (353 mg, 0.85 mmol, 1 eq.) was then dissolved in10 mL of THF. To the
solution, 3.0 mL of TBAF (1M in THF, 3.0 mmol, 3.5 eq.) was added. The reaction was monitored

-14 -



by thin layer chromatography and was stopped after 2.5 hours. The solvent was evaporated and
purified by chromatographic column on silica gel (dichloromethane/methanol) (95/5). After
purification, the OH-functional nitroxide P was recovered in 98% vyield as a red yellow powder.
ESI-HRMS [M+H]*, m/z expected for C13H26N203"" 258.1938, found 258.1936.

Solid-phase iterative synthesis of the oligo(alkoxyamine phosphodiester)s. The protocol for
the solid-phase iterative synthesis of oligo(alkoxyamine phosphodiester)s was reported in a
previous publication.tl In brief, the phosphoramidite coupling (step (iz) in Scheme 1) was
performed using 3 eq. of monomer 0 or 1 for 30 minutes on 120 mg of modified resin (estimated
loading of 0.7 mmol g* after modification). This reaction is always followed by an oxidation
step using a 0.1 M iodine solution (step (i2) in Scheme 1). The radical-radical coupling step
(step (ii) in Scheme 1) was performed using 5 eq. of nitroxide S, T or P for 40 minutes. Iterative
cycles (iv), (i2) and (ii) were repeated a certain number of times until a desired chain-length and
primary structure were reached. After synthesis, the oligomers were deprotected and cleaved
using first a piperidine solution in acetonitrile followed by a treatment with a mixture of
ammonia aqueous solution, methylamine aqueous solution and 1,4 dioxane (step (iii) in Scheme
1). Yield: 85% (P1), 70% (P2).

Electrospray lonization Mass Spectrometry. High resolution MS, MS/MS and pseudo-MS3
experiments were performed using a QqTOF mass spectrometer (QStar Elite, SCIEX, Concord,
ON, Canada) with the ESI source operated in the negative mode (capillary voltage: -4200 V;
cone voltage: -75 V for MS and MS/MS, -200 V for pseudo-MS?®). lons were accurately mass
measured in the orthogonal acceleration time-of-flight (oa-TOF) mass analyzer, using the
precursor ions as internal standards to calibrate MS/MS data. In this instrument, air was used
as nebulizing gas (10 psi) while nitrogen was used as curtain gas (20 psi) and collision gas.
Instrument control, data acquisition and data processing were achieved using Analyst software
(QS 2.0) provided by Applied Biosystems. Polymer samples (a few mg) were first solubilized
in methanol (SDS, Peypin, France) and then diluted (1/10 to 1/1000, v/v) in methanol
supplemented with ammonium acetate (Sigma Aldrich, Saint Louis, MO) at a 3 mM
concentration level, prior to injection in the ESI source at 10 pL/min using a syringe pump.
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Figure S1. Negative mode ESI-HRMS recorded for polymer P1 with sequence a-0TOSOT. P1
was accurately mass measured in the positive ion mode as doubly protonated molecule at m/z
788.4276, that is, with a —0.3 ppm error compared to the m/z 788.4278 value calculated for

Ce7H136NsO25P42".
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Figure S2. Negative mode ESI-HRMS recorded for polymer P2 with sequence a-1P1SOP1S.
P2 was accurately mass measured in the positive ion mode as doubly protonated molecule at
m/z 1060.5618, that is, with a +0.2 ppm error compared to the m/z 1060.5617 value calculated

for CgoH182N10034P6%".
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Figure S3. Breakdown curves obtained for [P2 — 4H]* at m/z 528.8 (black dots).
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