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Abstract

Discrete and Sequence-Defined Polyesters:
Synthesis and Their Applications
in Information Storage

Jeongmin Lee
Major in polymer chemistry
Department of Chemistry

Seoul National University

The synthesis of sequence-defined polymers with perfect control over the
molecular weight, monomer sequence, and stereoconfiguration remains a challenge
in polymer chemistry. Sequence-defined polymers can be used in extensive
applications, such as foldamers, catalysis, and antimicrobials. Particularly, these
polymers can serve as information storage media by converting their monomer
sequences into digital information such as binary code. Several strategies to
synthesize uniform macromolecules, such as stepwise iterative synthesis and
iterative exponential growth, have been developed, but they have limitations in terms
of scalability, polymer length, and periodic sequence. In this study, the synthesis of
sequence-defined polyesters using a cross-convergent method and information
storage using the aperiodic sequence of the polymers are demonstrated.

In this dissertation, high molecular weight sequence-defined poly(phenyllactic-

co-lactic acid)s (PcLs) were synthesized using a cross-convergent method combined



with preparative size exclusion chromatography (prep-SEC) for purification. This
method facilitates scalable synthesis of binary-encoded PcLs with minimal chemical
reactions. The stored information in a 64-bit PcL could be decoded via a single
measurement using MALDI-TOF tandem mass spectrometry. Furthermore, a
degradative sequencing method was used for the analysis of the monomer sequence
of a high molecular weight 128-bit PcL.

Despite the step-economical synthesis of sequence-defined polymers via the
cross-convergent method, large information storage requires the synthesis of a
multitude of sequence-defined polymers accompanied by massive chemical
reactions. This challenge could be overcome by the semiautomated synthesis of
sequence-defined poly(L-lactic-co-glycolic acid)s (PLGAs) using continuous flow
chemistry. This accelerated synthesis allowed the encoding of a bitmap image (896-
bit) in 14 PLGAs incurring only a fraction of time compared to batch reactions.
Moreover, introducing an 8-bit address code as the PLGA chain identifier enabled
direct tandem mass sequencing of the mixture of several PLGA chains.

Most sequencing methods for sequence-defined polymers, such as tandem mass
and self-immolative sequencing, which inevitably consume polymers in each
analysis, are destructive. Therefore, a nondestructive sequencing method for
sequence-defined enantiopure oligoesters, oligo(L-lactic-co-glycolic acid)s (oLGs)
and oligo(L-mandelic-co-D-phenyllactic acid)s (oMPs), was developed using *C
NMR spectroscopy. The sequence of a mixture of oLG and oMP was deciphered via
a single C NMR measurement because of the non-overlapping chemical shift
region of the sequence-indicating peaks. A bitmap image (192-bit) was encoded in
enantiopure octameric oLG and oMP through semi-automated flow synthesis, and

12 equimolar mixtures of oLG and oMP were decoded completely.



Although biodegradable polyhydroxyalkanoates (PHAs) are an attractive
alternative to hydrocarbon-based plastics, their application is inhibited by the limited
chemical structure of PHAs derived by biological and chemical synthesis. Therefore,
a synthetic procedure for a library of hydroxyalkanoates (HAs) with desired atomic
compositions, stereochemical configurations, and substituent chemistry from
accessible terminal epoxides was established. The defined HAs served as building
blocks for sequence-defined PHAs with controlled molecular weight, monomer
sequence, stereoconfiguration, and functional moieties.  Furthermore,
macromolecular engineering of sequence-regulated PHAs allowed for controlling
crystallinity and thermal properties of the polymers.

From the above experiments, a new method for the scalable synthesis of high
molecular weight sequence-defined polyesters was established, and their efficiency
was improved by introducing flow chemistry. Furthermore, it was demonstrated that
the sequence-defined polymers could serve as information storage media, and
encoding and decoding strategies were developed. Finally, the potential of
macromolecular engineering using sequence-regulated polymers was suggested.
These results will contribute to the unlimited diversity of polymers in the discovery
and understanding of structure-function relationships. Furthermore, molecular
engineering of synthetic polymers will also contribute to the development of

molecular media, paving way for a broad range of potential applications.

Keywords: sequence-defined polymer, cross-convergent method, continuous-flow

synthesis, information storage, sequencing, macromolecular engineering
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Chapter 1. Introduction

1.1 Overview

Since the notation of “polymerization” was proposed by Hermann Staudinger
in 1932, polymer chemistry has extensively grown.! In turn, various commercial
plastics have been developed and produced enormously to the extent that polymeric
materials have become an inevitable part of our lives.> Conventional polymerization
methods, such as free radical polymerization and step-growth polymerization, are
straightforward but limited in that the obtained polymers have monotonous
microstructures. This issue has been overcome by developing living polymerization,
in which chain-breaking reactions, such as termination and transfer, do not exist, and
all chains are instantaneously initiated and simultaneously grown, allowing
controlled composition of monomers, chain length, molecular weight distribution,
topology, and functionality.*> Consequently, synthetic polymers can be used in an
extensive range of applications, such as hydrogels, conductors, vitrimers, and
nanomaterials.®’

However, inherent statistical uncertainties in terms of the number and sequence
of monomers®® hinder the use of synthetic polymers in highly advanced areas in
which biopolymers, such as DNA and proteins, with absolutely defined molecular
weights and sequences, are used. Thus, there are perpetual attempts to devise an

10-14

innovative strategy for the synthesis of uniform polymers. For example,

15,16

sequence-regulated polymers resulting from step-growth polymerization or

metathesis polymerization'”!®

of sequence-controlled monomers facilitate control
over the sequence; however, the molar mass distribution remains a challenge.

Another viable method has been developed in which single unit monomer insertion

1



through a radical addition reaction mechanism with monomer additions occurs one

at a time; however, this approach has limitations on the yield of monomer insertion

and incompleteness.'*°

p~1.0
Defined chain-length
v Defined monomer sequence

A B{J)A
XA ——» xo@QA —— xoQA <©—»—» QIIPPII9

X = solid support, soluble support, small molecule
@ = cleavable site (optional)

B
A8 — AQDIDs
QRPIVIII
+ — A QJ B +
v o~1.0
A 0 B L— |A \)\) B v Exact chain-length (multiple of 2)
v Periodic monomer sequence
C B ® ®
2 A A A A 25 59
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Figure 1-1. Classical multistep growth mechanisms: (A) stepwise iterative synthesis,
(B) iterative exponential growth, (C) divergent dendrimer synthesis. Function A
reacts with function B. Step (i) coupling step. Step (ii) deprotection step. A final

cleavage step (iii) is required in some cases.?

Eventually, multistep growth synthesis can resolve the issue of synthesizing
uniform polymers, wherein reaction and purification are separately performed.?'-**
There are three types of multistep growth synthesis: stepwise iterative synthesis,”*
iterative exponential growth,” and dendrimer synthesis.?**” The stepwise iterative
strategy involves linear growth of monomers by successive iterations of deprotecting
the terminal end, followed by coupling with a monoprotected monomer. Iterative

exponential growth, meanwhile, enables linear growth by doubling the repeating

units by successive iterations of orthogonal deprotections of two terminal ends,
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followed by coupling between monoprotected reagents. Dendrimers are branched,
precise macromolecules resulting from repetitive reactions, including deprotection
of the terminal ends of multifunctional building blocks and coupling reactions with
monoactivated dendritic monomers.

Uniform polymers obtained from the aforementioned strategies, which are
superior to conventional polymerization, have controlled absolute molecular weight,
monomer sequence, and stereoconfiguration. Therefore, they enable whole new suite
of applications, such as efficient platform for catalysis, antibacterial biomaterials,
and molecular recognition.?® Particularly, digital information can be stored in
sequence-defined polymer by converting monomer sequence into binary code.?® This
topic has developed in recent years, and consequently several “writing” and “reading”
techniques were devised and improved for large-scale information storage.*® In
addition, these polymers can be used in cryptography,’! anti-counterfeiting,* and

product-identification.*

1.2 Stepwise iterative synthesis

One of the most prevalent methods for sequence-defined polymers is solid-
phase synthesis because of their easy purification. Although this technique was
initially developed for the chemical synthesis of biopolymers, such as proteins and
nucleic acids,* it has been applied extensively in the development of sequence-
defined oligomers and polymers. This method involves a coupling reaction of a
polymer precursor fixed to an insoluble solid with a monoprotected monomer and a
deprotection reaction at the end of the polymer. The coupling and deprotection steps
yield sequence-defined polymers with a step-wise increase in the number of

repeating units.
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Figure 1-2. General strategy for synthesis of sequence-defined non-natural
polyphosphate. Iterative phosphoramidite protocol constitutes five steps. (i) DMT
deprotection; (ii) Coupling; (iii) Oxidation; (iv) Cyanoethyl deprotection; (v)

Cleavage.®

Lutz et al. (2015)* reported a synthetic method for sequence-defined non-
natural polyphosphates using iterative phosphoramidite protocols on a solid
polystyrene support. As shown in Figure 1-2, phosphoramidite coupling between the
monomer bound to the solid support and the dimethoxytrityl (DMT)-protected
monomer yields a dimer. The resulting dimer underwent successive oxidation, DMT
deprotection, and coupling to obtain the desired lengths of the polymers. Finally,
cleavage of the solid support yielded sequence-defined oligomers. Moreover, the
quantitative modification of the alkyne side chains by copper-catalyzed azide-alkyne
cycloaddition was achieved. Lutz et al. (2015)% further developed a synthetic
method using 1000 A pore glass as a solid support and introduced capping steps,
obtaining sequence-defined polymers with more than 100 repeating units.

Several strategies for protecting-group-free iterative synthesis have been

developed. Du Prez and coworkers (2013)%" reported a synthetic strategy for



sequence-defined oligomers using thiolactone-based chemistry (Figure 1-3). This
protecting-group-free approach comprises two steps: selective aminolysis of
thioesters releasing a thiol group and coupling of a monomer containing thiolactone.
Repetitive reaction cycles and cleavage from the solid support yielded sequence-
defined oligomers with several functional groups. The same group demonstrated the
automated synthesis of multifunctional sequence-defined oligomers using a peptide

synthesizer with similar thiolactone chemistry.*®
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Figure 1-3. Two-step iterative method for the synthesis of sequence-defined

oligomers on solid support based on thiolactone-based chemistry.®
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While solid-phase synthesis is advantageous in terms of its facile purification,
milligram scale reactions limit the scope of potential applications. Alabi et al.
(2014)* introduced a liquid-phase approach using soluble fluorous supports instead
of solid supports. They synthesized multifunctional sequence-defined polymers on
fluorous tags via sequential phosphine-catalyzed Michael addition and photoinitiated
thiol-ene click addition. The use of a fluorous support allows homogeneous reaction
conditions in common organic solvents, which results in rapid solution kinetics.
Additionally, sequence-defined polymers can be selectively purified via rapid
fluorous solid-phase extraction. Meier et al. (2016)*° demonstrated the synthesis of
sequence-defined oligomers at a high yield and multigram scale using an iterative
Passerini three-component reaction. Livingston et al. (2019)*' demonstrated liquid-
phase synthesis with molecular sieving, which facilitated the synthesis of sequence-

defined polyethers with structural and functional diversities.

1.3 Iterative exponential growth

Stepwise iterative synthesis is a powerful strategy to control the composition
and sequence of monomers, but the chain length is limited owing to deletion errors
owing to indistinguishable products and unreacted precursors. For example, if the
reaction yield is 99.5%, the proportion of the desired 10-mer is 95%; however, a
sequence-defined polymer without any deletion errors is only 60% after 100
repetitive reactions. Therefore, another strategy was proposed by Whiting et al.
(1982)*, which involved the synthesis of discrete polyethylene with up to 192
carbon atoms by repeated conversion of the chain end and coupling reaction. This

elegant molecular doubling approach is based on iterative exponential growth.*
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Figure 1-4. Scheme for synthesis of discrete polymers through iterative exponential
growth.*

As shown in Figure 1-4, the orthogonally protected monomer AP-M-BP was
selectively deprotected to yield two monoprotected intermediates: A-M-Bf and AP-
M-B. These intermediates were coupled to prepare the orthogonally protected dimer
AP-MM-BP. These orthogonal deprotection and coupling steps constitute a single
iteration. In this process, the coupling product serves as a constituent unit for the
next iteration, thus inducing molecular doubling.** Due to good efficiency and
7
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scalability, several discrete conjugated macromolecules, such as oligo(phenylene
ethynylene)s,* oligo(thiophene)s,* oligo(p-phenylene)s,*’ and oligo(m-aniline)s,*®
were reported but they were limited to short chain lengths due to poor solubility.
Furthermore, there are other strategies to achieve discrete commodity polymers,
such as polyethylene,* polyether,’® and polyester.’"3? These discrete polymers could
serve as a standard reference in analytical instruments, such as size exclusion
chromatography or mass spectrometry, and model compounds for degradability or
crystallinity studies. For example, Hawker et al. (2008)> reported an iterative
exponential growth of discrete e-caprolactone oligomers and polymers with up to 64
repeating units. In this study, fert-butyldimethylsilyl ether and benzyl ester served as
the protecting groups for the hydroxyl and carboxylic acid groups, respectively. The
monoprotected precursors were coupled using 1,3-dicyclohexylcarbodiimide and 4-
(dimethylamino)pyridinium-p-toluenesulfonate to afford the ester backbone. The
quantitative yields of each deprotection and coupling reaction facilitated the
synthesis of discrete high molecular weight polymers. Hawker et al. also reported
the synthesis of discrete poly(lactic acid)s using a similar chemistry approach and
investigated the correlation between the number of repeating units and their distinct

physical properties.>*
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from IEG+.%®

In addition to the ability to control molecular weight and molar mass
distribution, iterative exponential growth enables the control of other structural
parameters of polymers, including stereoregularity. Johnson et al. (2015) reported
iterative exponential growth plus side-chain functionalization by employing chiral
monomers containing functional groups (Figure 1-5). Repetition of orthogonal
deprotection and functionalization was followed by coupling afforded sequence- and
stereo-controlled polymers with acetyl and benzyl functional groups. Scalable
synthesis of functionalized sequence-defined polymers using flow chemistry was
demonstrated by the same group.*® Furthermore, this strategy could be applied to the
assembly of unimolecular block copolymers with varying side chain chemical

structures and stereochemical sequences.’”® Recently, the same group investigated
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biological properties influenced by the control of stereochemistry and
conformational rigidity of bottlebrush polymers resulting from ring-opening
metathesis  polymerization of  sequence-defined  norbornene-terminated

macromonomers.>’

1.4 Digital information storage in synthetic macromolecules

With the exponential growth in the demand for digital information storage, new
methods for writing and storing information are required.®* % Owing to their
excellent durability and high information density, synthetic DNAs can serve as an
alternative to silicon-based devices.®*** Davis (1988)% initially demonstrated
synthetic DNAs containing a coded image. A novel study of large-scale information
storage in DNA was reported by Church et al. (2012)% in which 5.27 megabits of an
entire book’s draft, including 53,426 words, 11 images, and 1 JavaScript program
were split into DNA nucleotides, comprising address code, data block, and common
sequence for amplification and sequencing. Because encoding and decoding
strategies have been developed over time, numerous studies on data storage with

respect to higher information density and lower error rates have been reported.®”¢®
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Figure 1-6. Schematic illustration of an example of information storage in
immobilized oligopeptides. In the first spot, four different oligopeptides are

immobilized, representing 01001101, which indicates the character “M.”™

In addition to synthetic DNA, proteins, small molecules, and polymers have
been used for alternative data storage.®’° Whitesides et al. (2019)”' showed
information storage in mixtures of readily available and stable oligopeptides (Figure
1-6). Each polypeptide immobilized on a monolayer has a different molecular weight,
which enables us to distinguish the presence of the peptides representing “1” in the
binary system. The combination of eight oligopeptides indicates a byte message
written in the ASCII code. A total of 32 oligopeptides with different molecular
weights were used to encode four bytes in one spot. The information stored in each
spot was decoded using a MALDI-TOF mass spectrometer. Consequently, massive
amounts of information could be stored on an array plate and decoded at a rate of 20
bits/s. The same group demonstrated another study on information storage using a

similar approach.”” They converted oligopeptides with distinguishable molecular
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weights into dye molecules with different fluorescent emission maximum
wavelengths. This strategy facilitates the storage and reading of information at

higher rates than those in previous studies.
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Figure 1-7. General concept of the synthesis of oligo(alkoxyamine amide)s via solid
phase synthesis. A TEMPO spacer between primary amine allows easy decoding and

erasing of polymers.”™

Sequence-defined synthetic polymers have attracted significant attention as an
alternative to synthetic DNA as information storage media because of the low cost
of monomers, higher information density, and stability of synthesized polymer.” The
most widely used writing method to synthesize sequence-defined polymers is
stepwise iterative synthesis because of their superiority in terms of control over the
monomer order. Lutz et al. (2015)”* introduced sequence-encodable polymers
resulting from the repetition of two chemoselective reactions: the reaction of a
primary amine with a bromo-functionalized anhydride, and the radical coupling of a
carbon-centered radical with a nitroxide (Figure 1-7). The two different amino-

TEMPO comonomers serve as one-bit information representing 0 or 1 in the binary
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code, according to the methyl or dimethyl moieties. The low-energy homolytic
cleavage attributed to the TEMPO spacer enables the binary-coded polymers to be
easily decoded, using tandem mass spectrometry, and destroys information via
thermal degradation.

To store large amounts of information, several strategies have been developed.”™
The most facile approach to increase the information density of uniform polymers is
employing numerous monomers with diverse functionalities.”® When 2" different
monomers are used for encoding, a storage density is n bits per monomer. For
example, the maximum storage density of DNA, consisting of four different
nucleotides, is 2 bits per nucleotide. Therefore, the amount of information stored in
a pentamer constituting 15 different monomers is equivalent to that stored in a 16-
mer synthesized using two different monomers. Du Prez et al. (2018)7" used
multifunctional sequence-defined macromolecules for chemical data storage via the
synthesis of amide-urethane oligomers using an automated protecting-group-free
two-step iterative method based on thiolactone chemistry. A 33 x 33 QR code was

encoded in 71 sequence-defined oligomers, using a library of 15 acrylate monomers.
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Figure 1-8. Concept of the decoding mixtures in sequence-defined oligomers to

increase data storage by introducing distinguishable molecular tags.”
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However, because of the complexity of the resulting mass spectra, every
oligomer had to be separately analyzed, implying that every macromolecule has to
be stored in separate vials, which in turn hindered the practicality of the approach to
increase information density. Therefore, reading mixtures of sequence-defined
macromolecules is a more efficient approach than analyzing isolated oligomers to
increase data storage capacity. Meier et al. (2020)® introduced molecular tags
suitable for unambiguous identification and distinction between different oligomers
(Figure 1-8). Twelve different sequence-defined tetramers and three hexamers were
synthesized via iterative Passerini three-component reactions and subsequent
deprotection steps. Consequently, three different halogenated mass markers were
incorporated into the oligomers, providing the molecule with a characteristic isotopic
pattern. The oligomers were distinguished using electrospray ionization mass
spectrometry (ESI-MS), and specific isotopic patterns, along with the sequence of

each molecule, were decoded by tandem ESI-MS/MS.

1.5 Decoding methods of sequence-defined polymers

It is essential to analyze the monomer sequence to utilize sequence-defined
polymers as information storage media. Universal techniques for molecular
sequencing include electrospray ionization (ESI) and matrix-assisted laser

7 The uniform

desorption/ionization time-of-flight tandem mass spectrometry.
macromolecules are ionized and separated based on their mass-to-charge ratio,
followed by additional fragmentation, separation, and detection. The resulting
fragmentation pattern can be used to reconstruct the precursor ions and the ultimate

polymer sequence. The obtained fragmentation pattern strongly depends on the

nature of the polymer backbone.*® Lutz et al. are constantly studying data storage in
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synthetic macromolecules, and they developed sequencing methods using tandem
mass spectrometry. Recently, they achieved MS sequencing of long-coded polymers
through careful macromolecular design.®! The sequence-coded polymers prepared
by automated phosphoramidite chemistry comprised phosphoramidite monomers
representing bit information, mass tags, and cleavable spacers. Under collision-
induced dissociation conditions, the weak alkoxyamine bonds in the cleavable spacer
were selectively cleaved first. Subsequently, each fragment, which could be
distinguished owing to mass tags, was deciphered by C-O bond cleavage of the
phosphodiester linkage. Consequently, large quantities of information stored in long

polymers could be decoded.
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Figure 1-9. (A) Scheme for the self-immolation of sequence-defined oligourethanes.
(B) LC-MS traces at the denoted time intervals.®2

Anslyn et al. (2020)** proposed an elegant sequencing technique without
tandem mass spectrometry (MS/MS). They designed a sequence-defined
oligourethane, wherein a terminal alcohol induces favorable intramolecular

cyclization that releases 2-oxazolidinone and a new terminal alcohol, which can
15



generate successive cyclizations (Figure 1-9). Sequence-defined oligourethanes
were subjected to self-immolation conditions with K3PO4 at 70 °C. Consequently,

the monomer sequence could be deciphered by analyzing each iteration of the

truncated oligomers using a single LC/MS trace.

Exact Mass: 2187.06
X SS: Na*

1857.88 1493.74 2))/ 1107.52 763.34

405.15
O M NH O NH
I 2 H 1 H OI/\ " o ) "

"’"W"I/\S’VQMNI\’S‘/\O I~ N MNI\/S\/\O k/\)L"I/\S,\,o MNI\/S‘/\W NaOH (20 eq.)

! ° O P ! ° © P " CHENE BV O ACN/H20 5:1

N
M2 N
37018 (F5) 734.32 (F4) 1120.55 (F3) 1464.72 (F2) 1822.92 (F1)

3

2187.1 (M2)

B R
M2
734.3 (F4) ‘
1120.6 (F3) |
370.2 (F5) |
763.3 1464.7 (F2) 1822.9 (F1) ‘,
405.2 l(1107.{} m;/,zgsj \L‘:}ug | |
&

A . |
500 1000 1500 2000 F Ej 7
m/z

m/z

o
3
a

°
8
Relative Abundance

°
»
&

* Time (min)
3

Figure 1-10. (A) ESI-MS analysis after hydrolysis of sequence-defined oligoesters

at 2 min. (B) ESI-MS traces at the denoted time intervals.®

Du Prez et al. (2022) reported a similar strategy, which relies on the random
cleavage of ester units (Figure 1-10). The ester moiety in the backbone of a sequence-
defined oligo(thioether ester)s was readily hydrolyzed in a basic environment.

Therefore, the macromolecules were subjected to hydrolysis using sodium hydroxide,

16
- A2ty

e



followed by quenching by the addition of acetic acid. Analysis of the ESI-MS
spectrum of the treated fragments enabled the determination of the monomer
sequence. Additionally, introducing a long-wavelength chromophore at the chain end

enabled LC-MS sequencing by analyzing a single series of truncated structures.
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Figure 1-11. (A) Illustration of aerolysin nanopore sequencing setup. (B)

Translocation events of the uniform polymers with different sequence.®

Unlike in the case of DNA, which can be replicated, unlimited decoding of
sequence-defined polymers is impossible. This is because, upon analysis by
degradation sequencing, such as tandem mass spectrometry, the samples are
consumed. Peraro et al. (2020)%* demonstrated a noble approach by employing
nanopore sequencing, which was developed for DNA sequencing (Figure 1-11).
Monitoring the fluctuation of the ion current arising from the translocation of bio-
hybrid macromolecules into narrow aerolysin mutant channels allows sequencing

with single-bit resolution. Moreover, decoding of mixed samples cannot be attained

17



without compromising information density.

1.6 Summary of thesis

The following four chapters describe different research topics, and each chapter is in
the form of a publication. The authors wholly or partially contributed to the
experiments and characterizations in this study. Portions of this thesis have been

published and submitted for publication.

Chapter 2: “High-density information storage in an absolutely defined periodic
sequence of monodisperse copolyesters” Lee, J. M.; Koo, M. B.; Lee, S. W.; Kwon,

J.; Shim, Y. H.; Kim, So. Y.; Kim, K. T. Nat. Commun. 2020, 11, 56.

Chapter 3: “Semiautomated synthesis of sequence-defined polymers for information
storage” Lee, J. M.; Kwon, J.; Lee, S. J.; Jang, H.; Kim. D.; Song, J.; Kim, K. T. Sci.
Adv. 2022, 8, eabl8614.

Chapter 4: “Nondestructive sequencing of enantiopure oligoesters by nuclear
magnetic resonance spectroscopy. Lee, J. M.; Jang, H.; Lee, S. W.; Kim, K. T. J. Am.
JACS Au in revision.

L.J.M. and J.H. contributed equally to this work.

Chapter 5: “Synthesis of enantiomeric ®-substituted hydroxyalkanoates from
terminal epoxides and alkenes: building blocks for discrete and sequence-defined
polyesters” Kim. D.; Lee, J. M.; Lee, S. W.; Kim, K. T. Macromolecules Accepted.

K.D. and L.J.M. contributed equally to this work.
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Absolutely Defined Aperiodic Sequence of
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(L.S.W. and L.H. contributed to the synthesis of PcLs)

2.1 Abstract

Synthesis of a polymer composed of a large discrete number of chemically
distinct monomers in an absolutely defined aperiodic sequence remains a challenge
in polymer chemistry. The synthesis has largely been limited to oligomers having a
limited number of repeating units due to the difficulties associated with the step-by-
step addition of individual monomers to achieve high molecular weights. Here we
report the copolymers of a-hydroxy acids, poly(phenyllactic-co-lactic acid) (PcL)
built via the cross-convergent method from four dyads of monomers as constituent
units. Our proposed method allows scalable synthesis of sequence-defined PcL in a
minimal number of coupling steps from reagents in stoichiometric amounts. Digital
information can be stored in an aperiodic sequence of PcL, which can be fully
retrieved as binary code by mass spectrometry sequencing. The information storage
density (bit/Da) of PcL is 50% higher than DNA, and the storage capacity of PcL

can also be increased by adjusting the molecular weight (~ 38 kDa).

2.2 Introduction

Unlike DNAs and proteins, the formation of synthetic long-chain molecules
involves statistical uncertainties in terms of the number and sequence of monomers
that join during the polymerization.! Synthetic polymers without statistical
uncertainty in their molecular weights and sequences can store information in their
chemical structures, which makes them low-cost alternatives to DNAs as molecular
medium for a large-scale storage of digital information.?® However, only polymers
and copolymers with narrow molecular weight distributions are produced via the

living or controlled polymerization.* The composition of the monomers of a
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copolymer can be controlled, but the spatial distribution of the monomers within the
copolymer is either random or completely segregated. As a result, the scalable
synthesis of polymers with absolutely defined molecular weights and sequences
remains a long-standing challenge in polymer chemistry.>®

The solid-phase synthesis has been a method to synthesize polymers with
defined aperiodic sequences.®>*? Although sequence-defined polymers with more
than 100 repeating units have been synthesized,*!* synthesis has largely been
limited to sequence-defined oligomers with a limited number of repeating units due
to the difficulties associated with the repeated step-by-step addition of individual
monomers to achieve high molecular weights.*>2¢ The iterative convergent method
has been widely adopted for the synthesis of dendritic and linear macromolecules
with precisely defined chemical structures.?’=° In this process, the coupling product
becomes a constituent unit for the next iteration of the coupling reaction. Therefore,
the number of repeating units grows exponentially as does the molecular weight of
the resulting polymer without distribution.®*3" Although high molecular-weight
polymers without molecular weight distribution can be synthesized efficiently by the
convergent method, the self-iterative nature of the coupling step hinders the
convergent synthesis of monodisperse oligomers and polymers with perfectly
defined aperiodic sequences composed of two or more chemically distinct monomers.
For this reason, only oligomers and block co-oligomers with repetitive or
palindromic sequences have been synthesized by the convergent pathway.3-3°

Here we report the synthesis of poly(a-hydroxy acid) (PAH) composed of a
large discrete number of monomers in an absolutely defined aperiodic sequence. We
demonstrate that digital information can be stored in the aperiodic sequence of
poly(phenyllactic-co-lactic acid) (PcL), built via the direct translation of binary code

to the chemical structure built with four dyads of monomers as constituent units. This
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process was named to the ‘cross-convergent' method. The stored 64-bit word
(SEQUENCE) can be fully retrieved as binary code in a single tandem mass
spectrometry sequencing. To expand the ability to read the stored information, we
also devised a sequencing method for PcLs with a large number of repeating units
(128 units) by measuring the mass of fragments produced by the hydrolysis of the
polymer backbone. PcL can be synthesized in a minimal number of coupling steps
from reagents in stoichiometric amounts, and its digital information storage density
(bit/Da) is 50% higher than that of DNA.***3 The molecular weights and production
quantities of the reported PAHs are scalable, and no statistical uncertainty is
associated with either molecular weight or sequence. The reported PcL could serve
as a molecular medium for the storage of digital information. In addition, sequence-
defined monodisperse polymers could contribute to the exploration of new properties
and functions of polymers arising from the unlimited diversity of their chemical

structures.

2.3 Results and discussion

Synthesis of PcL. To solve the inability of the iterative convergent method to address
an aperiodic sequence of a polymer, we devised a cross-convergent pathway to
define an aperiodic sequence of monomers comprised of a copolymer. The chemical
sequence of a copolymer consisting of two monomers can be converted directly to a
digital binary code. We used a binary code indicating a word ‘SEQUENCE’ to
construct a copolymer with an absolutely defined aperiodic sequence of two
monomer. In this work, we used rac-phenyllactic acid (P) and rac-lactic acid (L) as
the monomers representing 0 and 1, respectively. Any sequence of a copolyester,
poly(phenyllactic-co-lactic acid) (PcL), can be expressed as a combination of the

permutations of its constituent monomers. For a binary sequence, the permutations
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of 0 and 1 give four combinations (00, 01, 10, and 11), which can be translated to

the chemical structures composed of two monomers (dyads).

>|\ (0] (0]
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Scheme 2-1. Scheme for preparation of dyads with all permutations.
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Scheme 2-2. Synthesis of a sequence-defined tetrad, PLPP, by cross-convergent

method.
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Four dyads encompassing all possible permutations of the binary sequences (PP,
PL, LP, and LL) were synthesized by coupling a-hydroxy acids orthogonally
protected by benzyl ester and tert-butyldimethylsilyl (TBDMS) ether (Scheme 2-1)
and they were characterized by NMR spectroscopy and ESI-MS.33-3544 The dyad PP
was quantitatively converted to HO-PP-Bz by the selective removal of the TBDMS
group with boron trifluoride etherate (BFzEt,O) at room temperature.
Hydrogenation of the benzyl ester in the dyad PL with Pd/C generated TBDMS-PL-
COOH in high yield (> 95%). The equimolar mixture of TBDMS-PL-COOH and
HO-PP-Bz was subsequently coupled to form a tetrad, PLPP by esterification
(Scheme 2-2). These orthogonal deprotection and coupling steps constituted one
iteration of the convergent growth of PcL (indicated by the green box in Scheme 2-
3). The same procedure was repeated to synthesize all five tetrads by cross-
converging the required dyads and they were confirmed by NMR spectroscopy. The
tetrads were sequentially converged to form 8-bit characters (S, E, Q, U, N, C), and
joined to form the full 64-bit word consisting of 8 ASCII characters (SEQUENCE)
(Scheme 2-3).

The chromatographic separability of PcL and its constituent units on silica
stationary phases diminishes as the molecular weights of the compounds increase.*®
This renders a mixture of constituent units and the desired high molecular weight
PcL inseparable (Figure 2-1C). However, the difference between the molecular
weight of a PcL and its constituent units persists through all iterations of convergent
coupling due to the exponential growth of the molecular weight of the coupled
product (Figure 2-1E). Therefore, the monodisperse PcLs with greater than 16
repeating units were purified by preparative size-exclusion chromatography (prep-
SEC) inarecycling mode with a loading of up to 1 g per separation. This purification

method allowed us to obtain monodisperse PcLs in high yield with stoichiometric
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Scheme 2-3. Schematic illustration of the cross-convergent strategy to synthesize

PcL with a sequence corresponding to the binary code for the 64-bit word
SEQUENCE.
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amounts of reagents in a scalable manner with regard to both molecular weight (>
38000 Da) and quantity (> 1 g). This purification method can also be applied to any
set of monodisperse polymers with a difference in a hydrodynamic volume, for
example, linear and cyclic polymers having the same chemical composition and
molecular weight as the intramolecular cyclization of a polymer chain reduces the
hydrodynamic volume, which translates to a lower molecular weight on SEC.*
Taking the redundancy of the tetrads and the frequency of the letter E into
account, 18 convergent coupling steps with stoichiometric amounts of reagents were
required to synthesize sequence-defined PcL from four dyad constituent units. The
successful synthesis of monodisperse PcL storing a 128-bit binary code was
confirmed by *H and *C NMR, GPC and MALDI-TOF MS (Figure 2-2, Figure 2-
3A and 2-3B). Detailed characterization of all of PcLs is described in Appendix
(A.2.1). Due to the exponential growth of PcL via the cross-convergent pathway, no
deletion errors, accumulation of polymer chains missing terminal residues, were
detected by MALDI-TOF MS analysis of PcL composed of 64 or 128 repeating units
(Figure 2-3C). Data from each analysis, in particular MALDI-TOF MS, indicated
that the synthesized PcLs were monodisperse in molecular weight and free of lower-

molecular-weight impurities.
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Figure 2-1. (A) Gel permeation chromatography and (B) MALDI-TOF mass spectra
of the crude reaction mixture of PA32. (C) UV-detector trace of the automated
column chromatography of the crude mixture. (D) MALDI-TOF mass spectrum after
purification. (E) SEC traces of the crude mixture during the recycling. (F) MALDI-
TOF mass spectrum of PA32 after SEC.
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Figure 2-3. (A) Gel-permeation chromatography (GPC) analysis of PcLs with 8, 16,
32, 64, 128 repeating units. (B) Combined MALDI-TOF mass spectra of PcLs
encoding the letter (E, 1201.5 Da), two-letter word (SE, 2082.9 Da), four-letter
words (SEQU, 3920.4 Da and ENCE, 3996.5 Da), 64-bit word (SEQUENCE,
7674.5 Da), and 128-bit word (SEQUENCESEQUENCE, 15105.3 Da). (C)
MALDI-TOF mass spectra of 64- and 128-bit PcL showing no deletion errors or

contamination of lower molecular weight fragments.
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MALDI-TOF mass sequencing of PcL. The PcL sequence was decoded by a
tandem mass technique using MALDI-TOF MS/MS in a positive-ion mode because
of its high signal-to-noise ratio and its ability to detect the fragmentation patterns of
high molecular weight PcLs (<10 kDa). Fragmentation occurred at the C(a)-O bond
of the PcL backbone, which produced ai fragments that contain the original alpha
group (TBDMS) and a new carboxylic acid terminus and yi fragments that contain
the original omega group (benzyl ester) and a new alkene terminus.*’ Each fragment
series had mass difference by 72 Da (residue L) or 148 Da (residue P) in decreasing
order relative to the peak corresponding to [M+Na]* ion (Figure 2-4A). A single
mass spectrum was sufficient for decoding all the information in the PcL (Figure 2-
3C). This was because a single mass spectrum showed a series of fragments that can
be read in opposite directions, one from the TBDMS-terminus to the benzyl-terminus,
and the other from the benzyl-terminus to the TBDMS-terminus. This also enhanced
precision, because two retrieved sequences containing the same information could
be compared. For example, as the consequence of the analysis of tandem mass
spectrum of 8-bit PcL, the monomer sequence from TBDMS-terminus to the benzyl-
terminus could be decoded Si-PLPPL by analyzing a series of yi fragments and the
sequence in opposite direction was PLLLP-Bz, which is determined by a series of ai
fragments. Because the number of repeating units of the PcL is 8, the sequence could
be retrieved by Si-PLPPLLLP-Bz, which indicate a character N when the sequence
is converted into binary code (Figure 2-4B and Table 2-1). In same principle, the
chemical sequence of the 64-bit PcL was directly converted to binary code
designating the word SEQUENCE by MALDI-TOF/TOF tandem mass sequencing
(Figure 2-5 and Table 2-2). Sequencing results of other PcLs are shown in Appendix
(A.2.2).
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experiments showing a series of ai and yi fragments. (B) MALDI-TOF MS/MS

spectrum of a PcL, in which 8-bit information corresponding to the letter N was

stored.

Table 2-1. Decoding table of PcL (8-bit, N)

N (PLPPLLLP)

Si— Bz Cal:::: ted F::,:d Difference Sequence | Bz — Si Ca":'::ted F:::d Difference Sequence
[M+Na]* 1125.4 1125.6 [M+Na]* 1125.4 1125.6

y7 845.3 8455 2801 Si-P a8 887.3 887.5 238.1 Bz-P

y6 773.3 773.6 71.9 L a7 815.3 815.6 71.9 L

y5 625.2 625.5 1481 [~ ab 743.3 743.6 72.0 L

y4 477.2 477.4 148.1 P a5 671.3 671.6 72.0 L

y3 405.1 405.4 72.0 L ad 523.2 523.5 148.1 P

y2 3331 333.3 721 L a3 375.2 375.4 148.1 P

y1 261.1 261.3 72.0 L a2 303.1 303.3 721 L
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Figure 2-5. Tandem mass sequencing of the entire 64-bit information stored in the
PcL. The entire chemical sequence was decoded using a single mass spectrum,

followed by conversion to digital information to read the word SEQUENCE.

Table 2-2. Decoding table of PcL (64-bit, SEQUENCE)

. Calculated Eoyng . ~ Calculated Found .
Si—+ Bz miz miz Difference Sequence| Bz — Si miz miz Difference Sequence
[M+Na]* 7667.6 7670.2 [M+Na]* 7667.6 7670.2

y63 7387.5 73946 275.6 Si-P a64 7505.6 7514.3 155.9 Bz-L

y62 73155 73226 720
y61 71674 71742  148.4
y60 70954 71021 721
y59  6947.4 69555  146.6
y58 6799.3 6806.4 149.1
y57  6727.3 67343 7241
y56 6655.3 6662.3 72.0
y55 6507.2 6515.2 1471
y54 64352 64425 727
y53  6287.1 62955  147.0
y52 6139.1 6146.5 149.0
y51  5991.0 59985  148.0
y50 59190 59260 725
y49 57710 57784  147.6
y48 5698.9 5706.6 71.8
y47  5550.9 5558.8  147.8
y46  5478.9 54863 725

a6l 73575  7365.3 149.0 P
a62 72855  7294.0 71.3
aé1 71374 71457 148.3
EL) 6989.4  6997.2 148.5
a59 6841.3  6849.3 147.9
a58 6769.3  6776.1 73.2
as7 6621.3  6627.5 148.6
a56 6549.2  6556.9 70.6
a55 64772  6484.8 721
a54 6329.2  6336.1 148.7
a53 6181.1 6189.1 147.0
ab2 6033.1 6040.4 148.7
a51 5885.0 5893.3 1474
as0 5813.0  5820.6 727
a49 5664.9  5672.1 148.5
a48 5516.9  5524.6 147.5
a47 54449  5453.1 715
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y45
y44
y43
y42
ya1
y40
y39
y38
y37
y36
y35
y34
y33
y32
y31
y30
y29
y28
y27
y26
y25
y24
y23
y22
y21
y20
y19
y18
y17
y16
y15
y14
y13
y12
y11
y10
y9
y8
y7
y6
y5
y4
y3

5330.8
5259.8
5110.7
4962.7
4814.6
47426
4594.6
4522.5
4374.5
4302.5
4154.4
4082.4
3934.3
3862.3
37143
3642.2
3494.2
3346.1
3198.1
3126.1
2978.0
2906.0
2757.9
2685.9
2537.9
2389.8
2317.8
2245.8
2173.8
2025.7
1877.6
1805.6
1657.6
1509.5
1361.5
1213.4
11414
1069.4
921.3
849.3
701.2
5563.2
405.1

5339.3
5266.0
5118.8
4970.5
4822.7
4750.3
4602.6
4530.3
4382.9
4310.2
4162.7
4090.8
3942.3
3870.0
37224
3649.6
3501.5
3353.6
3205.5
3133.4
2985.2
2913.4
2765.5
2693.1
2545.2
2396.8
2324.6
2252.3
2180.4
2031.9
1883.6
1811.8
1663.4
1515.2
1367.0
1218.4
1145.8
1074.1
925.5
853.3
704.7

555.9

406.5

147.0
73.3
147.2
148.3
147.8
72.4
147.7
723
147.4
72.7
147.5
71.9
148.5
72.3
1476
72.8
148.1
147.9
148.1
721
148.2
71.8
147.9
72.4
147.9
148.4
72.2
72.3
71.9
148.5
148.3
71.8
148.4
148.2
148.2
148.6
72.6
71.7
148.6
72.2
148.6
148.8
149.4
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a30
a29
a28
az27
a26
a25
a24
a23
a22
a21
a20
a19
al8
a7
al6é
als
al4
al3
al2
a1
a10
a9
a8
a7
ab

a4

5372.8
5300.8
5152.8
5004.7
4932.7
4784.6
4712.6
4564.6
4492.6
43445
4196.4
4048.4
3976.4
3828.3
3756.3
3608.2
3536.2
3388.2
3316.2
3168.1
3096.1
2948.0
2876.0
2728.0
2579.9
2430.8
2359.8
2211.8
2139.8
1991.7
1919.7
1771.6
1699.6
1551.6
1403.5
1255.4
1183.4
1035.4
963.4
891.3
743.3
595.2

523.2

5308.8
5160.8
5012.6
4940.8
4792.5
4720.5
45731
4501.0
4352.1
4204.6
4056.5
3984.5
3836.1
37643
3615.9
3544.3
3396.3
3323.8
3176.2
3103.4
2955.4
2883.8
2735.4
2587.2
2439.1
2367.0
2218.1
2146.3
1997.9
1926.0
1777.8
1705.6
1557.4
1409.1
1260.5
1188.3
1039.9
967.7
895.5
746.9
598.3
525.7

731
71.2
148.0
148.2
71.8
148.3
72.0
147.4
721
148.9
147.5
148.1
72.0
148.4
718
148.4
716
148.0
72.5
147.6
72.8
148.0
71.6
148.4
148.2
148.1
721
148.9
71.8
148.4
71.9
148.2
72.2
148.2
148.3
148.6
722
148.4
722
72.2

148.6
726
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PcLs with high molecular weights (> 64 repeating units) could not be directly
sequenced under our tandem mass condition with MALDI-TOF MS/MS presumably
due to the inability to analyze high molecular-weight parent ions by the instrument.
To overcome this limitation, we devised a degradative sequencing method using
MALDI-TOF mass spectrometry because of higher molecular-weight limit (~ 20
kDa) for the desorption of polymers from the matrix. Poly(a-hydroxy acid) (PAH)
could easily be degraded to their constituting monomers via hydrolysis of ester
groups in the polymer backbone. The random hydrolysis of ester groups along the
polymer backbone would create the fragments of the parent PcL, which could be
directly detected by MALDI-TOF mass spectrometry. Therefore, the sequence of
monomers in PcL could be decoded by reading the mass difference between adjacent
fragments from the mass spectrum.

Utilizing facile degradability of PcL,*5° we chemically degraded a 128-bit PcL
containing a 16-letter word (SEQUENCESEQUENCE) via the hydrolysis of the
ester groups in the main chain. In the presence of NaOH (0.3 equivalent to the ester
groups), 128-bit PcL was incubated in THF for 30 min at 70 <C. Generation of low
molecular weight fragments resulting from hydrolysis could be confirmed by GPC
analysis (Figure 2-6). MALDI-TOF mass spectra of the hydrolyzed PcL showed a
series of mass peaks in decreasing order from the mass of the molecular ion (Figure
2-7A). The mass spectrum could be decoded to binary code by reading the mass
difference between the peaks in a direction from the TBDMS-terminus to the benzyl
terminus. The full sequence except ultimate 8 residues (residue 1 to 120) could be
deciphered utilizing a series of MALDI-TOF mass spectra of the degraded PcL
covering the entire molecular weight range (1000-16000 Da). The last 8 residues
(residue 121 to 128) close to the Bz-terminus of the PcL were subsequently

sequenced by a tandem mass spectrum of one of the lower molecular-weight
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fragments (x22, m/z of a parent ion = 2703 Da in MALDI-TOF) in order to remove
the noise from the matrix molecules in MALDI-TOF mass. The decoded sequence
of the 128-bit PcL coincided with the chemical structure of the PcL without any error
(Figure 2-7B). The detailed decoding data is represented in Appendix (A.2.3).

The density of information storage, defined as the number of bits per unit mass,
was 0.009 bit/Da in PcL. This was 50% higher than the storage density of DNA
(0.006 bit/Da).*>* Due to the simplicity in chemical structures, our results suggest
that the cost of synthesizing sequence-specific PcLs could be substantially lower
than the cost of writing information on DNAs. Thus, PcLs could provide an
alternative to DNA and molecular media for archival storage of large amounts of

information.

—=0h
— 30 min

9.0 9.5 10.0 10.5 11.0 11.5
Time (min)

Figure 2-6. GPC result showing hydrolysis of sequence-defined polyester, 128-bit

PcL, in basic condition.
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Figure 2-7. (A) A series of MALDI-TOF mass spectra of chemically degraded PcL
via hydrolysis. The assigned peaks are marked by arrows. The mass spectra of xi
fragments were used for MALDI-TOF sequencing. The sequence of the last 8
repeating units at the Bz terminus was decoded by MALDI-TOF MS/MS to avoid
the noise from the signal of the matrix molecules. (B) The chemical structure of 128-
bit PcL drawn with the decoded sequence. The repeating units are numbered in an

increasing order from the first repeating unit (P) at the TBDMS terminus.

4 4



Scalability of the convergent synthesis of PAH. The storage of large information
in molecular media demands the original bit-information to be divided to a unit size
(for example, 64 or 128 bit), so that the divided information can be stored in multiple
polymer chains. Each polymer chain is required to store the unit data along with the
address information, so that the original information is fully restored by the
integration of decoded sequences of all polymer chains. Therefore, one of the
requirements for synthetic polymers as information storage media is a sequencing
method for polymer chains having a number of repeating units that is sufficiently
large to meet the required capacity of information storage.

To demonstrate the scalability of the convergent method in terms of molecular
weight, we synthesized monodisperse poly(rac-phenyllactic acid) (PAn) composed
of a large number of repeating units (Figure 2-8A). Here, n represents the number of
repeating units. Starting with tetramers PA4 (10 g, 12.27 mmol), seven iterations of
convergent growth yielded PA256 with molecular weight of 38175 Da
(experimentally found at 38191 Da) in an overall yield of 15% (1.07 g, 0.028 mmol)
(Figure 2-8C and 2-8D). PA512 with a molecular weight greater than 70 kDa could
only be synthesized in low yields (< 5%) even after an extended period of time for
the coupling reaction. This could be a result from the difficulties of finding the chain
end of high molecular weight PAn under the conditions we employed for the
esterification. The convergent growth strategy also allowed us to synthesize
monodisperse PAHs with any number of repeating units by changing the constituent
units in the final coupling step. For example, PA80 and PA96 were synthesized by
selecting the constituents that afforded the desired number of repeating units (Figure
2-8B). Our results indicated that the number of repeating units of PAH could be
optimized to store information with a desired length and format suitable for a large-

scale storage of digital information.
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Figure 2-8. (A) The iterative convergent synthesis of poly(rac-phenyllactic acid)

(PAnN). The deprotection and subsequent esterification reactions shown in the red

dotted box constitute a convergent growth step. The number shown with circular

arrows represent an iteration of the convergent growth step. (B) Method to obtain

the monodisperse PAHs with desired number of repeating units via combination of

constituent units. (C) Gel-permeation chromatography of PAs with 16, 32, 64, 128,
and 256 repeating units. (D) Combined MALDI-TOF mass spectra of PA16 (black,
2615.2 Da), PA32 (blue, 4986.4 Da), PA64 (magenta, 9728.4 Da), PA8O (green,
12100.7 Da), PA96 (orange, 14474.0 Da), PA128 (purple, 19220.6 Da), and PA256
(red, 38191 Da). MALDI-TOF MS of PA256 was measured in a linear mode.
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2.4 Conclusion

In summary, we synthesized monodisperse poly(a-hydroxy acid)s (PAHS)
composed of two chemically distinct monomers in absolutely defined aperiodic
sequences via the cross-convergent method. Our proposed method allowed to
synthesize polymers with any aperiodic sequence by utilizing the permutation of two
monomers (dyads) as constituent units for the convergent synthetic pathway. The
synthesis of monodisperse and sequence-defined PAHs with large numbers of
repeating units was accomplished with notably fewer synthetic steps than were
required for solid-phase synthesis of the same polymers. In addition, only
stoichiometric amounts of constituent units were needed to synthesize a
monodisperse product. This is in contrast to solid-phase synthesis, which requires a
large excess of reagents to prevent incomplete coupling during the introduction of
individual monomers. We demonstrated that digital information can be stored in a
sequence of poly(phenyllactic-co-lactic acid) (PcL), which can be fully retrieved by
a single measurement of MALDI-TOF tandem mass spectrometry. Utilizing facile
degradability of ester groups in the PcL, the MALDI-TOF mass sequencing of high
molecular weight PcL allowed a sequential read of the stored information.
Information storage density of PcL (bit/Da) is 50% higher than that of DNA, which
render the PcL to be an alternative molecular media for storing digital information.

Given the wide availability of a-hydroxy acids with different substituents and
stereochemical configurations, the monodisperse and sequence-defined PAHSs
reported here should provide exciting opportunities to explore an unlimited diversity
of chemical structures and the consequent properties and functions of synthetic
polymers.®-%2 Our results also suggest that large-scale preparation of monodisperse
polymers with precisely defined sequences and desired molecular weights is possible

if executed in an automated and parallel fashion.*?
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2.5 Experimental

Materials and Methods. rac-lactide (Alfa Aesar) was recrystallized from
MeOH/EtOAc mixture prior to use. All other reagents and chemicals were purchased
from commercial sources and used without further purification. Dichloromethane
(DCM), dimethylformamide (DMF), and toluene were distilled over CaH, under N».
'H NMR spectra were recorded on a Varian 500 MHz using CDCls as solvent. 3C
NMR spectra were recorded on an Agilent 400-MR DD2 Magnetic Resonance
System using CDCls as solvent. Gel permeation chromatography (GPC) was
performed on an Agilent 1260 Infinity equipped with a PL gel 5 um mixed D column
and differential refractive index detectors. THF was used as an eluent with a flow
rate of 0.3 mL min™' at 35 °C. A polystyrene standard kit (Agilent Technologies) was
used for calibration. Automated column chromatography was performed on a
Biotage SP1 flash chromatography purification system equipped with a silica
column cartridge (KP-Sil 100g and 50g). n-hexane and ethyl acetate were used as
eluent.

SEC of monodisperse PAH. Size exclusion chromatography (SEC) of PAHs was
conducted by injecting 5 mL of a PAH solution in CHCI; (100 mg mL™") to a
Recycling Preparative HPLC (LC-9260 NEXT, Japan Analytical Industry) system
equipped with JAIGEL-2.5H/2H/3H columns and a differential refractometer.
Chloroform was used as an eluent with a flow rate of 3.5 mL min'. Before injection,
the solution was filtered through a PTFE syringe filter (Whatman, 0.2 pm pore). The
SEC was performed under a cycling mode until the coinciding peaks were separated.
The desired fraction was collected using a fraction collector. Two prep-SEC systems
ran in parallel, giving the maximum capacity of separation of 1 g.

MADLI-TOF and Tandem mass sequencing of PcL. Molecular weights of PcLs

and their fragments were measured on a Bruker Ultraflex TOF/TOF mass
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spectrometer equipped with a smartbeam 2 (Nd:YAG laser) at 2000 Hz (MALDI-
MS) or 1000 Hz (MALDI-MS/MS). For MALDI-MS analysis, the instrument was
operated in a positive reflector mode. Voltage for ion source and reflector is
controlled depending on the molecular weight of a polymer. PAHs with molecular
weight above 20 kDa were analyzed in a positive linear mode. External calibration
was based on peptide and protein (ProteoMass Peptide/Protein MADLI-MS
Calibration Kit (mass to charge ratio from 750 to 66000 Da), Sigma). Tandem mass
sequencing (MS/MS) was performed in positive reflector mode without gas option.
The precursor ion was used as internal calibration. For MALDI and MS/MS analysis,
2-(4-Hydroxyphenylazo)benzoic acid (HABA) or trans-2-[3-(4-tert-Butylphenyl)-2-
methyl-2-propenylidene]malononitrile (DCTB) was used as a matrix. A polymer
sample and matrix were dissolved in THF at 5mg mL ™' and 30mg mL ', respectively,
and, these solutions were mixed in 1:1 to 1:5 ratio depending on the molecular weight
of the analyte. 0.8 pL of the mixed solution was spotted on a MALDI plate, and dried
in the air.

General procedure for deprotection of the benzyl group by hydrogenation. A
compound protected with TBDMS and benzyl groups was dissolved in ethyl acetate.
Palladium on activated charcoal (10% Pd/C, 0.03~0.2 eq.) was added to the solution,
and the suspension was purged with argon for 15 minutes. The argon atmosphere
was then replaced with hydrogen atmosphere, and the reaction mixture was stirred
at room temperature. The reaction was monitored by thin layer chromatography
(TLC) analysis. Upon completion of the reaction, the suspension was filtered through
a Celite cake to remove Pd/C. The product was obtained by removing the solvent
from the filtrates under reduced pressure.

General procedure for deprotection of the TBDMS group with fluoride. A

compound protected with TBDMS and benzyl groups was dissolved in dry DCM.
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The solution was cooled to 0°C on an ice bath, and BF3*Et,O was added dropwise.
The reaction mixture was stirred at room temperature for 4 h. The reaction was
monitored by TLC analysis. Upon completion of the reaction, the reaction was
quenched with saturated NaHCOj3 followed by dilution with water. The organic layer
was separated and washed with brine. The combined organic layer was dried over
MgSOy4, and the solvent was removed under reduced pressure. The crude product
was purified by automated column chromatography:.

General procedure for esterification reactions. Alcohol and carboxylic acid (1.05
eq.) were dissolved in dry DCM, and the mixture was cooled to 0°C on an ice bath.
To the mixture, 4-(dimethylamino)pyridine (DMAP, 0.2 eq.) and 1.4 eq. EDC*HCI
were added. The reaction mixture was stirred overnight at room temperature, and the
reaction was monitored by TLC analysis. Upon completion of the reaction, the
reaction mixture was washed with water and brine. The combined organic layer was
dried over MgSO4, and the solvent was removed under reduced pressure. The crude
product was purified by automated column chromatography. Products with 32
repeating units or more were purified by prep-SEC with a series of columns using
chloroform as an eluent.

Chemical degradation of PcL. A vial was charged with 128-bit PcL (25 mg, 1.6
umol) and THF (4 mL). To this solution, 0.5 M NaOH solution (150 pL, 47 eq. to
the PcL) was added. The vial was tightly sealed and heated to 70°C. A portion (0.6
mL) of the solution was taken at a 30 min interval, which was subsequently diluted
with ethyl acetate (10 mL). The diluted solution was washed with brine (5 mL). The
combined organic layer was dried with MgSO4 and concentrated in vacuo. The
chemical degradation of PcL was confirmed by GPC using DMF as an eluent. Upon
hydrolysis, PcL is dissociated into two fragments. One is the ci fragment that

contains the original alpha group and a new carboxylic acid terminus. The other is
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the xi fragment that contains the original omega group and a new hydroxyl terminus.
The mass peaks of ci fragments were found to exhibit low intensities in MALDI-

TOF. Therefore, the peaks corresponding to xi fragments were used for sequencing.
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Chapter 3

Semiautomated Synthesis of Sequence-defined

Polymers for Information Storage
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(KJ., L.S.J., and J.H. contributed to the synthesis of PLGAS)

3.1 Abstract

Accelerated and parallel synthesis of sequence-defined polymers is an utmost
challenge for realizing ultra-high-density storage of digital information in molecular
media. Here we report step-economical synthesis of sequence-defined poly(L-lactic-
co-glycolic acid)s (PLGAs) using continuous flow chemistry. A reactor performed
the programmed coupling of the two-bit storing building blocks to generate a library
of their permutations in a single continuous flow, followed by their sequential
convergences to a sequence-defined PLGA storing 64 bits in four successive flows.
We demonstrate that a bitmap image (896 bits) can be encoded and decoded in 14
PLGAs using only a fraction of the time required for an equivalent synthesis by
conventional batch processes. The bundle of 14 PLGAs could be decoded in a single

tandem mass sequencing.

3.2 Introduction

DNA stores genetic information as a sequence of four monomers having
different pendant nucleobases constituting a polymer chain. Chemical synthesis of
DNA based on the solid-phase synthesis enables encoding of non-biological
information at a far greater density than any existing magnetic, optical, and
electronic media without a periodic rewriting owing to the deterioration of media
over storage.r® Well-established sequencing technologies can efficiently decode the
information stored in DNA.*> Consequently, in recent decades, DNA has been
pursued as a macromolecular medium to store digital information, which could
circumvent the impending shortage of storage capacity due to the accelerated

production of digital information in the age of internet and mobile devices.®’
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However, information encoding in DNA primarily relies on the repetitive addition
of individual monomers to define non-biological sequences. Considering that one
repeating unit of DNA of an average molecular weight of 309 Da stores less than
two bits,? this encoding based on repetitive monomer additions consumes time and
cost, and, thus, remains a significant obstacle for realizing large-scale information
storage in molecular media.®*°

Sequence-defined synthetic polymers can serve as an alternative to DNA as
information-storing molecular media because of their efficient and low-cost
synthesis through streamlined chemical reactions with simpler monomers at the
expense of losing biological functions such as replication and enzyme-based
sequencing.!**> We recently reported that the sequence of a copolyester built with
two monomers, representing 0 and 1, could be unambiguously defined by a step-
economical pathway, that is, the cross-convergent approach.’® Compared to the
solid-phase synthesis for sequence-defined macromolecules,'”*® the cross-
convergent method facilitates encoding a binary code up to the length of up to 256
bits as a sequence of monomers with a minimal number of synthetic steps and
without using a large excess of reagents.'® The copolyester, poly(L-lactic acid-co-
glycolic acid) (PLGA), resulting from cross-convergent synthesis using L-lactic acid
and glycolic acid as the building blocks can store one bit per 60 Da of mass, which
is a two-fold greater density than that of DNA. Theoretically, two grams of sequence-
defined PLGA can store the entire information that is currently stored in data centers
worldwide (~ 2500 exabytes).?

Despite step-economical synthesis of sequence-defined polymers using the
cross-convergent method, realizing large-scale information storage in PLGA
mandates the synthesis of a multitude of PLGA chains. For example, the encoding

of 106 bit (1 Mbit) of information requires 15,625 sequence-defined PLGA chains
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built with 64 monomers (64-mer). Here we demonstrate that this challenge could be
overcome through automated and programmable synthesis of PLGA. Continuous
flow chemistry to synthesize sequence-defined polymers could offer several
advantages over the repetition of traditional batch processes such as integrating
individual reactions in a single operation, reducing reaction time, easy scale-up
synthesis, and massively parallel operation.??> This process can handle the
complexity involved in the generation of aperiodic sequences without resorting to

the repetition of batch reactions by manually selecting the required building blocks.

3.3 Results and discussion

Synthesis of sequence-defined tetrads using continuous flow chemistry. The
cross-convergent strategy for sequence-defined polymers consists of two distinct
stages (Figure 3-1). In a divergent stage, two monomers, L-lactic acid (L) and
glycolic acid (G) representing 1 and 0, respectively, were coupled to form four
sequenced dimers (00, 01, 10, and 11) with orthogonal protecting groups; fert-
butyldimethylsilyl (TBDMS) for the hydroxy group (O-terminus) and benzyl (Bz)
for the carboxylic acid end group (C-terminus). Using a typical batch process, these
dyads, that is, the dimers covering all possible permutations of two-bit signals, were
cross-converged to generate 16 tetramers (tetrads) to encode all possible binary
sequences via orthogonal deprotections and esterification. This divergent stage
introduces complexity in synthesis as the encoding of tetrameric sequences requires
cross-convergences between four dyads, thereby resulting in the exponential
increase in the number of permutations of L and G. To synthesize all tetrads by
conventional batch processes, 48 individual reactions with purifications over 16 days

should be performed.
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Figure 3-1. (A) Cross-convergent synthesis of a tetramer, LLLL. A dimer is
converted to tetramer via orthogonal deprotection and esterification. (B) Synthetic
strategy for sequence-defined polyester. In divergent stage, all possible tetramers are
generated by cross-convergent synthesis of dimers. In convergent stage, sequence-
defined polyester with 2"2 repeating units is produced by n times successive cross-

convergent synthesis of tetramers.
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Scheme 3-1. Combined continuous flow setup for a tetrad, LLLL.
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To convert the divergent stage to a single continuous flow, we devised a semi-
automated process that can generate all sequence-defined tetrads in a single
continuous flow setup (Scheme 3-1). The dyads of L and G having TBDMS and Bz
protecting groups were synthesized by batch reactions on a large scale (>50 g). As a
test reaction, we programmed the flow setup to synthesize a tetrad 1111 using a dyad
11 as a building block. The process started with the selective injection of 11 (100 mg,
0.8 M in CHCly) out of four building block solutions to both deprotection lines at a
0.1 mL/min flow rate for 10 min through a Teflon capillary (diameter 0.5 mm), which
was regulated by a programmable 6-way syringe connected to a computer. For the
deprotection of the O-terminus of 11, the injected solution was mixed with
trifluoroborane etherate (BF3-Et;O, 4 M in CHxCl,) through a T-mixer. The
synchronization of flows in the T-mixer was achieved by adjusting the length of
capillaries. This mixture was allowed to react in the reaction loop (the volume ¥V} of
2 mL), followed by the passage through an in-line module for the extraction of the
resulting solution with water. Similarly, for the deprotection of the C-terminus, the
0.8 M solution of 11 in tetrahydrofuran (THF) was injected to mix with the 2.4 M
solution of triethylsilane (Et;SiH) in THF, which was subsequently passed through a
column of Pd/C equipped with a degasser to conduct hydrogenation. Finally, the
deprotected dyads were synchronously combined and mixed with a solution of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to perform esterification in
the reaction loop (V= 6 mL). Thereafter, the coupled tetrad 1111 was collected using
a fraction collector, which was subsequently purified using a 10 min run on an
automated column chromatography instrument using silica column. After
purification, 83 mg of pure 1111 (60% yield) was obtained after a full flow of the
dyad solutions to the coupled tetrad for 35 min. This modest coupling yield was

attributed to the presence of impurities from the hydrogenation with
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Figure 3-2. Schematic illustrations of the continuous flow process for the
preparation of sequence-defined tetramers. Synchronous deprotection of selected
dyads and subsequent coupling are performed. All permutations of tetrads are

generated by a single continuous flow.

Table 3-1. The yield of all possible tetrads obtained by a single continuous flow.

LLLL LLLG LLGG LGGG
1.2 g (59%) 1.11 g (58%) 1.12 g (61%) 1.08 g (56%)
LGLL LGLG LGGL LGGG
1.07g (54%) 1.08g (56%) 1.02 g (53%) 1.03g (55%)
GLLL GLLG GLGL GLGG
1.11g (56%) 1.04g (54%) 980 mg (51%) 940 mg (50%)
GGLL GGLG GGGL GGGG
1 g(52%) 990 mg (53%) 940 mg (50%) 950 mg (52%)
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Et;SiH. However, upon addition of the off-line purification step after hydrogenation,
the coupling yield from the continuous flow process was comparable to or higher
than the yield of the corresponding batch reaction.

For serial synthesis of all possible tetrads, we performed 16 convergence steps
to synthesize all tetrads in a gram scale in a single continuous flow with an
independent feed of four dyads to the deprotection reactor lines through
programmable syringes controlled by the software (Figure 3-2). Each convergence
process consisted of 50 min reaction flow and 10 min purge with two pure solvents
to clean up the lines. After the flow, the synthesized tetrads were individually
collected in 16 test tubes in a fraction collector. The reaction time for the synthesis
of all 16 tetramers in a single flow was 16 h. After oft-line purification, the yields of

the tetrads were in the range of 50 to 61% (0.94 ~ 1.20 g) (Table 3-1).

Encoding process to sequence-defined polymers via continuous flow synthesis.
To demonstrate the potential of the continuous flow process for accelerated synthesis
of a set of sequence-defined polymers, we encoded a low-resolution bitmap data (896
bits) converted from a photograph in a series of 64-mer PLGA chains (Figure 3-3).
Each PLGA of the 14-chain library contained fragmented data (56 bits) with an 8-
bit address at the O-terminus for the chain identification by sequencing. In a
divergent stage, the reaction time for the synthesis of each tetrad was adjusted by
setting the flow time of the required dyads for the coupling according to the relative
occurrence of the tetrad in the sequences of a series of PLGA chains corresponding
to the encoded information. After the divergent stage, the resulting library of tetrads
was cross-converged to encode information in 64-mer PLGA through four
successive couplings using the product of the previous convergence as the building
blocks.'® Each coupling process, required a flow time of 30 min, was followed by
off-line purification using an automated silica column chromatography for up to 32-
6 4



mers and preparative size-exclusion chromatography (prep-SEC) for polymers with

higher

molecular weights. The total process time for the synthesis of 64-mer PLGA

from tetrads was 8 h including off-line purifications after each convergent process.

Finally, we repeated the cross-convergence to complete the synthesis of 14 PLGA

chains
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Figure 3-3. Process to encode a bitmap image in a multiple of sequence-defined

PLGAs. Original image is converted to bitmap image and bitmap image is converted

to binary code. Binary information is divided into several polymer chains with 64

repeating units by continuous flow synthesis. Sequence-defined PLGA is composed

of 8 bits of address and 56 bits of fragmented data. Synthesized fourteen sequence-

define
glycol

d PLGAs are represented by bar code. Red and blue rectangle represent
ic acid and lactic acid unit.
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The resulting 64-mer PLGAs were unambiguously characterized by 'H NMR,
analytical SEC, and Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (Detailed characterization of PLGAs is described
in Appendix). The mass analysis of the PLGA chains provides the number of L and
G repeating units constituting the polymer chain since the total number of repeating
units was fixed to 64 (Table 3-2). In addition, *H NMR analysis revealed the identity
of the first repeating unit from the O-terminus of PLGA as the peak corresponding
to the a-proton of the L-lactic acid unit in the vicinity of Si-atom typically appears at

4.39 or 4.43 ppm, and the glycolic acid unit appears at 4.32 — 4.36 ppm (Figure 3-4).

Table 3-2. Summarized table of the information of sequence-defined PLGA. Nia

indicates the number of the lactic acid units.

PLGA Mass (Da) N
1 4504.29 Da 39
2 4518.48 Da 40
3 4546.61 Da 42
4 4462.59 Da 36
5 4532.63 Da 4
6 4546.61 Da 42
7 4574.73 Da 44
8 4448.55 Da 35
9 4490.54 Da 38
10 4461.98 Da 36
11 4504.38 Da 39
12 4518.76 Da 40
13 4588.41 Da 45
14 4659.00 Da 50
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Figure 3-4. '"H NMR spectra of sequence-defined PLGA. 4.3 — 4.5 ppm

indicating the first repeating unit from O-terminus.

67

region



Considering this information, the complete sequences of the PLGA chains could
be decoded by tandem MS using MALDI-TOF MS. The fragmentation pattern under
the condition used for the tandem mass sequencing revealed that the L was
fragmented as a single repeating unit. In contrast, the G units were fragmented with
an adjacent L because of unstable fragment resulting from 1,5-H rearrangement of
ester bond in tandem mass condition (Figure 3-5). Reading two series of decreasing
masses of the fragments (O to C terminus and C to O terminus) from the parent mass
value, the entire sequence of the PLGA chain 5 was decoded without any error by a
single tandem mass spectrum (Figure 3-6 and Table 3-3). Other PLGAs were

successfully decoded, of which data are represented in Appendix (A.3.2).
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Figure 3-5. Fragment pattern of sequence-defined PLGA and its tandem mass
spectrum. yi series are the fragments containing O-terminus. ai series are the

fragments containing C-terminus.
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Figure 3-6. (A) MALDI-TOF mass spectrum of PLGA chain 5 (theoretical mass,
4532.13 Da; experimental mass, 4532.63 Da). (B) Tandem mass spectrum of PLGA
chain 5 (parent ion, 4532.63 Da). The sequence-defined PLGA is decoded by reading
two series of decreasing masses of fragments (lactic acid and glycolic acid units have
72 and 58 molecular weight). Blue and orange boxes represent the sequence from O

terminus and C terminus. m/z, mass/charge ratio.
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Table 3-3. Decoding table of PLGA chain 5.

Si to Bz Cale. Found Different Sequence Bz to Si Cale. Found Different Sequence
|M+Na]” 4532.13 4532.63 | M+Na]” 4532.13 4532.63
i3 434203 434515 18748 S1-0p ald 4370005 437349 15%.14 Bz-L
wirl 4212 421535 129.65 LG ahd 4298.03 430122 7227 L
yill 413998 41434 721 L ahl 4226.01 421942 TLE L
¥a9 ADGT 5 4071 .45 7195 L abl 415399 415729 T213 L
il 3995.94 IR 7265 L ash 396595 396539 1879 GGl
¥a7 3923.92 3927.56 T1.24 L asT ElUERE IH9T 38 7201 L
¥34 373589 3TIETS 188 B1 LGl ash 3E21.9 382509 229 L
¥33 366387 ELTE A T1.%% L as4 369189 369433 130.76 GL
¥52 3591 85 359415 7264 L asl 3503.85 350621 188.12 il
¥i1 351983 352207 T1.98 L asl 343183 34337 T2.51 L
¥al IMTE 344972 7245 L a4l 33559 81 336197 TLT3 L
y49 337578 33775 7213 L adf 32ET.T9 3289.47 715 L
5 312975 13189 2457 LGGG a45 3095 Té 310183 18764 GGl
vid 3057.72 30588 N L a4 3027.74 302897 TLEO L
yid3 29E5T 2986.71 7200 L adl 28397 28404 188.57 il
vl 2913.68 2914.65 7206 L a4l 276768 1768.32 7208 L
vl 2783 .66 278435 1503 LG al¥ 269566 2696.25 7207 L
¥i9 2711.63 2712 % 7200 L a3 262364 262422 T203 L
¥i6 25236 252397 1688.29 LGG ais 2435.61 243488 18934 GGl
¥i5 2451.58 2451 .85 212 L al4 2363.59 1363 82 TL.06 L
yid 2379 56 23798 7205 L adl 2175.56 21747 18912 il
¥il 2191.53 219067 189.13 LGG ail 2103.54 2102.67 7203 L
yin 211951 21186 7207 L a1y 2031.51 2030067 12 L
¥27 193147 1930.58 18802 LGl alh 1843 48 18426 188.07 il
¥v16 185945 18586 198 L als 177146 177061 TL99 L
¥15 178743 1786 56 7204 L all 164143 164066 12995 GL
¥4 171541 17146 T1.% L all 156541 1568 67 7199 L
¥21 152738 1526.61 157.99 LGG all 149739 1496.7 7197 L
yio 1455 36 145472 7189 L alll 142537 1424 83 T1E7 L
¥17 1267.33 1266.87 18785 LGG alb 117%.33 117895 24588 GOGL
vl 119531 11494.9 7197 L als 1107.31 110708 TLE? L
¥15 112328 1122949 7191 L al4d 103529 1035.1 T1.98 L
vl4 1051.26 1051.06 7193 L ald 96327 6319 T1.91 L
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Decoding process of sequence-defined polymers by tandem mass spectrometry.
As indicated by the mass analysis of the PLGA library, the combination of two
monomers at a fixed chain length (64 repeating units in this study) frequently
introduces duplication of molecular weights of PLGAS, despite different encoded
information. For example, the masses of chain 1 and 11 were identical at 4504.6 Da
with the same composition of L and G units but different arrangement. The
equimolar mixture of these PLGAs only showed a single peak in MALDI-TOF mass
spectrum; thus, both the chains were indistinguishable in the mass spectrum. This
requires each PLGA chain to be stored separately, which complicates the storage and
decoding of the PLGA library. We performed tandem mass sequencing of a mixture
of chain 1 and 11 (1:1 w/w) under the same condition as that for single-chain
sequencing (Figure 3-7A). The resulting mass spectrum revealed two independent
series of peaks, which were identified by reading the sequence of the first eight
residues from the O-terminus, the 8-bit address implemented as a chain identifier in
PLGA (Figure 3-7B). The assignment of these series of mass peaks allowed us to
sequence chain 1 and 11 simultaneously from one tandem mass spectrum.

This simultaneous mass sequencing of multiple PLGA chains sharing molecular
weights allowed bundling of the multiple chains, encoding different information,
together as a piece of plastic (Figure 3-8A). The information stored in the bundle
could be decoded by mass spectrometry without separating the mixture to individual
chains. The MALDI-TOF mass spectrum of this plastic showed a set of 10 peaks,
indicating the mass duplications between PLGA chains (Figure 3-8B).

This mixture of 14 chains was directly subjected to tandem mass sequencing by
targeting each mass peak including four duplications of the masses of PLGA chains.
For example, the tandem mass sequencing of 7th peak showing 4546 Da in MALDI-

TOF spectrum could identify that the peak is corresponded to the mixture of PLGA
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chain 3 and 6, and the stored information was could be decoded separately (Figure
3-8C). Consequently, the mass sequencing decoded the entire information
distributed among the 14 PLGA chains. The other tandem mass sequencing results

by targeting the rest of mass peaks are shown in Appendix (A.3.3).
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Figure 3-7. (A) Combined MALDI-TOF mass spectra of sequence defined PLGAs

*
i

(B) Tandem mass spectrum of the sequence defined PLGAs mixture. Green diamond
designates the fragements from PLGA chain 1. Violet diamond designates the
fragments form PLGA chain 11.
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Figure 3-8. (A) Photograph of polymer resin mixed of fourteen sequence-defined
PLGAs. (B) MALDI-TOF mass spectrum of the polymer resin. Each peak
corresponds to the molecular weight of fourteen polymers. (C) Tandem mass
spectrum of a parent ion (PLGA chain 3 and 6, 4546.86 Da). Both fragments
generated from chain 3 (green diamond) and 6 (violet diamond) are shown in
spectrum. Each stored information can be decoded by reading 8-bit address codes
(Si-GGLLLLLL: chain 3, Si-GLLGLLLL: chain 6). Decoded information is

represented by bar code. 56-bit fragmented code corresponds to the bit map image.
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3.4 Conclusion

In conclusion, we devised accelerated and semiautomated flow synthesis of
PLGAs. All permutations of tetrads could be generated in a single continuous flow
synthesis. The sequence-defined tetrads were subjected to the flow synthesis for high
molecular weight polymers. Consequently, sequence-defined PLGAs with 64
repeating units could be obtained in a fraction of the time required as compared to
that of batch reactions. Furthermore, introducing 8-bit address code into the PLGAs
enabled to decode the bundle of multitude PLGAs by direct tandem mass sequencing.
Our demonstration suggested that the encoding-and-decoding of digital information
distributed in a multitude of sequence-defined PLGAs could be streamlined via the
efficient on-demand synthesis of polymer chains using continuous flow chemistry
and the collective sequencing without handling individual polymer chains.® We
envisage that the massively parallel synthesis of sequence-defined polymers through
continuous flow chemistry should contribute to the molecular engineering of
synthetic polymers for solving important technical and societal challenges such as
the development of molecular media for information storage, degradable polymers,

biomedical materials, and delivery of biomacromolecules.?”?

3.5 Experimental

Materials and Methods. All reagents and chemicals were purchased from
commercial sources and used without further purification. Dichloromethane (DCM)
and tetrahydrofuran (THF) were distilled over CaH» under N,. Legato 101 syringe
pump was purchased from Kd Scienctific. Cadent 3TM syringe pump was purchased

from IMI Norgren. SEP-10 was purchased from Zaiput Flow Technologies. PFA
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Tubing (1/16" OD/0.02" and 0.03" ID) was purchased from Revodix. Omnifit EZ

column was purchased from Diba Industries Inc. Gastorr AG-42-01 was purchased
from GL Sciences. CF-2 Fraction Collector was purchased from Spectrum Chemical
Mfg. Corp. 'H and '*C NMR spectra were recorded on a Varian INOVA 500 MHz
NMR spectrometer using CDCI3 as solvent. Gel permeation chromatography (SEC)
was performed on an Agilent 1260 Infinity equipped with a PL gel 5 pym mixed D
column and differential refractive index detectors. THF was used as an eluent with a
flow rate of 0.3 mL min " at 35 °C. A polystyrene standard kit (Agilent Technologies)
was used for calibration. Automated column chromatography was performed on a
Biotage Selekt flash chromatography purification system equipped with a Sfar silica
column cartridge. n-hexane and ethyl acetate were used as eluent. Size exclusion
chromatography (SEC) was performed on a Recycling Preparative HPLC (LC-9260
NEXT, Japan Analytical Industry) system equipped with JAIGEL-2.5HR/2HR
columns and a differential refractometer. Chloroform (J.T.Baker) was used as an
eluent with a flow rate of 10 mL min'. Before injection, the solution was filtered
through a PTFE syringe filter (Whatman, 0.2 pm pore). The SEC was performed
under a cycling mode until the coinciding peaks were separated. The desired fraction
was collected using a fraction collector. Differential Scanning Calorimetry (DSC)
was performed on a TA Instruments Q10 from —40 °C to 160 °C with a scan rate of
10 °C min"' under N, atmosphere. The instrument was calibrated before
measurements by measuring the melting temperature of indium (7, = 429.75 K).

Synthesis of sequence-defined polymers using continuous flow synthesis. In
divergent stage, 4 mmol of dyad (0.8 M, 5 mL) was injected to the deprotection of
TBMDS or benzyl module for 50 min. Subsequently, flow lines were washed with
pure solvents for 10 min. The fraction collector allowed to receive produced tetrad
into separated glass tube. Sequence generation and washing cycle was repeated 16
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times. Collected tetrads were purified with automated column chromatography as
eluent of hexane/ethyl acetate mixture. In convergent stage, 3-way syringes were
used for injecting sequence defined oLGA protected with TBDMS and benzyl groups
(LAGAR and LA,GA,, 0.8 ~ 0.1 M and 30 ~ 40 min according to the molecular
weight). Crude product having twice repeating units (LA +yGAm+n) Was purified by
column chromatography or preparative size-exclusion chromatography.

MADLI-TOF and Tandem mass sequencing of PcL. Molecular weights of
sequence-defined PLGAs and their fragments were measured on a Bruker Ultraflex
TOF/TOF mass spectrometer equipped with a smartbeam 2 at 2000 Hz (MALDI-
MS) or 1000 Hz (MALDI-MS/MS). For MALDI-MS analysis, the instrument was
operated in a positive reflector mode. Voltage for ion source and reflector is
controlled depending on the molecular weight of a polymer. External calibration was
based on peptide and protein (ProteoMass Peptide/Protein MADLI-MS Calibration
Kit, Sigma). Tandem mass sequencing (MS/MS) was performed in positive reflector
mode without gas option. The precursor ion was used as internal calibration. For
MALDI and MS/MS analysis, 2-(4-Hydroxyphenylazo)benzoic acid (HABA) was
used as a matrix and sodium fluoroacetate (NaTFA) was used as a cationizing agent.
A polymer sample, matrix and cationizing agent were dissolved in THF at Smg mL~
!, 30mg mL" and 2mg mL"' respectively, and, these solutions were mixed in 1:1:1
to 1:5:1 ratio depending on the molecular weight of the analyte. 1 pL of the mixed

solution was spotted on a MALDI plate, and dried in the air.
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Chapter 4

Nondestructive Sequencing of Enantiopure
Oligoesters by Nuclear Magnetic Resonance

Spectroscopy
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(A series of oMPs was synthesized and characterized by J.H.)

4.1 Abstract

Sequence-defined synthetic oligomers and polymers are promising molecular
media for permanently storing digital information at densities higher than those of
currently used media. However, the information decoding process relies on the
degradative sequencing methods such as mass spectrometry, which consumes the
information-storing polymers upon decoding. Here we demonstrate the
nondestructive decoding of sequence-defined oligomers of enantiopure a-hydroxy
acids, oligo(L-lactic-co-glycolic acid)s (oLGs) and oligo(L-mandelic-co-D-
phenyllactic acid)s (0MPs) by **C nuclear magnetic resonance spectroscopy. We
were able to nondestructively decode a bitmap image (192 bits) encoded using a
library of 12 equimolar mixtures of an 8-bit-storing oLG and oMP, synthesized
through semi-automated flow chemistry in less than 1% of the reaction time required
for the repetition of conventional batch reactions. Our results highlight the potential
of bundles of sequence-defined oligomers as efficient media for encoding and
decoding large-scale information based on the automation of their synthesis and

nondestructive sequencing processes.

4.2 Introduction

The storage of information produced by human activities is essential for
civilization. The explosion in data production in recent decades demands a
corresponding expansion in data storage capacity. However, conventional
technologies based on magnetic, optical, and electronic media consume a significant

amount of physical space and energy for storing and maintaining information.*
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Long-term storage also requires the periodic refreshment of the data, given the
deterioration of media over time.* Large-scale information storage in sequence-
defined macromolecules has been evolved from curiosity-driven research to a
promising alternative to existing information-storage technologies.>*! DNA and
synthetic sequence-defined polymers can store digital information in their chemical
structures using only a few atoms per bit, the unit of digital information.t?
Therefore, these macromolecular media can store large amounts of information in
proportion to the number of chemically distinguishable repeating units composing
polymer chains. In addition, the structural integrity of these information-storing
macromolecules can be preserved for an extended period without requiring
additional energy for extensive cooling or the periodic refreshment of the stored
data.}"18

However, the realization of macromolecular media for information storage
requires that several key challenges be overcome. In these media, information is
encoded in the form of sequences of the monomers constituting the polymer chains
through the repetitive coupling of the individual monomers in a stepwise manner.-
2L Consequently, the encoding of information by chemical synthesis imposes
significant cost and time constraints for large-scale information storage in
macromolecular media. To overcome this challenge, the parallel synthesis of
sequence-defined macromolecules by automated and continuous processes is
necessary to accelerate the rate of chemical encoding.???® The decoding of the
information stored in sequence-defined macromolecules also presents a challenge.
Current methods for the decoding of the information stored in sequence-defined
macromolecules rely on destructive techniques such as tandem mass spectrometry,
which involves the fragmentation of the parent molecules.?’-3! Consequently, these

methods inevitably consume the information-storing polymers during each decoding
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attempt, making large-scale or additional synthesis processes necessary for
replenishing the polymers, especially when frequent decoding is required. Therefore,
nondestructive methods for sequencing synthetic macromolecules must be
developed for macromolecular media to become practically suitable for information
storage.3>%’

3C NMR spectroscopy can detect the structural differences around the carbon
atom of interest. Therefore, it is widely used for the analysis of microstructures
(arrangements of enantiomeric repeating units along the polymer backbone) of
stereoregular polymers such as poly(L/D-lactide)s.’®*° However, the results of '*C
NMR spectroscopy only show the cumulative populations of the relative orientation
of the enantiomeric repeating units constituting the polymer backbone;*** this is
especially true for high molecular-weight polylactides with a molecular weight
distribution.

Here we report that the spectroscopic sequencing of sequence-defined
oligoesters composed of enantiopure a-hydroxy acids. A library of sequence-defined
oligomers of the enantiopure a-hydroxy acids, oligo(L-lactic-co-glycolic acid)s
(oLGs) and oligo(L-mandelic-co-D-phenyllactic acid)s (0MPs) was constructed by
semi-automated flow chemistry within less than 1% of the reaction time required to
prepare the same set of oligomers by conventional batch reactions and the
accompanying purification processes. The sequence of each oligoester could be
unambiguously decoded from a single *C nuclear magnetic resonance (NMR)
spectrum. In addition, we show that a maximum of 32 bits (4 bytes) of digital
information can be stored in an NMR sample containing an equimolar mixture of
oLG and oMP and that this information can be decoded by a single *C NMR
measurement based on the nonoverlapping chemical shifts in the sequence-

indicating peaks of oLG and oMP. Our results highlight the potential of bundles of
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sequence-defined oligomers as efficient media for encoding and decoding large-
scale information through the automation of their synthesis and nondestructive

sequencing processes.

4.3 Results and discussion

Accelerated synthesis of sequence-defined octamers of a-hydroxy acids by flow
chemistry. We employed the cross-convergent approach to synthesize the sequence-
defined oligomers in a step-economical manner.*** The cross-convergent approach
involves the deconstruction of the target sequence into smaller segments built from
building blocks composed of a minimum number of uniquely identifiable monomers.
Therefore, the sequence-defined building blocks obtained from the permutation of
the monomers covering all the possible sequences of a minimal number of repeating
units are prerequisites for the cross-convergent approach (Scheme 4-1). The
permutation in which L-lactic acid (L) represents 0 and glycolic acid (G) represents
1 yielded four dyads (LL, LG, GL, and GG), which covers all possible sequences of
the dimers of L and G having protective groups for the hydroxyl and carboxyl end
groups. The cross-convergence of these dyads would produce 16 tetramers of L and
G (tetrads) covering all the possible sequences during the divergent stage of the

synthesis, such that the number of possible products is maximized.
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Scheme 4-1. Synthesis of sequence-defined oligoesters.
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The cross-convergent synthesis of the sequence-defined oligomers and
polymers relies on the repetition of a set of chemical reactions, wherein the number
of required synthetic steps increases in proportion to the target molecular weight or
number of sequence-defined products. To encode information in oligoesters at a rate
higher than that of conventional batch processes, we used the semi-automated
method to synthesize all the possible tetrads in a continuous flow process? (Figure
4-1). The controlled feeding of the desired dyads to the corresponding deprotection
reactor line, one for the desilylation of the tert-butyldimethylsilyl (TBDMS) group
with trifluoroborane etherate (BFs-Et20) and the other for the allyl transfer reaction
to morpholine catalyzed by tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs).),
was achieved by using a set of the computer-controlled six-way valve systems. The
hydroxyl product resulting from the desilylation process was purified with water
while the carboxyl product from the deallylation process was purified with a 1M HCI
aqueous solution in an in-line extractor. Finally, the two deprotected precursors were
converged for esterification while injecting a coupling agent, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide  hydrochloride (EDC) and 4-
(dimethylamino) pyridinium 4-toluenesulfonate (DPTS).

However, the coupling yield of this fully continuous setup was lower (35-40 %
after purification) than that of the batch reaction (typically > 90%) to form an
identical tetrad; this was owing to the residual byproducts produced during the
deprotection steps, such as allyl morpholinium and PPhs, which remained in the
reaction mixture after the allyl transfer reaction. To counter the detrimental effects
of these residual byproducts, we included an off-line purification step for their
removal using an automated instrument for silica column chromatography. This step
could be completed within 15 min. The reinjection of the purified dyads into the flow

reactor for esterification improved the coupling yield to 90% or greater, which was
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comparable to that of the batch reaction. The repetition of this semi-automated
process allowed the synthesis of 16-tetrad library to be completed on the 0.5-g scale
within 24 h.

The resulting tetrads of L and G were subsequently subjected to cross-
convergence to form an octameric oMP having the desired sequence representing an
8-bit binary code. The target tetrads encoding 4-bit fragments of information (100
mg) were injected into flow reactor. This was followed by off-line purification via
column chromatography. This flow process produced an octameric oLG encoding
the target 8-bit information within 1 h; this period included the off-line purification
step. The purified oLGs were fully characterized by *H and **C NMR spectroscopies,
which confirmed their purity. NMR spectra of oLGs are shown in Appendix (A.4.1).

Based on the non-overlapping of the peaks of L-mandelic acid (M) and D-
phenyllactic acid (P) units with those of the L and G units in *C NMR spectroscopy,
we also synthesized a sequence-defined oligoester of M and P as an 8-bit-storing
molecular medium using the flow chemistry setup described above. The injection of
four dyads of M and P having the same protective groups as those of the dyads of L
and G into the flow chemistry setup yielded 16 tetrads on the gram scale in 24 h. The
purified tetrads, obtained in yields of 88-92%, were subsequently converged to the
targeted octameric oMPs using the flow reactor employed for the synthesis of the

oLGs.
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Figure 4-1. Flow chemistry for encoding 8-bit information in sequence-defined
oLGs. A continuous flow synthesis of four dyads yielded 16-tetrad library.
Subsequently, a sequence-defined octameric oLG, GGLGGLGL, could be obtained

by cross-convergence of GGLG and GLGL using semi-automated flow system.
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Nondestructive sequencing of oLGs and oMPs by NMR spectroscopy. The use
of enantiomeric a-hydroxy acids as monomers for the cross-convergence to oLGs
and oMPs render the resulting oligoesters to exhibit an absolutely defined
stereochemical configuration. This simplified the analysis of the NMR signals, as it
removed the complexities arising from the splitting of the peaks caused by the
uncertainly of the chemistry and stereochemical configuration of the neighboring
monomers.

We first examined the **C NMR spectra of the tetrads of L and G to obtain
information for decoding the sequence of the constituting monomers of the oMP in
relation to the neighboring monomer units. We determined that the peaks
corresponding to the a-carbons of the aromatic substituents of L and G could be used
for sequencing, as these peaks appeared as singlets at the specific chemical shifts
corresponding to the relative position of the TBDMS protective group (Si-terminus)
with respect to that of the carboxyl terminus having an allyl protective group (All-
terminus). The positions of the monomers were numbered from A to D in the
direction from the Si-terminus to the All-terminus. The peaks corresponding to the
ipso-carbons of the four L units of the homotetrad LLLL from the Si-terminus to the
All-terminus appeared in the order of L(D), L(C), L(B), and L(A) at the chemical
shifts of 68.1, 68.7, 69.0, and 69.4 parts per million (ppm), respectively. Similarly,
the *C NMR spectrum of the tetrad GGGG showed a set of a-carbon peaks of the G
repeating units in the order of G(A), G(D), G(C), and G(B) at 161.3, 60.2, 60.7, and
61.1 ppm, respectively. With these assignments as references, all tetrads consisting
of L and G could be sequenced by *C NMR (Figure 4-2) without using mass
spectrometry. These slight variances in the chemical shifts of the peaks of the
repeating units of the oligoesters arising from the chemical structures of the

neighboring units were used to estimate the sequence of the repeating units.
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Figure 4-2. (A) 3C NMR spectra of tetramers. In case of the constituent is lactic
acid, first digit (Si-LXXX-Bz) is located in 68.18 — 68.07 ppm region; second digit
(Si-XLXX-Bz) is located in 68.68 — 68.58 ppm region; third digit (Si-XXLX-Bz) is
located in 69.22 — 68.93 ppm region; fourth digit (Si-XXXL-Bz) is located in 69.60
—69.35 ppm region. In case of the constituent is glycolic acid, first digit (Si-GXXX-
Bz) is located in 61.60 — 61.30 ppm region; second digit (Si-XGXX-Bz) is located
in 61.29 — 61.08 ppm region; third digit (Si-XXGX-Bz) is located in 60.88 — 60.64
ppm region; fourth digit (Si-XXXG-Bz) is located in 60.54 — 60.21 ppm region.
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Decoding of octameric oLGs based on **C NMR spectrum and deciphered chemical
structure of oLG. Red circles indicate the chemical shift which should be checked

for sequencing.
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The sequencing of octameric oLGs by **C NMR spectroscopy was expectedly
more complicated than the sequencing of tetrads because of the increased number of
possible sequences corresponding to the eight peaks appearing within a narrow
chemical shift range. Therefore, we established the following rules for decoding the
sequence of oLGs based on the electronic shielding/deshielding effects caused by
the neighboring monomers. These decoding rules are summarized in Figure 4-3A

and the experimental section.

y7 vd y3 y2
\/ 0 0 0 0
>|/S"o"ﬁfo ; O/\[(O\)LO Ot oy Ot o™~
o |I: o] 0 ° o_J*

ya

y7

y2 y3
| P ol ]

- r - r -~ 1 1 1 1 - T1 "1 1
200 250 300 350 400 450 500 550 600 650

mass (Da)

Figure 4-4. ESI-QTOF-MS/MS analysis of an octameric oLG, LLGGLLLL.
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As a demonstration in Figure 4-3B, Si-LLGGLLLL-AIl was sequenced based
on the decoding rules, as shown in Figure 4-5B. The number of peaks present in the
68.0—70.0 ppm range suggests that the oL G is composed of 6 L and 2 G units (Rule
i). The presence of a peak at 68.0 ppm suggests that the first unit at the A position is
L. (Rule iii) suggests that an L unit is present at position B, given the presence of a
peak at 68.5 ppm. The absence of a peak at 68.8 ppm suggest that the third repeating
unit is G. The appearance of a peak at 60.5 ppm is indicative of a fourth repeating
unit of G. (Rule v) suggests that an L unit is present at position H, given the absence
of a peak at 61.0-61.2 ppm region. The absence of a peak at 69.4-69.5 ppm range
suggest that the seventh repeating unit is L. Finally, the appearance of a peak at 69.2
ppm is indicative of a L unit at position F. Therefore, the final sequence of the oLG
was determined to be Si-LLGGLLLL-AII, which is in keeping with the proposed
structure of the oLG. Moreover, tandem mass sequencing performed using an
electrospray ionization (ESI) mass spectrometer yielded a sequence identical to that
obtained from the NMR sequencing of the oLG (Figure 4-4). Thus, this
nondestructive sequencing method can be applied repeatedly without a loss of the
oligoester, which remains intact in the solution. In addition, the solution can be
stored in a conventional NMR tube for more than a year.

Similarly, the sequence of an oMP could be decoded by analyzing *C NMR
spectrum to determine the chemical shifts of the peaks corresponding to the ipso-
carbons of the M and P units composing the sequence-defined octamer. The positions
of the monomers of the oMP were assigned from 1 to 8, starting from the Si-terminus
to the All-terminus. In a similar manner to the case for the decoding of oLGs, we
established the rules for decoding the sequence of oMPs based on the peak of the
ipso-carbon. These decoding rules are summarized in the experimental section

(Figure 4-5A).
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Figure 4-6. MALDI-TOF-MS/MS analysis of an octameric oMP, MPMMPPPM.

Based on these rules, we attempted the NMR sequencing of an oMP, Si-
MPMMPPPM-AII, as shown in Figure 4-5B. The *C NMR spectrum exhibited four
peaks in the 134.5-137.5 ppm range, indicating that the oMP consists of four M and
four P units as per (Rule i). The presence of the peak at 138.6 ppm suggests that
the units at positions 1 and 2 are M and P, respectively. (Rule iii) suggests that an M
unit is present at position 3, given the absence of a peak at 136.0 ppm. The three
units at the All-terminus are P, P, and M units, which are present at positions 6, 7,
and 8, respectively. This is based on the peak of w-carbon of the allyl protective
group at 118.7 ppm. Finally, given that no peak was present at 133.0 ppm, (Rule v)
suggests that an M unit is at position 4 and a P unit at position 5. The results of the
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nondestructive sequencing of the oMP using the above-described rules to decode its
13C spectrum were verified by comparing them with the results of tandem mass
sequencing performed using MALDI-TOF/TOF mass spectrometer (Figure 4-6).
Our rules for decoding the sequences of oligoesters based on their *C NMR
spectra indicates that there is no duplication between the 256 possible *C NMR
spectra of oLGs or the 256 possible spectra of oMPs. This one-to-one
correspondence between oligoesters and their respective NMR spectra suggests that
the sequences of these oligoesters can be determined by comparing the acquired
spectrum with a library of the spectra of 8-bit-storing oligoesters. We envisage that
this pre-synthesized oligoesters covering all the possible sequences could be used as
a pool of 8-bit packets to compose and store large-size digital information that can

be readily decoded by nondestructive NMR sequencing.
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Figure 4-7. 1*C NMR spectra of octameric oMP, oLG, and mixture.
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Encoding and decoding of digital information in oligoesters. We chose two pairs
of enantiomeric a-hydroxy acids, L-mandelic acid/D-phenyllactic acid and L-lactic
acid/glycolic acid, to compose oMPs and oL Gs with the aim of confirming that there
is no overlapping of the peaks of oligoesters having markedly different substituent
chemistries. The NMR spectra of these oligoesters showed that their peaks of interest
were present in different chemical-shift regions and did not overlap (Figure 4-7).
Hence the sequences of an oMP and oL G could be decoded simultaneously from a
single NMR spectrum of a mixture of the two oligoesters. Therefore, a mixture of an
oMP and oLG can store 16 bits, which can be decoded based on a single *C NMR
measurement of the mixture.

To demonstrate this idea, we attempted the accelerated encoding of information
in sequence-defined oligoesters through flow chemistry to show that the
nondestructive sequencing of oligoesters by NMR spectroscopy can be exploited for
the archival storage and retrieval of digital information (Figure 4-8). A bitmap image
(192 bhit) was converted into a chemical sequence distributed into 12 sets of coMPs
and oLGs. A set of an oMP and oLG, each storing 8 bits, was constructed by
repeating the semi-automatic flow processes using tetrads of M and P or L and G as
the precursors. The encoding of all 192 bits of information in the library of 12 oMPs
and oL.Gs could be completed within 12 h by running two flow processes in parallel.
The encoding time was significantly lower (~ 1%) than the time required to complete
the synthesis of the same set of oligoesters by repeating the conventional batch

reaction and purification processes.
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The synthesized oligoesters were grouped into 12 sets of equimolar mixtures of
the oMP and oLG (1:2 w/w, 15 umol), which were dissolved in 0.5 mL CDClI; and
stored in conventional NMR tubes labeled 1-12, respectively. The assigned tube
numbers corresponded to the externally given addresses for the 12 sets of 16 bits of
information. Each tube was subjected to NMR spectrometer (Varian, 125 MHz for
13C) to acquire the spectrum. The sequencing of the oMP and oLG was completed
by using a single spectrum containing the ipso-carbon peaks of the oMPs and the a-
carbon peaks of the oLG, which did not overlap. The 12 spectra of the mixtures of
the oMP and oLG could be decoded completely. The detailed NMR sequencing
results of oLGs are represented in Appendix (A.4.2). The stored information could
be fully retrieved within 1 h by comparing the recorded spectra acquired by the
minimun number of scans by NMR (32 scans for 110 sec) with the existing reference
spectra of oMPs and oLGs (Figure 4-9). In addition, the decoding and retrieval of
the stored image could be achieved without any reading errors even after 6 months
using the same NMR samples. We also note that the storage capacity in the mixture
of the oMP and oLG could be expanded by the correlation of two sequences. For
example, 4-bit information can be encoded by the correlation of the position 1 of the
oMP and the position A of the oLG, which makes the mixture of oMP and oLG to

store 32 bits.
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4.4 Conclusion

In conclusion, we demonstrated the nondestructive sequencing of oligoesters
composed of enantiopure a-hydroxy acids by NMR spectroscopy based on the
sequence-specific *C NMR spectral peaks of absolutely configured oligoesters in
the 3C NMR spectra. The sequence-defined octameric oligoesters were synthesized
at an accelerated rate by a step-economical cross-convergent synthesis based on
semi-automated flow chemistry while using a feed of sequence-defined dyads and
tetrads of M and P or L and G. The flow chemistry-based synthesis of the
information-storing oligoesters accelerates the rate of encoding by a factor of 100
compared with the rate of synthesis for conventional batch processes. The
synthesized sequence-defined octaesters, oMPs and oLGs, could both store 8-bit
information. The *C NMR spectra of the oMPs and oLGs contained the peaks
arising from the enantiopure monomers with respect to their relative positions
between the Si- and All-protective groups. This, in turn, allowed for sequencing
without the degradation of the information-storing molecules. We also demonstrated
that the nondestructive decoding of the information-storing oligoesters can be
combined with accelerated encoding through flow chemistry to allow for the
permanent storage of digital information without requiring any additional energy or
synthesis processes for maintaining the stored information. Thus, our results suggest
that the bundles of sequence-defined oligomers can serve as efficient media for
storing large-scale information based on their automated synthesis and

nondestructive sequencing.
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4.5 Experimental

Materials and Methods. All other reagents and chemicals were purchased from
commercial sources and used without further purification. Dichloromethane (DCM),
was distilled over CaH, under N.

Legato 101 syringe pump was purchased from Kd Scienctific. Cadent 3TM syringe

pump was purchased from IMI Norgren. SEP-10 was purchased from Zaiput Flow

Technologies. PFA Tubing (1/16" OD/0.02" and 0.03" ID) was purchased from

Revodix. Omnifit EZ column was purchased from Diba Industries Inc. Gastorr AG-
42-01 was purchased from GL Sciences. CF-2 Fraction Collector was purchased
from Spectrum Chemical Mfg. Corp. Automated column chromatography was
performed on a Biotage Selekt flash chromatography purification system equipped
with a Sfir silica column cartridge. Hexane and ethyl acetate were used as eluent. 'H
NMR and C NMR spectra were recorded on a Varian INOVA 500 MHz NMR
spectrometer in CDCls. ESI-MS analyses were performed on a SCIEX TripleTOF
5600. MALDI-TOF MS/MS analyses were performed on a Bruker Ultraflex
TOF/TOF mass spectrometer. For MALDI-TOF MS/MS analysis, 2-(4-
Hydroxyphenylazo)benzoic acid (HABA) used as a matrix and sodium
trifluoroacetate (NaTFA) was used as a cationizing agent. The instrument was
operated in positive reflector mode. oMPs were fragmented yi fragment containing
the original omega group (allyl ester) and a new alkene terminus corresponding ai
fragment having the original alpha group (TBDMS) and a new carboxylic acid, or zi
fragment containing the original omega group and a new aldehyde terminus. oLGs
were fragmented yi fragment corresponding ai fragment.

Continuous flow synthesis for sequence-defined oligoesters. A continuous flow
system consists of synthetic step and cleaning step, which is operated via 6-way

syringe pumps connected with programmable controller. 2 mmol of a dyad (1 M in
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DCM) and BF3<Et;O (7 M in DCM) were injected at 0.1 mL/min and mixed through
T-mixer. The mixture was allowed to react in the reaction loop (volume of 2 mL).
Simultaneously, 2 mmol of a dyad (1 M in THF) and Pd(PPhs)4 and morpholine
mixture (0.03 M and 1.05 M in THF) were injected at 0.1 mL/min and mixed through
T-mixer. The mixture was allowed to react in the reaction loop (volume of 2 mL).
Deprotected dyads, hydroxyl and carboxylic acid, were purified by automated flash
column chromatography using HEX/EA and ether/MeOH eluents, respectively.
Subsequently, the purified dyads (1 M in DCM, 0.1 mL/min) were reinjected and
mixed with EDCeHCI and DPTS (0.7 M and 0.07 M in DCM, 0.2 mL/min). The
mixture was allowed to react in reaction loop (volume of 6 mL). After synthetic step,
DCM solvent (6 mL) was purged to flow reactor for cleaning reaction loop. Synthetic
and cleaning cycle were repeated 16 times for generating every permutation of
tetrads. Collected tetrads were purified with automated flash column
chromatography (86-92% yield).

Synthesis of octameric oligoesters by semi-automated flow system. 200 mg of a
tetrad (0.25-0.5 M in DCM) and BF3-Et;O (7 M in DCM) were injected at 0.1
mL/min and mixed through T-mixer. The mixture was allowed to react in the reaction
loop (volume of 2 mL). Simultaneously, 200 mg of a tetrad (0.25-0.5 M in THF) and
Pd(PPhs)4 and morpholine mixture (0.03 M and 1.05 M in THF) were injected at 0.1
mL/min and mixed through T-mixer. The mixture was allowed to react in the reaction
loop (volume of 2 mL). Deprotected tetrads were purified by automated flash column
chromatography. The purified tetrads (0.25-0.5 M in DCM, 0.1 mL/min) were
reinjected and mixed with EDC-HCI and DPTS (0.7 M and 0.07 M in DCM, 0.3
mlL/min). The mixture was allowed to react in reaction loop (volume of 9 mL).
Collected octameric oligoester was purified with automated flash column

chromatography (85-91% yield).
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13C NMR sequencing of octameric oMPs. (Rule i) The number of M units in the
oMP can be determined by counting the number of peaks in the chemical-shift
regions of 132.5-133.5 ppm and 138—139 ppm. The number of peaks in the range of
134.5-137.5 ppm range is identical to the number of P units (Figure S3); (Rule ii)
The monomer units at positions 1 and 2 can be determined based on the peak of the
ipso-carbon that is deshielded the most by a silicon atom present in its proximity
(Figure S4). In a range of 138.4-138.6 ppm, the peak corresponding to the ipso-
carbon of Si-M(1), which neighbors M(2), appears downfield to that of the ipso-
carbon that neighbors P(2). Similarly, the peak related to the ipso-carbon of Si-P(1)
appears in the range of 137.24-60 ppm owing to the adjacent monomer units; (Rule
iii) The presence of a P unit at position 3 can be predicted based on the peak of the
monomer unit at position 2 (Figure S5). The peak corresponding to P(3) appears at
133.4 ppm in the case of with M(2) and 135.9 ppm in the case of P(2); (Rule iv) The
w-carbon peak of the allyl protective group appears at the characteristic chemical
shift in the range of 118.36—-119.13 ppm because of the sequence of the monomer
units at positions 6—8 (Figure S6); (Rule v) The monomer units on positions 4 and 5
can be predicted by an indirect method (Figure S7). With P at position 3, the presence
of the peak at 134.9 ppm is indicative of M(4). In the case of M(3) and P(2), the peak
at 133.0 ppm suggests that the P unit is at position 4. In the case of M(3) and M(2),
the peak at 132.9 ppm suggests that the P unit is at position 4.

13C NMR sequencing of octameric oLGs. A compound protected with TBDMS and
benzyl groups was dissolved in dry DCM. The solution was cooled to 0°C on an ice
bath, and BF3°Et,O was added dropwise. The reaction mixture was stirred at room
temperature for 4 h. The reaction was monitored by TLC analysis. Upon completion
of the reaction, the reaction was quenched with saturated NaHCO; followed by

dilution with water. The organic layer was separated and washed with brine. The
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combined organic layer was dried over MgSOs, and the solvent was removed under
reduced pressure. The crude product was purified by automated column
chromatography.

General procedure for esterification reactions. (Rule i) The number of L units in
the oL G can be determined by counting the number of peaks in the chemical-shift
regions of 67.9-69.5 ppm. The number of peaks in the range of 60.2—61.5 ppm range
is identical to the number of G units (Figures S9 and S10); (Rule ii) The monomer
unit at position A can be determined based on the presence of the peak of the a-
carbon at specific chemical shift (Figures S11 and S12). At 68.0-68.1 ppm, the peak
corresponding to the a-carbon of L(A) appears and G(A) appears at 61.3—61.5 ppm;
(Rule iii) The monomer unit at position B can also be revealed depending on the
presence of the peak at specific regions (Figures S11 and S12). The peak
corresponding to the a-carbon of L(B) appears at 68.5 ppm and that of G(B) appears
at 60.3-5 ppm; (Rule iv) The monomer units at position C and D are predicted by an
indirect method (Figure S13). When the L unit is at position B, the peak at 68.8 ppm
suggests that the L unit is at position C. In the case of L(B) and G(C), the peak at
60.5-6 ppm suggests that the G unit is at position D. In the case of L(B) and L(C),
the peak at 68.9 ppm suggests that the L unit is at position D. The a-carbon of G(B)
appears at 60.3, 60.4 or 60.5 ppm as the case of neighboring G(C), (L(C) and L(D))
or (L(C) and G(D)), respectively. When the G units are at position B and C, the peak
at 60.7 ppm suggests that the G unit is at position D; (Rule v) The monomer unit at
position H is predicted by the presence of the a-carbon at specific chemical shift
(Figure S14). The peak corresponding to the a-carbon of G(H) appears at 61.0-2
ppm; (Rule vi) the monomer units at position F and G are predicted by an indirect
method (Figure S14). The a-carbon of G(H) appears at 61.0, 61.1 or 61.2 ppm as the
case of neighboring (L(F) and L(G)), (G(F) and L(G)) or G(G), respectively. The
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peak corresponding to the a-carbon of L(H) appears at 69.4 or 69.5 ppm as the case

of neighboring (L(F) and G(G)) or (G(F) and G(G)), respectively. In the case of G(G)

and G(H), the peak at 60.9 ppm suggests that the G unit is at position F. In the case

of L(G) and L(H), the peak at 69.2 ppm suggests that the L unit is at position F.
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Chapter 5

Synthesis of Enantiomeric ®-Substituted
Hydroxyalkanoates from Terminal Epoxides:
Building Blocks for Sequence-defined

Polyesters and Macromolecular Engineering
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(K.D. and S.J. contributed to the synthesis of HASs)

5.1 Abstract

Polyesters with protein-like absolute atomic precision have unlimited potential
as functional polymers and biomaterials. However, a library of enantiomeric
monomers having a set of functional groups has to be constructed to generate
polyesters in a sequence-defined manner. Herein, we report the synthesis of
enantiomeric m-substituted hydroxyalkanoates (HAs) from terminal epoxides and
alkenes as starting materials. Our synthesis allows to synthesize a library of HAs
having a well-defined atomic composition (carbon number), substituent chemistry,
and stereochemical configuration, which serves as building blocks for discrete
polyhydroxyalkanoates (PHAs) without molecular-weight distribution and
sequence-defined PHAs. Moreover, high molecular weight sequence-regulated
PHAs were obtained by the polycondensation of sequence-defined
oligo(hydroxyalkanoate) (0HA) building blocks, which allows their crystallinity and
thermal properties to be controlled by manipulating the stereoregularity and
introducing medium-length chains into the oHA. Our results could afford a facile
method to engineer PHAs and related polyesters with structural sophistication

exhibited only by biopolymers, such as proteins and nucleic acids.

5.2 Introduction

Poly(hydroxyalkanoate) (PHA)** is a class of aliphatic polyesters produced
naturally by microbes as an energy and carbon reserve. These bio-derived aliphatic
polyesters have been attracting attention as degradable substitutes for hydrocarbon-
based polymers that are used as plastic and packaging materials.>” For example,

poly(3-hydroxybutyrate) (P3HB) is a highly crystalline polymer (T, = 173-180 °C)
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that can be hydrolyzed to the corresponding monomer via chemical or enzymatic
catalysis.2® However, the application of PHAs is hindered by their monotonous
chemical structure arising from the limited number of monomers for biosynthesis.
To tailor the properties of PHAs for a desired application, a library of
hydroxyalkanoates (HAS), containing diverse substituents, is required to be used as
monomers for incorporation in PHAs in a well-defined manner.1* Although
fermentation via genetically engineered microbes allows the conversion of
carbohydrates and lipids to substituted HASs, biosynthesis of PHAs with diverse side
chains is challenging because of the limited number of engineered microbes
available that can be employed for this purpose.?*2

The chemical synthesis of PHAs with desired functions and optimized
properties using enantiomeric HAs with functional groups as valuable building
blocks is attracting increasing attention. This endeavor, referred to as
macromolecular engineering,'®* mandates the precise synthesis of polymers to tailor
their structures and functions for the desired applications.***® For macromolecular
engineering, the controlled polymerization of functional monomers, along with
organic synthesis, has been used as the essential method for optimizing chemical
structures of the resulting polymers and copolymers.?®?° The ring-opening
polymerization of the lactones of HAs results in PHAs with a well-defined molecular
weight and molecular-weight distribution.?*2 In particular, Lewis-acid lanthanum
catalysts with chiral ligands produced stereoregular PHAs with well-defined
stereosequence, which have been demonstrated with a limited set of monomers.?-2°
A general method for the synthesis of enantiopure HAs with diverse substituents, a
foundation of macromolecular engineering of PHAS, has not been established yet.
Furthermore, the biochemical and chemical methods for synthesizing PHAs depend

on the polymerization of a set of substituent-bearing monomers, which inevitably
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leads to the statistical distribution of the molecular weight, sequence of substituents,
stereoregularity, and nature and location of the functional groups of the resulting
polyesters.32¢ We envisaged that controlling the chemical structures of PHAs with
sophistication comparable to that of biological polymers, such as proteins, could be
a powerful method for developing new biomaterials and polymeric materials.?6-2
Here we report the synthesis of a library of HAs with the desired functional
groups, stereochemical configurations, and atomic compositions using readily
available terminal epoxides. The stereochemistry of the stereocenter and the number
of carbon atoms of the monomer backbone can be determined. The resulting
enantiopure HAs serve as building blocks for synthesizing discrete PHAs with
absolutely-defined sequences and stereoregularities via iterative convergent method
and cross-convergent method.?® The sequence-defined oligo(hydroxyalkanoate) can
also be used to synthesize sequence-regulated polyesters by condensation
polymerization. These synthetic approaches allow us to control the structural
parameters of the resulting polyesters, including their molecular weight, monomer-

sequence, stereoregularity, and functionality.13283031

5.3 Results and discussion

Synthesis of enantiomeric HAs from terminal epoxides and alkenes. In this study,
we define discrete PHAs as aliphatic polyesters composed of a predetermined
number of HAs, bearing the desired substituents on w-carbon. We aimed to establish
a library of enantiopure HAs with the desired substituents that could be used for the
convergent synthesis of sequence-defined PHAs. We began our synthesis by first
determining the atomic composition (carbon number), substituent chemistry, and
stereochemical configuration of HAs. Considering that various terminal epoxides are

easily available, we devised a simple conversion of racemic mixtures of terminal
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epoxides to enantiopure w-substituted HAs, containing a desired functional group.
We tested our strategy using commercially available racemic propylene oxide (E1)
as a precursor (Scheme 5-1). The hydrolytic kinetic resolution (HKR) of racemic E1
was performed with an (R R)-salen-Co complex®*3* (Jacobson’s catalyst) to
selectively ring-open (S)-El, and followed by the isolation of intact (R)-E1 by
distillation (42.0% yield after isolation). Enantiomeric (R)-E1 was subjected to the
regioselective ring-opening reaction®® with vinylmagnesium bromide, which yielded
(R)-4-penten-2-ol. After installing the protective fert-butyldimethylsilyl (TBDMS)
group on the secondary alcohol, the resulting terminal alkene was oxidized to
carboxylic acid via two-step procedures involving Lemieux—Johnson oxidation®®-’
of alkene to aldehyde with OsO4 and subsequent Pinnick oxidation®® with NaClO,
and NaH,PO, to afford 1. The overall yield of 1 from (R)-E1 was 61.4%. Similarly,
(S)-E1 could be isolated using an (S,S)-salen-Co catalyst for the selective ring-

opening of the (R)-enantiomer, which was subsequently converted to 2 with a

moderate yield (57.6%).

(R,R)-Salen-Co-OAc, H.0

or
o] (S,5)-Salen-Co-OAc, H:0 0 CuBr, CH.CHMgBr }\/\
THF,0°Ctort, 14 hr HO N

THF, -78 °C, 4 hr
Eq (R)-E1 or (S)-E1

TBDMSCI, Imidazole % /&/\ 0504, 2,6-Lutidine, NalOs %/ /L/\
T T >r ‘0 A >r 0 Yo

DCM,0°Ctort,3 hr Dioxane/H20 (3:1), 0 °C to rt, 12 hr

: 0 0
NaCIOz, NaH;POs, Amylene H \/ U
SI Si, o’| “o
+BuOH/,0 (1:1),0°Cto rt, 1 hr X 0/\)LOH or (¢} OH llm
1 2
(R,R)-Salen-Co-OAc

Scheme 5-1. Synthesis of 1 (from (R,R)-Salen-Co-OAc) and 2 (from (S,S)-Salen-

Co-OAc) from racemic propylene oxide.
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The number of carbon atoms, constituting the backbone of the HA, is an
important structural factor that determines the conformation and solid-state
properties of the resulting PHAs. The number of methylene units in HAs can be
controlled by selecting a suitable Grignard reagent as a nucleophile for the ring-
opening of a substituted epoxide (Table 5-1). We synthesized a series of HAs (3-
hydroxybutanoate (1) to 5-hydroxyhexanoate (5) with moderate yields (56.5-64.6%)
using the corresponding 1-alkenyl magnesium bromide (G1-G3) as a nucleophile
with propylene oxide (E1) in the regioselective epoxide-opening step. Our procedure
could be extended to HAs containing hydrocarbon chains as substituents. For HAs
with a medium-chain-length (MCL) hydrocarbon, 1,2-epoxyoctane was resolved
using HKR to afford (R)-E2. Ring-opening with G1 yielded the ring-opened
secondary alcohol, which was oxidized to carboxylic acid 6. Our procedure allowed
the synthesis of various enantiomeric HAs using terminal epoxides as precursors.

Detailed characterization of HAs is described in Appendix (A.5.1).

Table 5-1. Molecular structures of enantiomeric HAs from a combination of

terminal epoxides and Grignard reagents

2 MgBr v 9 v/ it M E oH
R PN Sio H XY
A G1 1 1 1 ) ;
E1
+ A~ MaBr —
o G2
S Y o M A, M,
E2 PN - > "J\’\g’ e W
G3 4 5 6

115



Iterative convergence of enantiomeric HAs. The library of enantiomeric HAs
synthesized in this study can be employed as building blocks for constructing
discrete PHAS via iterative convergent synthesis. This method allows a rapid
increase in the molecular weight of discrete PHAS through a minimum number of
synthetic steps. 2829313942

To test the scalability of the molecular weight of discrete PHAs, we used the
HAs as building blocks. The carboxylic acid termini of HAs were converted to
benzyl ester as a protective group for convergent synthesis. The convergent step was
composed of selective deprotections of TBDMS with BF;-Et20 and benzyl ester by
hydrogenation, and followed by esterification using N,N'-diisopropylcarbodiimide
(DIC); 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS) was used as a
coupling agent (Figure 5-1A). For example, five iterations of convergent growth
from dimer of hydroxypentanoate (3) afforded discrete PHASs with 64 repeating units.
A twice the number of repeating units compared to that of the reactant after each
convergent step could be observed by gel permeation chromatography (GPC)
analysis (Figure 5-1B). However, MALDI-TOF analysis showed that terminal
repeating units were deleted during the esterification of the deprotected precursors
(Figure 5-1C). This deletion was caused by the intramolecular lactonization of
terminal units of the OH-deprotected precursor, which also occurred in the
hydroxyhexanoate (5). Similar deletion errors were reported from the convergent
synthesis of discrete poly(3-hydroxybutanote) (1), due to the serial B-elimination of

COOH-deprotected precursors under Steglich reaction conditions.
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To prevent the unwanted deletion of the terminal repeating unit, we synthesized
1-3 by coupling 1 with 3 as a permanent protective unit for the COOH-terminus of
1 and the OH-terminus of 3, which was utilized as a monomer for convergent growth
(Figure 5-2A). The convergence of 1-3 to a discrete alternating copolymer of 1 and
3yielded (1-3)16 with an isotactic arrangement of stereocenters. The structures of the
resultant products (1-3)16, without any unreacted precursors and deletion of repeating
units, were characterized using *H and 3C NMR, MALDI-TOF mass spectrometry
(Figure 5-2B), and GPC analysis (Figure 5-2C). Additionally, syndiotactic (1-L)s
was also synthesized by coupling 1 with L-lactic acid (L). The attempted synthesis
of discrete polymers of 1-D by coupling 1 and D-lactic acid (D) with an isotactic
microstructure was unsuccessful because of the limited solubility of oligomeric

(1-D)n, owing to its high crystallinity.*
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Synthesis of high molecular weight sequence-regulated PHASs. Polymerization of
sequence-defined oligomers is a facile strategy for synthesizing high molecular
weight sequence-regulated polymers. It is known that the sequence of repeating
segments affects the thermal®®, physical properties*, and biodegradability*** of
sequence-regulated polymers. We demonstrated the effects of the appearance of a
MCL hydrocarbon substituent in the repeating sequence and tacticity on physical
properties of high molecular weight sequence-regulated PHAS.

To investigate the effect of complicated tacticity on polymers, we synthesized
a series of stereoregular PHAs using diastereomeric building blocks composed of
enantiomeric 1, 2, 3, and 4. Four tetrameric building blocks were built from the
dimers (X-Y-X-Y, X=1or 2, Y=3 or 4) having two stereocenters (Figure 5-3A). The
iterative convergence of these building blocks resulted in the synthesis of discrete
(1-3-1-3)s and (1-4-2-3)s having two stereoregular repeating units alternating each
other. Sequence-defined PHAs without molecular weight distribution have not been
synthesized by conventional polymerization or biosynthesis using microbes.
Subsequently, a high molecular weight PHAs was obtained via the step-growth
polymerization of a deprotected segment having hydroxyl and carboxylic acid
termini with a DIC/DPTS coupling agent (Figure 5-3B). The resulting sequence-
regulated polymers composed of repeating sequences of the sequenced segments
were polydisperse in their molecular weights (P = 1.6-2.5), but the tacticity of the

segment was maintained.
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Figure 5-3. (A) Chemical structures of four tetrameric building blocks. (B) Synthetic
procedure for stereo-regulated polymers with molecular weight distribution by

polycondensation of stereospecific tetramer.

The screening of their structural, optical, and physical characteristics by *C
NMR, circular dichroism spectroscopy, and differential scanning calorimetry of a
series of stereoregular PHASs revealed the differences between erythro-diisotactic
and threo-disyndiotactc PHAs without molecular weight distribution (Figure 5-4A).
Erythro-diisotactic polymer was semi-crystalline (Figure 5-4C), in contrast, threo-
disyndiotactic polymer was amorphous (Figure 5-4D). These differences in
properties ,such as optical and thermal properties, arising from the difference in
stereochemical regularity persisted when the PHAs became polydisperse in
molecular weight, which were prepared by the condensation polymerization of

tetrameric building blocks (Figure 5-4).
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Figure 5-4. (A) Circular dichroism spectra of erythro-diisotactic (1-3-1-3)s and
threo-disyndiotactic (1-4-2-3)s synthesized by cross-convergent method. (B)
Circular dichroism spectra of erythro-diisotactic poly(1-3-1-3)s and threo-
disyndiotactic poly(1-4-2-3)s synthesized by polycondensation. DSC curves of (C)
erythro-diisotactic (1-3-1-3)s, (D) threo-disyndiotactic (1-4-2-3)s, (E) erythro-
diisotactic poly(1-3-1-3)s, (F) threo-disyndiotactic poly(1-4-2-3)s. erythro-
diisotactic polymers are semi-crystalline, but threo-disyndiotactic polymers are
amorphous.
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Next, we chose the diastereomeric dimers synthesized by coupling 1 with L- or
D-lactic acid (1-L and 1-D, respectively). Additionally, the hexyl-substituted dimers
(6-L and 6-D) were selected to introduce an MCL-hydrocarbon substituent in the
repeating oligomers (Figure 5-5A). Subsequently, sequenced octameric segments
(1-X-Y-X-1-X-Y-X, X=L or D, Y=1 or 6) were synthesized by the convergent
method using diastereomeric dimers. Several sequence-regulated PHAs were
synthesized by step-growth polymerization used above experiment. The resulting
sequence-regulated polymers remained tacticity and sequence of the building block.
For example, the deprotections of silyl and benzyl ester of a syndiotactic octamer
containing one hexyl side chain, 1-L-1-L-1-L-6-L, and the subsequent esterification
of this segment afforded syndiotactic poly(1-L-1-L-1-L-6-L) (M, =110kDa, b =1.8)
having one hexyl group per eight monomeric units.

The resulting structures of these polymers could be confirmed using *H NMR,
13C NMR, and GPC analyses. As shown in the *C NMR spectra (Figure 5-5C), the
methine groups of 6 and L of syndiotactic poly(1-L-1-L-1-L-6-L) were observed at
7156 and 68.87 ppm, respectively, whereas those of isotactic
poly(1-D-1-D-1-D-6-D) (M, = 25 kDa, H =3.1) shifted to 71.34 and 68.99 ppm,
respectively. Furthermore, the number of the hexyl group in the repeating sequence
was verified by comparing the integral of terminal protons in the hexyl group and
methine protons in the lactic acid in *H NMR spectra (Figure 5-5D). The thermal
properties of these sequence-regulated PHLs were investigated using DSC analysis
(Figure 5-5E). The syndiotactic and MCL hydrocarbon substituted polymers
poly(1-L-1-L-1-L-6-L) demonstrated a glass transition temperature of 1.7 °C, which
is lower than that of poly(1-L-1-L-1-L-1-L) without a hexyl substituent in the
repeating sequence (Ty = 9.7 °C). The isotactic poly(1-D-1-D-1-D-6-D) were

crystalline, and only showed a melting temperature at 145 °C, while the
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poly(1-D-6-D-1-D-6-D)s (M, = 25 kDa, D =3.8) containing two hexyl side chains in
the repeating sequence indicated a lower melting temperature (T = 137 °C). These
results suggest that the crystallinity and thermal properties could be controlled by

defining the repeated sequence of monomers.
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Figure 5-5. (A) Chemical structures of diastereomeric dimers: 1-L, 1-D, 6-L, and
6-D. (B) Condensation polymerization of sequenced segments for sequence-
regulated PHLs. (C) **C NMR spectra (CDCls) of poly(1-L-1-L-1-L-6-L) and
poly(1-D-1-D-1-D-6-D) at methine region. (D) *H NMR spectra (CDCl;) of
poly(1-D-1-D-1-D-6-D) and poly(1-D-6-D-1-D-6-D). The peaks are indicated by the
colored box corresponding to its position. (E) DSC curves of sequence-regulated
PHLs: poly(1-L-1-L-1-L-1-L), poly(1-L-1-L-1-L-6-L), poly(1-D-1-D-1-D-6-D),
and poly(1-D-1-D-1-D-6-D).
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5.4 Conclusion

In this study, a new synthetic strategy for enantiopure HAs from terminal
epoxides was developed to obtain PHA with absolute atomic precision. A
combination of HKR of terminal epoxides and subsequent ring-opening with alkenyl
Grignard reagents yielded enantiopure HAs with desired substituents. The library of
enantiomeric HAs serves as building blocks to synthesize polyesters without
molecular weight distribution and absolutely defined sequence of repeating units via
iterative convergent and cross-convergent synthesis. This study showed that the
structural parameters of the aliphatic polyesters could be precisely controlled, which
could serve a synthetic platform for macromolecular engineering with precision
comparable to that exhibited by biopolymers such as proteins. We envisage that
sequence-defined and multifunctional polyesters could help solve the structure—
function relationship of polymers, and could be utilized as precision nanostructures,
biomedical polymers, and nanoreactors. Furthermore, high molecular weight
sequence-controlled polyesters could be obtained from the polymerization of
sequence-defined and stereoregular oligomers. We contemplate that these
macromolecular engineering methods may help in devising a suitable solution for

replacing commercial plastics with degradable polymers.

5.5 Experimental

Materials and Methods. All other reagents and chemicals were purchased from
commercial sources and used without further purification. Dichloromethane (DCM)
and tetrahydrofuran (THF) were distilled over CaH, and sodium/benzophenone,
respectively. "H NMR and '*C NMR spectra were recorded by Varian INOVA 500
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MHz NMR spectrometer using CDCI; as solvent. Gel permeation chromatography
(GPC) was performed on an Agilent 1260 Infinity equipped with a PL gel 5 pm
mixed D column and differential refractive index detectors. THF was used as an
eluent with a flow rate of 0.3 mL min™" at 35 °C. A polystyrene standard kit (Agilent
Technologies) was used for calibration. Mass spectra of PHAs were measured on a
Bruker Ultraflex III TOF-TOF mass spectrometer equipped with a Nd:YAG laser
(355 nm). The instrument was operated in linear and refractive positive ion modes.
Trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene Jmalononitrile (DCTB)
were used as a matrix. Sodium trifluoroacetate (NaTFA) was used as cationizing
agent. Differential Scanning Calorimetry (DSC) was performed on a TA Instruments
DSC 25 from —50 °C to 210 °C with a scan rate of 10 °C min! under N, atmosphere
for polycondensed PHAs samples and from —130 °C to 100 °C with a scan rate of
10 °C min! under N, atmosphere for PCLs samples. Calibration was performed by
measuring the melting temperature of indium (7, = 429.75 K).

General procedure for hydrolytic kinetic resolution of terminal epoxides. All
enantioenriched epoxides were prepared by the literature procedure earlier. Racemic
epoxide was added to (R, R)-Salen-Co(II)-OAc (0.5-0.8 mol%). To this mixture, H,O
(0.55 eq.) was added over 30 min under ice-bath. The mixture was stirred at ambient
temperature for 14-72 hrs. The enantioenriched epoxides were obtained by
distillation under reduced pressure.

General procedure for ring-opening of enantioenriched epoxides. CuBr (5 mol%)

was dispersed in dry THF (0.3 M) under N2 gas and cooled to -78°C in an

acetone/CO(s) bath. Grignard reagent (1 M in THF, 3.0 eq.) was added to the

suspension and stirred for 30 minutes. Enantioenreiched epoxide was added slowly

and stirred for 4 hours. After completion, the mixture was quenched with saturated

NH4CI (aq), diluted with water and extracted with Et,O. Combined organic layers
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were washed with brine and dried over MgSO.. The crude product was purified by
distillation under reduced pressure.

General procedure for TBDMS silyl ether protection of enols. The enol was
dissolved in dry DCM (0.4 M). To this solution, imidazole (1.2 eq.) and fert-
butyldimethylsilyl chloride (1.1 eq.) was added sequentially under ice-bath. The
reaction had proceeded at ambient temperature for 3 hours. The reaction mixture was
diluted with water and extracted with CH>Cl,. Combined organic layers were washed
with ice-cold 5% HCl(aq), washed with brine, and dried over MgSQs. Residual
solvents are removed under reduced pressure.

General procedure for Lemieux-Johnson oxidation of terminal olefins. The
TBDMS-protected terminal olefin was dissolved in Dioxane/H,O (3:1) (0.3 M). To
this solution, 2,6-lutidine (2.0 eq.), 4% OsOs(aq) (0.5 mol%) and sodium periodate
(2.5 eq.) was added sequentially under ice-bath. The reaction had proceeded at
ambient temperature for 12 hours. The reaction mixture was diluted with water and
extracted with CH>Cl,. Combined organic layers were washed with brine, dried over
MgSO4 and concentrated under reduced pressure. The crude product was purified by
flash column chromatography using hexane/EtOAc as an eluent.

General procedure for Pinnick oxidation of aldehydes. The TBDMS-protected
aldehyde and 2-methyl-2-butene (10 eq.) were dissolved in t-BuOH/H,0 (1:1) (0.3
M). To this solution, an aqueous solution of NaClO. (2.5 eqg.) and NaH2PO4 was
transferred under an ice bath. The reaction had proceeded at ambient temperature for
an hour. The reaction mixture was concentrated under reduced pressure. Then the
concentrate was extracted with CH2Cl, washed with brine, and 1M NaOH(aq). The
organic layer was discarded. The aqueous layer was then acidified to pH 3 using 1M
KHSO4(aq), then was extracted with Et2O. and dried over MgSQOa. Residual solvents

are removed under reduced pressure.
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General procedure for debenzylation giving carboxylic acid end functional
group. The benzyl-protected compound was dissolved in EtOAc (0.2 M) and
palladium on activated carbon (10 wt%) was added to the solution. After bubbled
with nitrogen gas for a few minutes, Hydrogen gas-charged balloon was connected
to the reaction vessel and stirred at room temperature. After completion, the
palladium-suspended product was filtered through celite. The solvent in the filtrate
was removed under reduced pressure, giving debenzylated product.

General procedure for deallylation giving carboxylic acid end functional group.
The allyl-protected compound was dissolved in dry THF (0.1 M) under Na.
Pd(PPhs)s (3.0 mol%) and morpholine (1.05 eq.) were added to the solution. The
reaction was proceeded at room temperature. After completion, the reaction mixture
was diluted with DCM and washed with 1N HCl(aq) and brine. The organic layer
was dried over MgSO4 and concentrated under reduced pressure, giving deallylated
product.

General procedure for esterification. The hydroxy group and carboxylic acid
group containing compounds were dissolved in CH,Cl; (0.4 M) under N, and cooled

to 0C inanice bath. To the solution, DPTS (0.15 eg.) and DIC (2.0 eq.) were added

slowly. The reaction mixture was stirred at ambient temperature for 3 hours. The
reaction mixture was washed with water and brine. The concentrate was diluted with
Et,O and filtered to remove residual 1,3-diisopropylurea. The filtrate was
concentrated under reduced pressure and purified by flash column chromatography
using hexane/EtOAC as an eluent.

Synthesis of sequence-regulated PHAs by polycondensation. Building unit for
sequence and tacticity defined PHAs having TBDMS and benzyl terminal ends were
deprotected following the general procedure for desilylation and debenzylation.

Subsequently, deprotected oligo(hydroxyalkanoate)s (400 mg) were dissolved in
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CH.CI; (0.5 M). DIC (0.75 g, 1.5 eq.) and DPTS (0.15 eq.) were added under ice-

bath, and the reaction mixture was stirred at room temperature for 4h. The product

was obtained after precipitation twice in cold methanol.
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Appendix

Chapter 2: High-Density Information Storage in an Absolutely

Defined Aperiodic Sequence of Monodisperse Copolyester

A.2.1 Characterization of PcLs

X\Sioj\goj/lo /\@

LL. Colorless liquid (25 g, 91%); *H NMR (500MHz, CDCls): § 7.37-7.27 (m, 5H, Ph-
H), 5.18 (m, 3H, COO-CH(CHs)C=0 and Ph-CH.-0), 4.39 (q, J = 6.8Hz, 1H, SiO-
CH(CH3)C=0), 1.53 (d, J = 7.1 Hz, 3H, CH3-CH), 1.43 (d, J = 6.8 Hz, 1H, CH3-CH), 0.88
(s, 9H, (CH3)sC-Si), 0.10 (dd, J = 12.2, 5.7 Hz, 6H, (CH3)3C-Si(CHs3)2-O) ppm; C NMR
(400MHz, CDCl3): § 173.2 (SiO-CH(CHs)C=0), 170.1 (COO-CH(CH3)C=0), 135.3 (CsHs-
CH2-COQ), 128.5 (CsHs-CH2-COO0), 128.3 (CsHs-CH2-COO0), 128.1 (CsHs-CH2-COO0),
68.7 (CHs-CH-SiO), 68.0 (CHs-CH-COO), 66.8 (CsHs-CH2-COO), 25.7 ((CHs3)sC-
Si(CHs)2-0), 21.1 ((CH3)3C-Si(CHs)2-0), 18.2 (CHa-CH-Si0), 16.8 (CH3-CH-COO), -4.9
((CH3)3C-Si(CHs).-0), -5.3 ((CH3)3C-Si(CHs)2-0) ppm; MS (ESI/Q-TOF): m/z (isotopic
maximum value) calcd for C1gH300sSi+Na* [M+Na]*: 389; found 390.

\ / Q
>(SI\O O o
el

PP

PP. colorless oil (16.07 g, 72%); *H NMR (500MHz, CDCl3): 7.37-7.01 (m, 15H, Ph-
H), 5.32 (m, 1H, COO-CH(CH3)C=0), 5.14 (m, 2H, Ph-CH>-O), 4.30 (ddd, J = 29.2, 9.2,
3.4 Hz, 1H, SiO-CH(CH,Ph)C=0), 2.90 (m, 4H, Ph-CH2-CH), 0.71 (d, J = 91. Hz, 9H,
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(CH3)sC-Si), -0.29 (dd, J = 51.5, 23.9 Hz, 6H, (CH3)sC-Si(CH3).-0) ppm; C NMR
(400MHz, CDCls): & 172.4 (SiO-CH(CH2Ph)C=0), 169.0 (COO-CH(CH.Ph)C=0), 137.7
(CsHs-CH2-COO0), 135.8 (CsHs-CH2-CH-SIO), 135.4 (CsHs-CH2-CH-COO0), 130.0 (CsHs-
CH2-CH-SiO, CsHs5-CH2-CH-COO and CsHs-CH2-COQ), 128.7 (CsHs-CH2-CH-SiO, CsHs-
CH2-CH-COO and CsHs-CH2-COO0), 127.2 (CsHs-CH2-CH-SiO, CsHs-CH2-CH-COO and
CsHs-CH2-C0O0), 73.5 (Ph-CH2-CH-Si0), 73.2 (Ph-CH2-CH-C00), 67.2 (CsHs-CH2-COO0),
41.6 (Ph-CH2-CH-SiO), 37.4 (Ph-CH2-CH-COO), 25.8 ((CHs)sC-Si(CHs),-0), 18.3
((CH3)3C-Si(CHs3)2-0), -5.2 ((CHa3)3C-Si(CHs),-0), -5.7 ((CH3)3C-Si(CHs),-O) ppm; MS
(ESI/Q-TOF): m/z calcd for C31H3sOsSi+Na* [M+Na]*: 541; found 542.

PL. Colorless liquid (20.21 g, 74%); *H NMR (500MHz, CDCls): § 7.43-6.91 (m, 10H,
Ph-H), 5.15 (m, 3H, COO-CH(CH3)C=0 and Ph-CH2-0), 4.36 (td, J = 9.5, 3.5 Hz, 1H, SiO-
CH(CH.Ph)C=0), 3.17-2.76 (m, 2H, Ph-CH2-CH), 1.49 (m, 3H, CHs-CH), 0.75 (m, 9H,
(CHs)sC-Si), -0.21 (m, 6H, (CHs3)sC-Si(CHs),-O) ppm; MS (ESI/Q-TOF): m/z calcd for
C25H3405Si+Na* [M+Na]*: 465; found 466.

X\s/‘*g"%“@

LP. Colorless liquid (2.73g, 71%); *H NMR (500MHz, CDCls3): § 7.46-6.96 (m, 10H,
Ph-H), 5.35 (m, 1H, COO-CH(CH,Ph)C=0), 5.15 (m, 2H, Ph-CH»-0), 4.34 (m, 1H, SiO-
CH(CH3)C=0), 3.27-3.08 (m, 2H, Ph-CH»-CH), 1.31 (dd, J = 47.3, 6.8 Hz, 3H, CHs-CH),
0.88 (dd, J = 6.9, 4.9 Hz, 9H, (CHas)3C-Si), 0.02 (dd, J = 15.6, 13.5 Hz, 6H, (CHa3)sC-
Si(CHz3)2-O) ppm; MS (ESI/Q-TOF): m/z calcd for CsH3405Si+Na" [M+Na]*: 465; found
466.

ey

LLLP
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LLLP. Colorless oil (2.78 g, 93%); 'H NMR (500MHz, CDCls): § 7.37-7.10 (m, 10H,
Ph-H), 5.34 (dd, J = 6.9, 5.3 Hz, 1H, COO-CH(CH,Ph)C=0), 5.25-5.03 (m, 4H, COO-
CH(CH3)C=0 and Ph-CH2-0), 4.41 (g, J = 6.7 Hz, 1H, SiO-CH(CH3)C=0), 3.16 (m, 2H,
Ph-CH2-CH), 1.57-1.32 (m, 9H, CH3-CH), 0.92 (s, 9H, (CHz3)3C-Si), 0.10 (dd, J = 9.9, 3.4
Hz, 6H, (CH3)3C-Si(CHz3)2-0) ppm; MS (ESI/Q-TOF): m/z (isotopic maximum value) calcd
for C31H4204Si+Na* [M+Na]*: 610; found 610.

PPLL. Colorless oil (5.19 g, 97%); 'H NMR (500MHz, CDCls): § 7.40-7.00 (m, 15H,
Ph-H), 5.36 (m, 1H, COO-CH(CH,Ph)C=0), 5.30-5.12 (m, 4H, COO-CH(CH3;)C=0 and
Ph-CH2-0), 4.32 (m, 1H, SiO-CH(CH.Ph)C=0), 3.45-2.55 (m, 4H, Ph-CH-CH), 1.59-1.42
(m, 6H, CH3-CH), 0.74 (m, 9H, (CHz3)3C-Si), -0.26 (dd, 6H, (CH3)sC-Si(CH3),-O) ppm; MS
(ESI/Q-TOF): m/z calcd for Cs7H4s09Si+Na* [M+Na]*: 686; found 686.

Xg?%ggj%ﬁg

PLPL

PLPL. Colorless oil (12.51 g, 92%); *H NMR (500MHz, CDCls): § 7.40-7.20 (m, 15H,
Ph-H), 5.36 (m, 1H, COO-CH(CH,Ph)C=0), 5.25-5.12 (m, 4H, COO-CH(CH3)C=0 and
Ph-CH2-0), 4.35 (m, 1H, SiO-CH(CH.Ph)C=0), 3.35-2.75 (m, 4H, Ph-CH.-CH), 1.57-1.34
(m, 6H, CH3-CH), 0.77 (m, 9H, (CH3)3C-Si), -0.20 (m, 6H, (CH3)3C-Si(CHz3),-0) ppm; MS
(ESI/Q-TOF): m/z calcd for C37H4s04Si+Na* [M+Na]*: 686; found 686.
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PLPP. Colorless oil (6.52 g, 92%); *H NMR (500MHz, CDCls): & 7.37-6.90 (m, 20H,
Ph-H), 5.42-5.02 (m, 5H, COO-CH(CH,Ph)C=0, COO-CH(CH3)C=0 and Ph-CH:-0O),
4.33 (m, 1H, SiO-CH(CH.Ph)C=0), 3.25-2.70 (m, 6H, Ph-CH2-CH), 1.46-1.28 (m, 3H,
CHs-CH), 0.74 (dd, J = 6.1, 3.4 Hz, 9H, (CH3)3C-Si), -0.25 (m, 6H, (CH3)sC-Si(CHs)2-O)
ppm; MS (ESI/Q-TOF): m/z calcd for CasHsoOsSi+Na* [M+Na]*: 762; found 762.

PPPL. Colorless oil (2.34 g, 95%); *H NMR (500MHz, CDCls): § 7.50-6.95 (m, 20H,
Ph-H), 5.45-5.12 (m, 5H, COO-CH(CH:Ph)C=0, COO-CH(CH3)C=0 and Ph-CH2-0),
4.32 (m, 1H, SiO-CH(CH.Ph)C=0), 3.40-2.60 (m, 6H, Ph-CH2-CH), 1.57-1.44 (m, 3H,
CHs-CH), 0.72 (m, 9H, (CHs3)3C-Si), -0.30 (m, 6H, (CH3)3C-Si(CHz3)2-O) ppm; MS (ESI/Q-
TOF): m/z calcd for Cs3Hs0O9Si+Na* [M+Na]*: 762; found 762.

AP A Jesange

PLPLPPLL

PLPLPPLL (S). Viscous oil (2.1 g, 87%); *H NMR (500MHz, CDCl3): 5 7.40-6.80
(m, 25H, Ph-H), 5.40-5.02 (m, 9H, COO-CH(CH,Ph)C=0, COO-CH(CH3)C=0 and Ph-
CH2-0), 4.32 (m, 1H, SiO-CH(CH,Ph)C=0), 3.40-2.67 (m, 8H, Ph-CH2-CH), 1.57-1.17 (m,
12H, CHs-CH), 0.75 (m, 9H, (CH3)3C-Si), -0.24 (m, 6H, (CH3)3C-Si(CHzs)2-O) ppm; M, and
b (GPC): 1210 Da and 1.03; MS (MALDI-TOF): m/z (isotopic maximum value) calcd for
Ce1H70017Si+Na* [M+Na]*: 1125; found 1126.

PN

PLPPPLPL

PLPPPLPL (E). Viscous oil (8.37 g,90%); *H NMR (500MHz, CDCls): § 7.40-6.65
(m, 30H, Ph-H), 5.43-5.02 (m, 9H, COO-CH(CH,Ph)C=0, COO-CH(CH3)C=0 and Ph-
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CH2-0), 4.32 (m, 1H, SiO-CH(CH.Ph)C=0), 3.40-2.67 (m, 10H, Ph-CH2-CH), 1.57-1.20
(m, 9H, CH3-CH), 0.75 (m, 9H, (CHz3)3C-Si), -0.24 (m, 6H, (CH3)3C-Si(CH3),-O) ppm; M,
and B (GPC): 1320 Da and 1.03; MS (MALDI-TOF): m/z calcd for Ce7H74017Si+Na*
[M+Na]*: 1201; found 1202.

x\géﬁ?ﬁoﬁ% $ %ﬁf@ 0

PLPLPPPL

PLPLPPPL (Q). Viscous oil (2.23 g, 92%); 'H NMR (500MHz, CDCls): § 7.40-6.65
(m, 30H, Ph-H), 5.43-5.02 (m, 9H, COO- CH(CHzPh)C O, COO-CH(CH3)C=0 and Ph-
CH2-0), 4.32 (m, 1H, SiO-CH(CH,Ph)C=0), 3.40-2.67 (m, 10H, Ph-CH.-CH), 1.57-1.18
(m, 9H, CH3-CH), 0.75 (m, 9H, (CHs)3C-Si), -0.24 (m, 6H, (CH3)3C-Si(CHs3),-O) ppm; M,
and D (GPC): 1280 Da and 1.03; MS (MALDI-TOF): m/z calcd for Ce;H74017Si+Na*
[M+Na]*: 1201; found 1202.

AR A s

PLPLPLPL

PLPLPLPL (U). Viscous oil (2.35 g, 92%); '"H NMR (500MHz, CDCls): § 7.40-7.15
(m, 25H, Ph-H), 5.40-5.02 (m, 9H, COO-CH(CH:Ph)C=0, COO-CH(CH3)C=0 and Ph-
CH2-0), 4.32 (m, 1H, SiO-CH(CH.Ph)C=0), 3.40-2.67 (m, 8H, Ph-CH»-CH), 1.57-1.20 (m,
12H, CHs-CH), 0.75 (m, 9H, (CH3)sC-Si), -0.24 (m, 6H, (CH3)3C-Si(CHz3)2-O) ppm; M, and
b (GPC): 1240 Da and 1.03; MS (MALDI-TOF): m/z calcd for Ce1H70017Si+Na* [M+Na]*:
1125; found 1126.

PLPPLLLP

49% $ ﬁj@%%%%@ﬁ@

PLPPLLLP (N). Viscous oil (1.75 g, 89%); *H NMR (500MHz, CDCls):  7.40-6.80
(m, 25H, Ph-H), 5.40-5.02 (m, 9H, COO-CH(CH,Ph)C=0, COO-CH(CH3)C=0 and Ph-
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CH2-0), 4.32 (m, 1H, SiO-CH(CH:Ph)C=0), 3.40-2.67 (m, 8H, Ph-CH2-CH), 1.57-1.20 (m,
12H, CHs-CH), 0.75 (m, 9H, (CH3)sC-Si), -0.24 (m, 6H, (CH3)sC-Si(CHs3),-O) ppm; M, and
b (GPC): 1210 Da and 1.03; MS (MALDI-TOF): m/z calcd for Ce1H70017Si+Na* [M+Na]*:
1125; found 1126.

/Hw@% $ ﬁ@ﬁ? %% aae

PLPPPPLL (C). Viscous oil (1.80 g, 87%); *H NMR (500MHz, CDCls): & 7.40-6.65
(m, 30H, Ph-H), 5.43-5.02 (m, 9H, COO- CH(CHzPh)C:O, COO-CH(CH3)C=0 and Ph-
CH2-0), 4.32 (m, 1H, SiO-CH(CH,Ph)C=0), 3.40-2.67 (m, 10H, Ph-CH.-CH), 1.57-1.18
(m, 9H, CH3-CH), 0.75 (m, 9H, (CHs)3C-Si), -0.24 (m, 6H, (CH3)3C-Si(CHs3),-O) ppm; M,
and b (GPC): 1260 Da and 1.03; MS (MALDI-TOF): m/z calcd for Ce;H74017Si+Na*
[M+Na]*: 1201; found 1202.

PAAAA b e M Pt

PLPLPPLLPLPPPLPL

PLPLPPLLPLPPPLPL (SE). A white solid (2.68 g, 83%); *H NMR (500MHz,
CDCls3): 6 7.40-6.65 (m, 50H, Ph-H), 5.43-5.02 (m, 17H, COO-CH(CH2Ph)C=0, COO-
CH(CH3)C=0 and Ph-CH»2-0), 4.32 (m, 1H, SiO-CH(CH,Ph)C=0), 3.40-2.67 (m, 18H,
Ph-CH2-CH), 1.54-1.14 (m, 21H, CHs-CH), 0.75 (m, 9H, (CHa)sC-Si), -0.24 (m, 6H,
(CH3)3C-Si(CH3)2-O) ppm; M, and B (GPC): 2430 Da and 1.01; MS (MALDI-TOF): m/z
calcd for C115H122033Si+Na* [M+Na]*: 2083; found 2083.

“ﬁ%ﬁ%ﬁ?@%ﬁ%ﬁ%ﬁ%ﬁ%o@

PLPLPPPLPLPLPLPL

PLPLPPPLPLPLPLPL (QU). A white solid (2.83 g, 83%); *H NMR (500MHz,
CDCls): & 7.40-6.65 (m, 50H, Ph-H), 5.43-5.02 (m, 17H, COO-CH(CH,Ph)C=0, COO-
CH(CH3)C=0 and Ph-CH-0), 4.32 (m, 1H, SiO-CH(CH,Ph)C=0), 3.40-2.67 (m, 18H, Ph-
CH2-CH), 1.54-1.14 (m, 21H, CHs-CH), 0.75 (m, 9H, (CH3)3sC-Si), -0.24 (m, 6H, (CH3)sC-
Si(CHzs)2-O) ppm; M, and B (GPC): 2400 Da and 1.01; MS (MALDI-TOF): m/z calcd for
C115H120033Si+Na* [M+Na]+: 2083; found 2083.
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PLPPPLPLPLPPLLLP (EN). A white solid (2.02 g, 74%); *H NMR (500MHz,
CDCls): & 7.40-6.65 (m, 50H, Ph-H), 5.43-5.02 (m, 17H, COO-CH(CH,Ph)C=0, COO-
CH(CHs)C=0 and Ph-CH,-0), 4.32 (m, 1H, SiO-CH(CH.Ph)C=0), 3.40-2.67 (m, 18H, Ph-
CH2-CH), 1.54-1.14 (m, 21H, CHs-CH), 0.75 (m, 9H, (CH3)sC-Si), -0.24 (m, 6H, (CH3)sC-
Si(CHs3),-0) ppm; M, and B (GPC): 2390 Da and 1.01; MS (MALDI-TOF): m/z calcd for
C115H122033Si+Na* [M+Na]*: 2083; found 2083.

AR A AR AR A g

PLPPPPLLPLPPPLPL

PLPPPPLLPLPPPLPL (CE). A white solid (1.47 g, 81%); 'H NMR (500MHz,
CDCls): & 7.40-6.65 (m, 55H, Ph-H), 5.43-5.02 (m, 17H, COO-CH(CH,Ph)C=0, COO-
CH(CHs;)C=0 and Ph-CH.-0), 4.32 (m, 1H, SiO-CH(CH.Ph)C=0), 3.40-2.71 (m, 20H, Ph-
CH2-CH), 1.54-1.14 (m, 18H, CH3-CH), 0.75 (m, 9H, (CH3)3sC-Si), -0.24 (m, 6H, (CH3)sC-
Si(CHz3)2-O) ppm; My and B (GPC): 2440 Da and 1.01; MS (MALDI-TOF): m/z calcd for
Ci21H126033Si+Na* [M+Na]*: 2159; found 2159.

e AR A SR

PLPLPPLLPLPPPLPLPLPLPPPLPLPLPLPL

PLPLPPLLPLPPPLPLPLPLPPPLPLPLPLPL (SEQU). A white solid (2.95 g,
71%); *H NMR (500MHz, CDCls): § 7.40-6.65 (m, 95H, Ph-H), 5.43-5.02 (m, 33H, COO-
CH(CH2Ph)C=0, COO-CH(CH3)C=0 and Ph-CH-0), 4.32 (m, 1H, SiO-
CH(CH2Ph)C=0), 3.40-2.67 (m, 36H, Ph-CH2-CH), 1.54-1.14 (m, 42H, CHs-CH), 0.75 (m,
9H, (CHS3)sC-Si), -0.24 (m, 6H, (CH3)3C-Si(CHz)2-0) ppm; M, and B (GPC): 4120 Da and
1.02; MS (MALDI-TOF): m/z calcd for C217H22006sSi+Na* [M+Na]*: 3920; found 3920.

PR M AR A AP AR A AP P A Ay

PLPPPLPLPLPPLLLPPLPPPPLLPLPPPLPL
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PLPPPLPLPLPPLLLPPLPPPPLLPLPPPLPL (ENCE). A white solid (2.06 g,
88%); *H NMR (500MHz, CDCls): § 7.40-6.65 (m, 100H, Ph-H), 5.43-5.02 (m, 33H, COO-
CH(CH,Ph)C=0, COO-CH(CH3)C=0 and Ph-CH2-0), 4.32 (m, 1H, SiO-
CH(CH2Ph)C=0), 3.40-2.67 (m, 38H, Ph-CH2-CH), 1.54-1.14 (m, 39H, CH3-CH), 0.75 (m,
9H, (CHa3)3C-Si), -0.24 (m, 6H, (CH3)3C-Si(CHs3)2-0) ppm; M, and D (GPC): 4090 Da and
1.02; MS (MALDI-TOF): m/z calcd for C223H22606sSi+Na* [M+Na]*: 3996; found 3996.

x:;4?%”u4?%"n4?{5%*1ﬁ?%‘l4?{54?%%@%"oﬁ?%?%?%?%@%@%?%%
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PLPLPPLLPLPPPLPLPLPLPPPLPLPLPLPLPLPPPLPLPLPPLLLPPLPPPP
LLPLPPPLPL (SEQUENCE). A white solid (2.49 g, 71%): *H NMR (500MHz, CDCls):
5 7.40-6.65 (m, 190H, Ph-H), 5.43-5.02 (m, 65H, COO-CH(CH,Ph)C=0, COO-
CH(CH3)C=0 and Ph-CH2-0), 4.32 (m, 1H, SiO-CH(CH,Ph)C=0), 3.40-2.67 (m, 74H,
Ph-CHo-CH), 1.54-1.14 (m, 81H, CHs-CH), 0.75 (m, 9H, (CHs)sC-Si), -0.24 (m, 6H,

(CH3)3C-Si(CHs)2-0) ppm; M, and ® (GPC): 8170 Da and 1.03; MS (MALDI-TOF): m/z
calcd for Cs7Ha260129Si+Na* [M+Na]+: 7673; found 7674.
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PLPLPPLLPLPPPLPLPLPLPPPLPLPLPLPLPLPPPLPLPLPPLLLPPLPPPP
LLPLPPPLPLPLPLPPLLPLPPPLPLPLPLPPPLPLPLPLPLPLPPPLPLPLPPLLL
PPLPPPPLLPLPPPLPL (SEQUENCESEQUENCE). A white solid (0.63 g, 70%); 'H
NMR (500MHz, CDCls): & 7.40-6.65 (m, 375H, Ph-H), 5.43-5.02 (m, 129H, COO-
CH(CH2Ph)C=0, COO-CH(CH3)C=0 and Ph-CH2-0), 4.32 (m, 1H, SiO-CH(CH,Ph)C=0),
3.40-2.67 (m, 148H, Ph-CH2-CH), 1.54-1.14 (m, 162H, CHs-CH), 0.75 (m, 9H, (CHa3)sC-
Si), -0.24 (m, 6H, (CH3)3C-Si(CHs)2-O) ppm; M, and ® (GPC): 16230 Da and 1.03; MS
(MALDI-TOF): molecular m/z calcd for CgaiHg300257Si+Na* [M+Na]*: 15101; found 15105.
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A.2.2 MALDI-TOF/TOF tandem mass sequencing results of PcLs

MALDI-TOF/TOF tandem mass analysis and decoding table of the 8-bit PcL (S).

Si. e
—r o o
y6
11255
1126.6
11278
|J 11280
}'4 J VA
= = = xo =
mEs miE d
y5 g
y7
. \ \
] R 1 1 T
[ T T L | L | T T T L LI T N T
100 200 300 400 500 €00 70O 800 900 1000 1100 1200
mass (miz)
S (PLPLPPLL)
Si— Bz Calcr:‘l:nd F:::d Differance Sequence | Bz — Si cal::::md F:::d Difference  Sequence
[M+MNa]* 11254 1125.5 [M+Na]” 11254 1125.5
y7 845.3 845.5 280.0 Si-P ald 963.4 963.5 162.0 Bz-L
y6 7733 7735 T2.0 L a7 891.3 801.5 72.0 L
y5 625.2 625.5 148.0 P ab 743.3 743.5 148.0 P
y4 553.2 5534 721 L a5 595.2 5085.5 148.0 P
y3 405.1 405.3 1481 P ad 523.2 523.5 720 L
y2 2571 257.3 148.0 P a3l ars.2 3754 1481 P
y1 185.1 185.2 721 L a2 303.1 303.4 720 L
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 8-bit PcL (E).

yG
V3
1201 6
1202 7
| Ilzu'sa
y4 | h;.;_:_mn
" g
-
e
yT
; L |
: ..!II:- — Lad s I L J. PR - Il . - |.I - ,
400 500 E00 700 a800 900 1000 1100 1200
mass (miz)
E (PLPPPLPL)
Si— Bz cal::;l:“d F:“u: Difference Sequence | Bz — Si Calcr:;l:tad F:::d Differance Sequence
[M+Na]* 1201.5 1201.5 [M+Na]* 1201.5 1201.5
yT 921.3 9214 280.1 Si-P a8 1039.4 1039.5 162.0 Bz-L
y6 849.3 B49.4 T2.0 L a7 891.3 B891.4 1481 P
y5 701.2 701.4 148.0 P EL 8193 819.5 71.9 L
yé 553.2 553.4 148.0 P as 672.3 671.4 1481 P
y3 405.1 405.3 1481 P ad 5232 523.4 148.0 P
y2 3331 3333 720 L al ars.2 ar5.3 1481 P
yi 185.1 1852 1481 P a2 3031 303.3 720 L
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 8-bit PcL (Q).

yi
12015
nm:@.?
12038
y4 \J‘I?fﬁﬂ
JU
= ,._...:.
-~
¥5 g
w3 ¥T
—L .l,l'. |LI |"\ | ILll.r L ,|.
400 300 800 YOO 800 800 1000 1100 1200
mass (miz)
Q (PLPLPPPL)
Si—Bz Calcr:;lzmd F:::d Difference Sequence | Bz — Si Calcmuil:tad F:“u: Differenca Saquence
[M+MNa]* 1201.5 1201.5 [M+Na]* 1201.5 1201.5
y7 921.3 921.4 280.1 Si-P a8 1039.4 10396 1619 Bz-L
y6 B849.3 8490.4 72.0 L a7 891.3 8914 148.2 P
y5 701.2 701.4 148.0 P a6 743.3 7434 148.0 P
y4 629.2 629.3 721 L as 5052 5054 148.0 P
y3 481.2 481.3 148.0 P ad 5232 5234 T72.0 L
y2 3331 3332 1481 P a3 ars52 3ars3 1481 P
yi 1851 1852 148.0 P a2 3031 3033 T72.0 L
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 8-bit PcL (U).

;.:;-H'\-\._] Py ._.__-_-_""'m_\_ [__._-;_'.'-'- e
L_H_ N7 yel. Uyﬁ "'“«[:“-H ﬂ ¥3 V2Ll ﬂﬂ
W A f"” e ﬁ e ﬂ S ? ey ?L
Sio Aol W ol AW of AW ol -
,xr‘ 8] ‘n [ o I o ‘T 0 T’ 8] H
| 8] o o] (o] N
Yo
112556
1126.7
11278
" M
-y ul1'(1_'1£_'ﬂ_£|
y5 " e
A
yT -
A
LA ll . \I L \ 1|l | I
I T T T T T 1 ! T T T T T 1 T T 1
400 500 800 700 800 800 1000 1100 1200
mass (miz)
U (PLPLPLPL)
Si— Bz Calcr:;lzmd F:::d Differance Sequence | Bz — Si c;h;:l:had F:::d Difference Sequence
[M+Na]* 11254 1125.5 [M+Na]" 11254 1125.5
y7 845.3 845.5 280.0 Si-P a8 963.4 963.5 162.0 Bz-L
y6 773.3 7735 72.0 L ar 815.3 8154 148.1 P
y5 625.2 625.4 148.1 P a6 7433 7435 71.9 L
yé4 553.2 553.4 72.0 L a5 505.2 595.5 148 P
y3 405.1 405.4 148.0 P a4 §23.2 523.5 720 L
y2 3331 3334 72.0 L ad 375.2 3754 148.1 P
y1 185.1 185.2 148.2 P a2 303.1 303.3 721 L
146



MALDI-TOF/TOF tandem mass analysis and decoding table of the 8-bit PcL (N).

Y
11256
:',-5 11267
I 1127 B
[I/|111289
JuLa
-
-
y4 l y7
- |
1 l L ll L l I L l
f T T T T T 1 ! T T T T T 1
400 500 &00 700 800 e00 1000 1100 1200
mass (miz)
N (PLPPLLLP)
Si— Bz Call:mu;lzmd F:::d Difference Sequence | B: - ~i Call:l}:ha-d F:::d Difference Sequence
[M+MNa]* 11254 1125.6 [M+Na]* 11254 1125.6
y7 8453 845.5 280.1 Si-P a8 887.3 887.5 238.1 Bz-P
yé 7733 7736 719 L a7 815.3 815.6 719 L
y5 625.2 625.5 148.1 P ab 743.3 743.6 72.0 L
yé4 477.2 4774 148.1 P as 671.3 671.6 720 L
y3 4051 405.4 720 L a4 5232 5235 1481 P
y2 3331 3333 721 L a3 ars.2 3754 1481 P
yi 2611 261.3 720 L a2 303.1 303.3 721 L
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 8-bit PcL (C).

] y6
1201 .6
y4 127
11203.9
lL' |U|".j.E1:E\ ]
e 8 ]
7 .
L Y u
L i. L I e - L L b I
f T T T Y 1 T T T Y T 1 1
400 500 600 VOO 8OO 900 1000 1100 1200
mass (miz)
C (PLPPPPLL)
Si— Bz Calcmuilimd F:::d Difference Sequence | Bz — Si Calcmuil;ta-d Fomu:d Difference Sequence
[M+MNa]* 1201.5 1201.6 [M+Na]* 1201.5 12016
y7 a3 a21.5 280.1 Si-P a8 1039.4 1039.5 162.1 Bz-L
y6 8493 849.5 T2.0 L a7 967 4 9675 T20 L
y5 7012 701.4 1481 P ab 8193 818.5 148.0 P
yé 5632 5534 148.0 P a5 671.3 671.4 1481 P
y3 4051 405.3 148.1 P ad 5232 5234 148.0 P
y2 2571 257.3 148.0 P a3 ars52 ars3 1481 P
y1 185.1 185.2 721 L a2 3031 303.3 720 L
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 16-bit PcL (SE).

5.3
it .
- ¥z aETE
yid
. kada=hldadad
i
¥
=0
wid| O H
¥
fot: ¥t
| wld "iu
AL L LR W
400 600 800 1000 1200 1400 1600 1800 2000
mass (m/z)
SE (PLPLPPLLPLPPPLPL)
. Calculated  Found _ Calculated  Found
8i— Bz miz miz Difference Sequence | Bx . si miz miz Difference Sequence
[M+Na]®  2081.8 2083.0 [M+Na]® 20818 2083.0

yi4 1729.6 . als 17716
yi12 1509.5 A al3 1551.6

yi0 1213.4 . all 1255.5

1069.4 . a9 1035.4

840.3 . . aT 891.3

595.2
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 16-bit PcL (QU).

s o
o o
7 T,
6 4
an
T “ wtn
all a1
" ¥ wll uﬂ: .
n “ wid |l g
yd | ¥5
‘“I‘ljﬁllll i, ‘.l .Ll ILI |/ NN i I_! Wl T
400 600 800 1000 1200 1400 1600 1800 2000 22
mass (m/z)
QU (PLPLPPPLPLPLPLPL)
] Calculated  Found _ Calculated  Found
Si— Bz miz miz Difference Sequence | Be — 5i miz miz Differance Sequence
[M+Na] 20818 20831 [M+Na]” 20818 20831

als 17716 17728

al3 15516 1552.6

al1 13315 13316
a% 11114 1111.8

a7 891.3

8915

585.2
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 16-bit PcL (EN).

¥ig

¥l

yiz

yid

2E1.8 2

v ¥
o7 - atl
w7 s
V8
as .il| \ &3 ald I--“;‘EH"!
":’i‘" II|l||I .1.|LI .ll L IlllLIH |' |
400 600 800 1000 1200 1400 1600 1800 2000 2200
mass (m/z)
EN (PLPPPLPLPLPPLLLP)
Si— Bz cah::.l:u F:];d Differance Sequence | Er — &i c‘::::hd F:;d Dll'l:run: Saequence
[M+Na]* 2081.8 2083.0 [M+Na]* 2081.8 2083.0
yid 17296 17308 720 L ais 17716 17728 720 L
y12 149.0 P all 16276 16288 720 L
y10 720 L all 1331.5 13318 1490 P
y8 721 L ad 11114 1111.7 1481 P
y6 773.3 773.6 720 L a7 891.3 8916 1481 P
y4 477.2 477.3 148.2 P a5 671.3 671.5 14841 P
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 16-bit PcL (CE).

o
/
7% &
o
¥y
yiz
¥a
a5
" g [ #1822
1 s Fal By
22 5
¥ L]
¥il ] /
a8 "
w6
L a3
ab o 215
s il ¥i5
T-I"f.lﬂllll.h' AL LE L WL L
400 600 800 1000 1200 1400 1600 180D 2000 2200
mass (m/z)
CE (PLPPPPLLPLPPPLPL)
Si— Bz t:al:uﬂl:hd F:::d Difference Sequence | Lz — 5i M':::“ F::: Differance Sequence
[M+Na] 21578 2159.1 [M+Na]©  2157.8  2159.1

yia 18056  1806.8 : al5 18477

yi2 1509.5 1510.8 . al3 1627.6

y10 1213.4 12137 X 13315

1069.4 1069.7 ) 11114

849.3 8496 : 967 4
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 32-bit PcL
(SEQU).

a1
2

A SRR R

-

FIFLT:

500 1000 1500 2000 2500 3000 3500 4000
mass (m/'z)
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SEQU (PLPLPPLLPLPPPLPLPLPLPPPLPLPLPLPL)

Si — Bz m':::-d F::d Difference Sequence| Bz — 5i Gal::.l:hd F::: Difference Sequence
[M+Na]* 3918.4 39207 [M+Na]* 39184 39207

y30 3566.2 3568.6 A ait 3608.2 3610.7 148.0 P

y28 33461 33485 72 a29 33882 33906 1480 P

y26 3050.0 3052.5 az7 31681 31704 1482 P

y24 2006.0 2907.5 4 a2s 2948.0 29495 1491 P

y2z 2685.9 26875 . a23 27285 1480 P

y20 2389.8 23915 1480 P a21 24318 24335 1480 P

2169.7 21715

1949.7 1951.4

17296 17314

1509.5 15103

12134 1214.2

993.3 994.0
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MALDI-TOF/TOF tandem mass analysis and decoding table of the 32-bit PcL

(ENCE).

1 L A A G ay S G

500 1000 1500 2000 2500 3000 3500 4000
mass (m/z)
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ENCE (PLPPPLPLPLPPLLLPPLPPPPLLPLPPPLPL)

Si - Bz c"':':“ F:_':’ Differance Sequence | Bz — S c":::'"' F:‘:' Difference Sequence
[M+Na]’ 30944 39968 [W+Na] 39944 39968

y30 3642.2 36446 721 a3 3684.3 3686.5

y28 33461 33485 1481 a29 34642 34664

y26 32641 3284 T18 3168.1 31705

y24 2906.0 29084 721 29480 29504

yaz2 26859 26875 719 28040 28056

y20 148.1 2507.9 25095

72.0 2211.8

148.0 1991.7

721 17716

149.0 1627 .6

148.0 13315

1111.4

891.3
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A.2.3 Degradative sequencing result of 128-bit PcL

MALDI-TOF analysis and decoding table of the hydrolyzed 128-bit PcL.
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Si — Bz Calculated Found Difference

miz miz Sequence

x127 14838 14841 263 Si-P

x125 14618 14621 148 P

x123 14398 14402 148 P

x121 14178 14181 73 L

x119 13957 13962 147 P

x117 13737 13739 149 P

x115

:

13442 149 P

%113

i

13223 148 P

x111

8

13003 147 P

x109 12780 12782 148 P

=107

;

12562 148 F

%105

:

12286 148

x103

:

12045 149 P

x101 11823 11825 148 P

x95 11163 11164 149 P
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&
g
:

148 P

8
2
B

10428 147 P

:
:
:
:

B
&
g

148 P

B
3
E

%
8
g
>

3
§
g
£

3

9104 9104 148 P

3
g
g

148 P

3

8588 8588 72 L

3

8368 8367 149 P

8147 8147 149 P

g

7851 7850 149 P

3
2
&
2

148 P

g

7411 7410 148 P

=61 7190 7180 148 P
. T .. .

x59 6970 6969 149 F
. D .. D N .

x57 6750 6749 72 L
. S B A

x55 6530 6529 148 P
. D D . U

x53 6310 6308 148 P
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x51 6013

g
3+
=
-u

149 P

:
:
g

x4T 5573 149 P

&
~

148 P

E
g
g
g

x43 5132 149 P

@
S

x4 4836 147 P

&
&

x39 4616 149 P

&
w

x37 4396 149 P

8

x35 4175 4174 148 P

x31 3735 3734 148 P

3515 3514 148 P

3218 3ze 148 P

S EE

2778 2777 148 P

B

2337 2337 T2 L

2183 2193 T2 L

x15 1897 1807 148 P

x13 1677 1677 148 P
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Tandem mass sequencing of the hydrolyzed fragment, x22 (HO-PPLLLPPLPPPP
LLPLPPPLPL-BZ)

600 200 1200 1500 1800 2100 2400 2700

mass (m/z)
Calculated Found
Bz — OH miz miz Difference Sequence
[M+Na]* 2703.9 27052

azo 23938 23851 147.9 P

ais 21737 21749 148.1 P

alé 1877.6 18773 149.0 P

ald 16857.5 1657 4 148.1 P

al2 15135 15134 72.0 L

all 12174 12174 148.0 P

as 921.3 9214 148.0 F

ab 701.2 7013 148.1 P
ad 4811 4813 720 L
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Chapter 3: Semiautomated Synthesis of Sequence-defined

Polymers for Information Storage

A.3.1 Characterization of PLGAS

Chain 1

\ 7/

o
7/5i o/ﬁ(ojo/ﬁ(oﬁoj\(oﬁojﬁ(oﬁojﬁ(oﬁowoﬂowoﬁowoﬁojﬁfoﬁojﬁro _<°
o o = o = o *: o = o o] o) o - o <
0 o

o B o o ElNe} o Ee) Eo] - 0 -
o 1o o. o J_o o. Ao J_o o. o~ 2
T) O S L S i S B S e o e

o/ﬁ(o;kojﬁgoﬂojﬁgoﬁojﬁo(oﬁo’\goﬁojﬁgoﬁoJﬁgoﬁo)\goﬁo/ﬁgoﬁojﬁgoﬂojﬁfoﬂo@
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(]

GGGLLLLLLLGGGGGGLLLLLLGLLLLLGGGLLGGGLGLLGGGLLLLL
LLGLLLLLLGGGLLLG. A white solid (154 mg, 44%); *H NMR (500 MHz, CDCls) §
7.33 (d, J = 2.9 Hz, 5H), 5.27 — 5.07 (m, 41H), 4.92 — 4.51 (m, 48H), 4.34 (s, 2H), 1.63 —
1.50 (m, 117H), 0.89 (s, 9H), 0.09 (s, 6H); C NMR (500 MHz, CDCl3) & 171.20, 169.71,
169.65, 169.58, 169.52, 169.43, 167.01, 166.63, 166.54, 166.51, 166.48, 166.45, 128.79,
128.61, 69.45, 69.33, 69.24, 69.13, 69.07, 67.44, 61.51, 61.23, 61.05, 60.94, 60.87, 60.78,
60.41, 25.85, 18.51, 16.81, 16.77, -5.36; M, and D (SEC): 7460 Da and 1.02; MS (MALDI-
TOF): m/z calcd for CigoH2280120Si+Na* [M+Na]*: 4504.10; found 4504.29.

Chain 2
v/ o o o o o o o o ° o
7/s| O/\oroJojﬁgoﬁoj\gogkojﬁo{ogko%goﬁo/ﬁgogkoj\gogko/}go%o/'ﬁgo% O/IO A
- o o o o o o o

H : : - o - o o o
O)Krogpokofokroyok(ojﬁokogﬁo&oyo)k(orokogﬁokoyo&omﬂoko

o o

oz
TOJYOﬁoj\foﬂOWOﬂojﬁroﬂoj\rOﬁoJYOﬁOWOﬂOJYOﬂOWOﬂOJYOﬁojﬁroﬂ0“©
o - o - o - o = o - o - o - o - o o - o -

GGLGLLLLLGGLLLGLLLGGGGGGGGGLLLGGGLLLLLGGLLLLLLGL
LLLLLLGLLLGGLLLL. A white solid (145 mg, 41%); *H NMR (500 MHz, CDCl3) &
7.40 — 7.29 (m, 5H), 5.29 — 5.09 (m, 42H), 4.91 — 4.57 (m, 46H), 4.36 (s, 2H), 1.61 — 1.55
(m, 114H), 1.52 (dd, J = 7.1, 3.0 Hz, 6H), 0.91 (s, J = 2.8 Hz, 9H), 0.11 (d, J = 2.9 Hz, 6H);
13C NMR (500 MHz, CDCl3) & 171.23, 170.02, 169.73, 169.71, 169.66, 169.64, 169.59,
169.54, 167.02, 166.64, 166.58, 166.55, 166.53, 166.49, 166.46, 135.18, 128.75, 128.66,
128.38, 69.43, 69.33, 69.23, 69.18, 69.14, 69.08, 67.35, 61.51, 61.07, 61.05, 61.00, 60.95,
60.92, 60.87, 60.79, 60.52, 25.86, 18.52, 16.92, 16.89, 16.83, 16.81, 16.78, 16.74, 16.73, -
5.33, -5.36; M, and D (SEC): 7370 Da and 1.02; MS (MALDI-TOF): m/z calcd for
Cis1H2300120Si+Na* [M+Na]*: 4518.11; found 4518.48.
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Chain 3
v/ 0 o o ) o o ) 0 o R
7/s|O/\o(oyko/'ﬁrogkoj\mogko)ﬁ(ogko/\(oEQLOJW(OQKO/\CTO%OJHO(OEQLOJEO%O/EO; y

(¢} o o} O (o}

o o o o o o

z H H z - 0 H H
o)K(Ojoﬁo&Ofokofo&ogﬁo)ﬁ/c’w/\o&oro*{0gﬁoi/ogﬁoifogﬁoiogﬁoio

0O,
T ¥

ooty fomgn Rolyo Bln 2ol S0 Robo S0 R bia B0 Snr

o - o - o - o = o o - o - o - o - o - o

GGLLLLLLGLLGGGLLLLGLGGGGLLGLLLGLLLLLGGLLLGGLLLGL
LLLGLLGLLLGLLLLG. A white solid (1157 mg, 46%); *H NMR (500 MHz, CDCls) §
7.40 — 7.29 (m, 5H), 5.31 — 5.10 (m, 43H), 4.93 — 4.55 (m, 44H), 4.35 (s, 2H), 1.57 (dt, J =
8.0, 2.9 Hz, 123H), 0.92 - 0.88 (m, 9H), 0.10 (s, 6H); *C NMR (500 MHz, CDCl3) § 171.21,
169.72, 169.70, 169.64, 169.58, 169.56, 169.53, 169.50, 169.44, 167.07, 166.99, 166.63,
166.57, 166.55, 166.51, 166.48, 166.46, 134.96, 128.79, 128.61, 77.41, 77.16, 76.91, 69.43,
69.33, 69.28, 69.23, 69.20, 69.14, 69.08, 67.44, 61.51, 61.22, 61.06, 61.00, 60.92, 60.89,
60.83, 60.79, 60.53, 25.86, 18.51, 16.84, 16.81, 16.79, 16.76, 16.75, -5.34, -5.37; My and D
(SEC): 7470 Da and 1.02; MS (MALDI-TOF): m/z calcd for CigsH2340120Si+Na* [M+Na]*:
4546.14; found 4546.61.

Chain 4
</ o o o o o o o o o
7/Sio/ﬁgogLo/ﬁo{okaJﬁgogkOJﬁgogko/royko/\gogkojﬁgogko/ﬁgoyko%go%o,ﬁgof -0

o - 0 o o ERe) - 0 o -0 -0 1o -
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Hpotompotopototyo dolye Fono Jopo dompo Tl oo S b0 by

GLGGLLLLGGGLLLGGLLGLLLLGLLGLLGGLLLGGGGGLLLLGGLGL
LLLGGLGLGLLGLGLG. A white solid (144 mg, 42%); *H NMR (500 MHz, CDCls3) §
7.41 —7.27 (m, 5H), 5.29 — 5.13 (m, 37H), 4.91 — 4.57 (m, 56H), 4.33 (d, J = 3.1 Hz, 2H),
1.61 — 1.55 (m, 105H), 0.92 — 0.89 (m, 9H), 0.10 (s, 6H); 3C NMR (500 MHz, CDCls) &
171.27, 169.94, 169.70, 169.64, 169.63, 169.59, 169.56, 169.53, 169.50, 169.45, 167.00,
166.70, 166.62, 166.59, 166.58, 166.55, 166.51, 166.48, 166.46, 166.44, 134.98, 128.81,
128.61, 69.46, 69.42, 69.36, 69.30, 69.28, 69.25, 69.15, 69.09, 68.61, 67.46, 61.62, 61.28,
61.06, 61.00, 60.98, 60.93, 60.88, 60.80, 60.73, 25.86, 18.51, 16.99, 16.88, 16.84, 16.80,
16.79, 16.76, 16.75, -5.32, -5.37; M, and B (SEC): 7020 Da and 1.03; MS (MALDI-TOF):
m/z calcd for C177H2220126Si+Na* [M+Na]*: 4462.05; found 4462.59.
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./ o o o o) o o o o o
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GLGLLLLLGGLLLLLLGGGLLLLGLLGGLLLGGLLGGLLLLGGLLGGL
LLLGGLGLLLGGLLLL. A white solid (150 mg, 39%); *H NMR (500 MHz, CDCls) &
7.40 — 7.28 (m, 5H), 5.29 — 5.11 (m, 43H), 4.92 — 4.57 (m, 44H), 4.32 (d, J = 3.3 Hz, 2H),
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1.58 (d, J = 6.9 Hz, 117H), 1.52 (dd, J = 7.1, 2.8 Hz, 6H), 0.94 — 0.88 (m, 9H), 0.10 (s, 6H);
13C NMR (500 MHz, CDCls) § 171.27, 170.01, 169.71, 169.69, 169.66, 169.64, 169.58,
169.57, 169.54, 169.50, 169.45, 166.75, 166.64, 166.62, 166.58, 166.55, 166.52, 166.48,
135.21,128.76, 128.67, 128.38, 69.44, 69.36, 69.31, 69.25, 69.15, 69.09, 68.58, 67.36, 61.62,
61.06, 61.01, 60.93, 60.86, 60.80, 25.86, 18.51, 16.99, 16.89, 16.83, 16.82, 16.77, 16.74, -
5.31, -5.37; M, and B (SEC): 7270 Da and 1.02; MS (MALDI-TOF): m/z calcd for
C1s2H2320120Si+Na* [M+Na]*: 4532.13; found 4532.63.

Chain 6
v/ o o o o o o o o o o
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GLLGLLLLLLLLGGGLLLGLLGLGLLGLLGGLLLLLLLLLGGGGLLGLG
LGGLLGLGGLLLLLL. Awhite solid (147 mg, 42%); *H NMR (500 MHz, CDCl3) § 7.39
—7.29 (m, 5H), 5.29 — 5.10 (m, 44H), 4.91 — 4.56 (m, 42H), 4.32 (d, J = 2.4 Hz, 2H), 1.57
(dg, J=6.9, 2.4 Hz, 120H), 1.51 (dd, J = 7.1, 2.1 Hz, 6H), 0.92 — 0.90 (m, 9H), 0.10 (d, J =
1.1 Hz, 6H); *C NMR (500 MHz, CDCls) § 171.34, 170.02, 169.71, 169.62, 169.59, 169.50,
169.44, 166.63, 166.57, 166.46, 135.21, 128.76, 128.66, 128.38, 77.41, 77.16, 76.91, 69.45,
69.42, 69.35, 69.32, 69.29, 69.25, 69.15, 69.09, 68.97, 68.61, 67.35, 61.62, 61.07, 61.02,
60.98, 60.94, 60.88, 60.85, 60.80, 25.86, 18.51, 16.89, 16.83, 16.79, 16.74, 16.71, -5.30, -
5.37; My, and D (SEC): 7320 Da and 1.03; MS (MALDI-TOF): m/z calcd for
C1s3H2340120Si+Na* [M+Na]*: 4546.14; found 4546.61.

Chain 7
v/ o o o o o o o o ° o
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GLLLLLLLLLLGGGGGGLGLGLLGLLGGGLLLGLLLLLLGGGLLLLLLL
LLLLLLLLLGGGLLL. A white solid (142 mg, 42%); 'H NMR (500 MHz, CDCls) § 7.39
~7.29 (m, 5H), 5.29 — 5.10 (m, 46H), 4.91 — 4.57 (m, 38H), 4.32 (d, J = 2.6 Hz, 2H), 1.60 —
1.56 (m, 126H), 1.52 (dd, J = 7.1, 5.1 Hz, 6H), 0.92 — 0.89 (m, 9H), 0.10 (d, J = 1.2 Hz, 6H);
13C NMR (500 MHz, CDCls) 6 171.33, 170.08, 170.01, 169.83, 169.72, 169.65, 169.63,
169.58, 169.53, 169.50, 169.44, 166.63, 166.56, 166.54, 166.48, 135.27, 128.76, 128.66,
128.38, 77.41, 77.16, 76.91, 69.45, 69.43, 69.39, 69.34, 69.30, 69.27, 69.24, 69.14, 69.09,
69.03, 68.60, 67.36, 61.60, 61.06, 60.98, 60.95, 60.93, 60.87, 60.79, 31.06, 25.86, 18.51,
16.92, 16.89, 16.85, 16.82, 16.78, 16.74, 16.70, -5.30, -5.38; M, and D (SEC): 7550 Da and
1.02; MS (MALDI-TOF): m/z calcd for CigsH2380120Si+Na” [M+Na]*: 4574.17; found
4574.73.
Chain 8
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LGGGLLLLLLLGGGLGGGLGGLLGLGLLGLGGGLLLLLLGGGLGLLLG
LGLGLGLLGLGGGLLL. A white solid (139 mg, 38%); 'H NMR (500 MHz, CDCls) &
7.40 — 7.29 (m, 5H), 5.30 — 5.09 (m, 36H), 4.91 — 4.58 (m, 58H), 4.44 (q, J = 6.8 Hz, 1H),
1.61 —1.55 (m, 96H), 1.52 (dd, J = 7.1, 4.9 Hz, 6H), 1.45 (d, J = 6.8 Hz, 3H), 0.90 (s, 9H),
0.09 (d, J = 10.6 Hz, 6H); **C NMR (500 MHz, CDCl3) § 173.51, 170.01, 169.71, 169.65,
169.63, 169.62, 169.58, 169.53, 169.50, 169.46, 169.44, 169.40, 169.39, 166.99, 166.62,
166.59, 166.58, 166.55, 166.53, 166.50, 166.49, 166.45, 135.20, 128.75, 128.66, 128.37,
69.43, 69.39, 69.37, 69.35, 69.29, 69.27, 69.23, 69.14, 69.08, 68.19, 67.35, 61.05, 60.97,
60.90, 60.87, 60.86, 60.79, 60.45, 25.82, 21.45, 18.41, 16.87, 16.84, 16.82, 16.81, 16.78,
16.77, 16.73, 16.70, -4.84, -5.23; M, and D (SEC): 6980 Da and 1.02; MS (MALDI-TOF):
m/z calcd for C176H2200120Si+Na* [M+Na]*: 4448.03; found 4448.55.

Chain 9
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LGGLLLLLLLLGGGLGLLLGLGLGLGLLGLGGGLLLLLLGGGLGLLLG

LGLGLGLLGLGGGLLL. A white solid (144 mg, 40%); *H NMR (500 MHz, CDCls) &
7.39 - 7.29 (m, 5H), 5.28 — 5.10 (m, 39H), 4.91 — 4.59 (m, 52H), 4.43 (q, J = 6.8 Hz, 1H),
1.62 — 1.55 (m, 105H), 1.52 (dd, J = 7.1, 4.8 Hz, 6H), 1.45 (d, J = 6.8 Hz, 3H), 0.89 (s, 9H),
0.08 (d, J = 10.4 Hz, 6H); 3C NMR (500 MHz, CDCl3) & 173.48, 170.00, 169.70, 169.68,
169.64, 169.62, 169.57, 169.56, 169.49, 169.43, 167.00, 166.64, 166.61, 166.56, 166.55,
166.54, 166.51, 166.48, 166.44, 135.19, 128.74, 128.65, 128.36, 69.44, 69.41, 69.36, 69.34,
69.28, 69.26, 69.22, 69.12, 69.07, 68.18, 67.34, 61.04, 60.96, 60.91, 60.88, 60.86, 60.83,
60.78, 60.45, 25.81, 21.44, 18.40, 16.87, 16.82, 16.81, 16.80, 16.78, 16.76, 16.72, 16.69, -
4.85, -5.23; M, and b (SEC): 7110 Da and 1.03; MS (MALDI-TOF): m/z calcd for
Ci79H2260120Si+Na* [M+Na]*: 4490.08; found 4490.54.

Chain 10
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LGLGLLLLLLLGGGLGGGLGLGLGLGLLGLGGGLLLLLLGGGLLLGLG
LGLGLGLLGLGGGLLL. A white solid (158 mg, 42%); *H NMR (500 MHz, CDCls) &
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7.39 —7.29 (m, 5H), 5.28 — 5.10 (m, 37H), 4.91 — 4.59 (m, 56H), 4.43 (q, J = 6.8 Hz, 1H),
1.61 - 1.55 (m, 99H), 1.52 (dd, J = 7.1, 4.9 Hz, 6H), 1.45 (d, J = 6.8 Hz, 3H), 0.89 (s, 9H),
0.09 (d, J = 10.3 Hz, 6H); 3C NMR (500 MHz, CDClz) & 173.53, 170.01, 169.72, 169.70,
169.65, 169.63, 169.59, 169.50, 169.44, 167.00, 166.66, 166.62, 166.56, 166.54, 166.52,
166.49, 166.45, 135.19, 128.75, 128.66, 128.37, 69.45, 69.42, 69.37, 69.35, 69.33, 69.29,
69.27, 69.24, 69.14, 69.13, 69.08, 68.18, 67.35, 61.05, 60.96, 60.92, 60.89, 60.87, 60.84,
60.79, 60.58, 25.83, 21.48, 18.41, 16.94, 16.88, 16.83, 16.82, 16.79, 16.77, 16.73, 16.69, -
481, -5.19; M, and b (SEC): 6970 Da and 1.03; MS (MALDI-TOF): m/z calcd for
C177H2220120Si+Na* [M+Na]+: 4462.05; found 4461.98.

Chain 11
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LGLLLLLLLLLLGGLLLGLGLGLGLGLLGLGGGLLLGLLLLGLGGGLG
LLGGLLGGLLGGLLLG. A white solid (135 mg, 47%); *H NMR (500 MHz, CDCls) &
7.39 — 7.31 (m, 5H), 5.27 — 5.12 (m, 40H), 4.91 — 4.57 (m, 50H), 4.43 (g, J = 6.8 Hz, 1H),
1.61 — 1.54 (m, 114H), 1.45 (d, J = 6.8 Hz, 3H), 0.89 (s, 9H), 0.08 (d, J = 10.4 Hz, 6H); 13C
NMR (500 MHz, CDCls) 6 173.53, 169.76, 169.73, 169.71, 169.65, 169.64, 169.60, 169.58,
169.55, 169.54, 169.51, 169.49, 169.45, 167.06, 167.00, 166.64, 166.63, 166.58, 166.57,
166.56, 166.49, 166.46, 134.96, 128.79, 128.62, 69.43, 69.38, 69.36, 69.33, 69.29, 69.24,
69.19, 69.16, 69.13, 69.09, 68.18, 67.45, 61.23, 61.05, 61.00, 60.96, 60.92, 60.89, 60.84,
60.81, 60.59, 25.83, 21.49, 18.41, 16.88, 16.83, 16.79, 16.78, 16.77, 16.74, -4.81, -5.19; M,
and D (SEC): 7010 Da and 1.02; MS (MALDI-TOF): m/z calcd for CigoH2280120Si+Na*
[M+Na]*: 4504.10; found 4504.38.
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LLGGLLLLGLLLLLLLLLLLLLLLLLLLLLGLLLLGGGLLLLLGGGGGG

GGGGGGGGGLLLLGG. A white solid (154 mg, 37%); *H NMR (500 MHz, CDClz) §
7.39 - 7.31 (m, 5H), 5.26 — 5.12 (m, 41H), 4.90 — 4.58 (m, 48H), 4.39 (g, J = 6.8 Hz, 1H),
1.60 — 1.54 (m, 117H), 1.44 (d, J = 6.8 Hz, 3H), 0.90 — 0.88 (m, 9H), 0.09 (d, J = 12.2 Hz,
6H); *C NMR (500 MHz, CDCl3) § 173.57, 169.98, 169.71, 169.65, 169.63, 169.58, 169.55,
169.52, 166.93, 166.70, 166.66, 166.63, 166.58, 166.57, 166.54, 166.52, 166.48, 166.47,
134.96, 128.80, 128.78, 128.57, 69.44, 69.40, 69.33, 69.23, 69.13, 69.08, 69.07, 68.64, 68.15,
67.48, 61.30, 61.06, 60.95, 60.87, 60.83, 60.79, 60.67, 25.81, 21.31, 18.40, 16.94, 16.82,
16.80, 16.77, -4.81, -5.19; M, and b (SEC): 7710 Da and 1.02; MS (MALDI-TOF): m/z
calcd for Cig1H2300129Si+Na* [M+Na]*: 4518.11; found 4518.76.
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Chain 13
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LLGLLLLLGGGLLLLLLLGGGGGGGGGLLLLLLLGGGGGLLLLLLLLL
LLLLLLLLLLLLLLLG. A white solid (169 mg, 49%); *H NMR (500 MHz, CDCl3) &
7.39 — 7.30 (m, 5H), 5.25 — 5.11 (m, 46H), 4.90 — 4.56 (m, 38H), 4.39 (q, J = 6.8 Hz, 1H),
1.60 — 1.55 (m, 132H), 1.44 (d, J = 6.8 Hz, 3H), 0.89 (s, 9H), 0.09 (d, J = 12.0 Hz, 6H); *C
NMR (500 MHz, CDClIs) 6 173.58, 170.06, 169.72, 169.69, 169.65, 169.63, 169.59, 169.54,
167.00, 166.77, 166.56, 166.55, 166.52, 166.49, 166.46, 166.45, 134.95, 128.79, 128.61,
69.45, 69.29, 69.25, 69.21, 69.14, 69.08, 68.62, 68.15, 67.45, 61.22, 61.07, 60.95, 60.93,
60.87, 60.79, 25.81, 21.33, 18.41, 16.96, 16.82, 16.81, 16.77, 16.73, -4.80, -5.19; M, and D
(SEC): 7680 Da and 1.02; MS (MALDI-TOF): m/z calcd for CigsH2400129Si+Na* [M+Na]*:
4588.19; found 4588.41.

Chain 14
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LLLGLLLLGGLLGLLLLLLLELLLLELLLLLL GGLLGLLGGGLLLLLLLL
LLLLLLLLLGGGGL. A white solid (310 mg, 45%); *H NMR (500 MHz, cdcl3) & 7.39 —
7.30 (m, 5H), 5.26 — 5.10 (m, 51H), 4.91 — 4.58 (m, 28H), 4.39 (g, J = 6.7 Hz, 1H), 1.62 —
1.54 (m, 144H), 1.52 (d, J = 7.1 Hz, 3H), 1.44 (d, J = 6.8 Hz, 3H), 0.89 (s, 9H), 0.09 (d, J =
11.8 Hz, 6H); *C NMR (500 MHz, CDCls) & 173.66, 170.05, 169.85, 169.78, 169.72,
169.65, 169.61, 169.58, 169.56, 169.53, 169.49, 169.46, 166.68, 166.62, 166.58, 166.54,
166.52, 166.48, 166.47, 166.46, 135.20, 128.77, 128.65, 128.31, 77.41, 77.16, 76.91, 69.72,
69.43, 69.33, 69.30, 69.23, 69.13, 69.07, 68.88, 68.66, 68.12, 67.41, 61.10, 61.05, 60.99,
60.93, 60.87, 60.78, 25.82, 21.34, 18.41, 16.92, 16.87, 16.84, 16.81, 16.77, 16.73, -4.79, -
5.18; M, and b (SEC): 7830 Da and 1.03; MS (MALDI-TOF): m/z calcd for
C191H2500120Si+Na* [M+Na]*: 4658.27; found 4659.00.
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A.3.2 MALDI-TOF/TOF tandem mass sequencing results of
PLGAsS

GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 1.
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retention time {min} mass (miz)
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Decoding table of PLGA chain 1

Sito Bz Cale. Found Different Sequence Bz to Si Cale. Found Different Sequence
[M+Nal" 4504.1 4504.29 | M+Na]” 4504.1 4504.29
vl 419799 A200.07 30422 S-GGG abd 4284.01 4287.16 217.13 Bz-GL
il 412597 412828 71.79 L abl 4211.99 421424 7292 L
¥39 405395 A036.46 T1.82 L abl 413997 4143.21 TL.03 L
¥i§ 398193 EL RN 71.47 L abil 3E93.93 JH96.8T 246.34 GGGL
¥37 39099 391242 7257 L as9 3E21.91 31434 7253 L
¥3h JEITHE 3840.16 7126 L asy 374989 373173 T1.61 L
¥35 3765 86 3Ted. 16 72 L as7 I6TTHT 36801 T0.92 L
v48 334581 3347 66 4205 LG a5 3605 85 360761 732 L
¥47 3273719 327508 7158 [:' -9 353383 3536.35 T1.06 L
v 320177 320287 72.21 L 8 34038 3405.27 131.28 GL
v45 312975 313112 7175 L M7 3331.78 333393 T1.34 L
vi44 3057.72 305947 71635 L b 3259.Th 32609 7297 L
¥43 29857 2986.54 7293 L M5 J18T.74 J1ER.9 T2.05 L
vdl 283568 2856.19 130035 L M3 ilsm 311687 T1.04 L
v ATHI 66 2784.03 7116 L M2 30437 34442 T145 L
¥39 271163 271186 72.17 L Ml 297167 297243 T1.99 L
vi8 263961 2639.74 7212 L w40 2725.64 272588 246.53 GGGL
¥a7 1567.59 2567.69 7205 L a3y 2633.62 263383 T2.05 L
¥33 232155 232146 246.23 LGGG als 252359 252363 130.2 GL
il 224953 224938 7208 L a3d 2277.55 227638 24725 GGGL
vi8 20035 200232 24706 LGGG a3l 2210553 2205.38 71 L
¥1lb 1873.47 187236 129.% L all 193949 1958.26 247.12 GGGL
¥15 1801.45 18003 7206 L al? 188747 1886.35 T1.91 L
¥21 155541 1554.46 24584 LGGG all 181545 1814.34 T1.01 L
¥l 148339 148252 T1.94 L all 174343 174238 T1.96 L
¥i9 141137 1410.55 T71.97 L all 1671.41 167044 T1.94 L
I8 133935 1338 5% T1.96 L ali 154138 1540.39 130,05 GL
¥l7 1267.33 1266, 6 71.93 L al® 1469 36 1468.44 T1.95 L
vlé 119531 1194.73 71.93 L al® 139734 1396.55 T1.89 L
vl§ 112328 112281 7192 L al? 132532 132459 T1.96 L
¥l3 993.26 99293 12988 L als 12333 123263 T1.96 L
vi2 921.24 921 71.93 L ald 1181.28 1180.77 T1.86 L
169
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 2.
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Decoding table of PLGA chain 2

Sito Bz Cale. Found Difference Sequence Bz to Si Cale. Found Difference Sequence
[M+Na]™ | 451811 451848 [M+Na|™ | 4518.11 451848
ybl 4270.01 427252 24596 51-GG abd 4356.03 43584 160,08 Bz-L
il 4139.98 41426 12992 LG abl 4284.01 4286.64 T1.76 L
¥59 406796 | 4069.66 7294 L abl 421199 | 421494 ny L
¥54 399594 | 399858 T1.08 L abll 413997 41426 7234 L
¥57 392392 | 391582 7276 L a5y 395194 | 3953.69 188.91 GGL
¥5ih 3851.9 3853.83 T1.99 L asg 387992 | 3HBLEY T0.8 L
¥53 366387 | 366686 186.97 LGG ass 3807.9 8107 7219 L
¥52 359185 359392 7294 L as4 IGTTHT | 3681.09 129.61 GL
¥5l 351983 3521.74 7218 L as3 360585 3608.01 T3.08 L
ya9 33898 3391.89 12985 LG a5l 353383 35369 7111 L
vl 3317 | 331991 T1.98 L a5l 346181 3464.76 7214 L
¥a7 324576 | 324789 72.02 L ad? 338979 | 339189 7287 L
¥37 165169 | 265384 594,05 LGGCG a39 331776 | 331991 T1.98 L
GGGGG
¥3ih 257966 | 258188 71.9% L a3f 324574 | 324789 7202 L
¥35 250764 | 2509.82 72.06 L a37 3sm | 3T 130.1 GL
¥3l 226161 2263.62 2462 LG a3l 3043.7 304588 7191 L
¥30 218958 | 2191.68 T1.94 L a3l 297167 | 297397 7191 L
¥29 211756 | 211956 7212 L a3l 289965 2901.65 7232 L
yI4 2045.54 2475 72.06 L a3l 2827.63 2839.84 T1.81 L
¥27 1973.52 1975.52 T1.98 L a9 2755.61 2757.78 T2.06 L
¥4 1785.49 1787.55 18797 LGG alb 156758 | 256987 187.91 GGL
¥23 1713.47 1715.59 71.9% L als 249556 | 249799 T1.88 L
¥21 1641.45 1643.59 72 L a4 242354 | 24154 7245 L
¥2l 1569.43 1571.58 72.01 L alld 2351.52 13535 T2.04 L
y20 1497.41 1499.53 7205 L all 227949 | 218158 7192 L
y19 1425.38 1427.47 72.06 L a2l 2033.46 | 203538 246.2 GGGL
¥17 1295.36 129748 12999 LG al® 1961.44 1963.45 T1.93 L
¥l 1223.34 122547 72.01 L alf 1889.41 1891.5 T1.95 L
¥l5 1151.32 11534 72.07 L al7 1295.34 1297.48 394.02 GGG
GGGGL
vi4 107929 1081.33 7207 L alé 122332 122547 72.01 L
yl3 1007.27 1009.2 7213 L als 11513 11534 7207 L
¥i2 93525 937.04 72.16 L al4 1021.28 1023.19 130.21 GL
171
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 3.
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Decoding table of PLGA chain 3

Si to Bz Cale. Found Different Sequence Bz to Si Cale. Found Different Sequence
|M+Na]™ 434614 4546.61 | M+ Na|” 4546.14 454661
wh2 429804 430094 24567 Si-0ili abd 432606 432889 217.72 Bz-GL
w1 4226.02 4229.03 71891 L ah2 425404 4256.68 7221 L
il 4154 4156.99 T2 L abl 418202 4184.41 7227 L
¥39 40E1.98 408492 7207 L abl 4110 4113.34 T1.07 L
¥3§ 4009 %6 4013.36 7156 L asi 397997 398381 12953 GL
¥37 393794 3941.56 7.8 L asT 3907.95 3910.64 T3.17 L
¥35 EL IR JE10.67 13089 LGi ash JE3593 ELECRTY T1.48 L
¥34 373589 3T3RG 7207 L a4 AT05.9 A709.49 12967 GL
=l ER LR 349259 246.01 LOGGG a53 ELEER 363692 7257 L
¥49 3417 #3 3420 7259 L asl 350385 3508.11 12881 GL
LG L] 334581 334788 7212 L ash 343183 343439 7372 L
w7 317379 327546 7242 L a4l 335981 336243 T1.96 L
vd45 3143.76 3145.12 130.34 LGi a4l 32T TS 3190.16 7227 L
i 2839.72 284048 30464 LGGCG a4 315776 3159.81 130,35 GL
¥39 2767.7 2THE.41 7207 L a4s 3085.74 308784 T1.97 L
¥a7 2637.67 2638.16 130.25 LGi add 301372 3014.79 T3.05 L
¥ib 2365.65 2566.02 7114 L a4l 282569 26263 18849 GGl
35 249363 2493 88 7214 L a4l 275367 2754 36 T1.94 L
¥a3 23636 2363.78 1301 LG a3y 2681.65 268221 1215 L
iz 2291 .58 2291.66 7212 L alb 2493.61 2493 88 18833 GGL
v3l 2219.56 2218.65 7301 L als 242159 242184 T104 L
a0 214754 2146.66 T1.99 L a3l 234957 234982 7102 L
¥19 2075.52 2075.58 T1LO8 L a3l 217755 2277.81 T.01 L
¥1lh 1EET 48 188663 18593 LGG a3l 2205.53 2205.67 T1.14 L
¥15 1815 46 181466 T1.99 L a3 2075.5 2075.58 13000% GL
¥4 1743 .44 174265 7201 L al% 200348 2002.59 T199 L
¥21 153541 155472 187.93 LG alf 1931.46 1930.65 T1.94 L
¥2n 1483 39 1482 8 7182 L alk 15801.44 1800.51 130014 GL
¥yl 141137 141084 T1.594% L als 172941 1728.64 T1.87 L
¥i7 128134 1280 .84 130 LG all 142537 1424 92 30372 GGGGL
ylé 120932 120891 7193 L al 12935.34 1294.79 130,13 GL
yl§ 11373 11369 7195 L al7 1223.32 1222.94 T1ES L
vl4 1065 .28 1065.02 T1.594 L alé 1151.3 115117 T1.77 L
yl2 93525 93538 12964 LGi als 107%.28 1079.23 T1.94 L
173
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 4.
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Decoding table of PLGA chain 4

Si to Bz Cale. Found Differ ent Sequence Bz to 5i Cale. Found Differemt Sequence
| M +MNal” 4462.05 446259 | M+MNal” 4462.05 4462.59
i3 427185 4274 96 187.63 S1-G ah3 424197 4244.07 21852 Bz-GL
vl A0E3 52 408727 187.69 LG all 4111.94 41149 129.17 GL
¥i9 40119 401433 7294 L a5l 398191 398572 129.18 GL
38 393988 3942 88 71.45 L ash 390939 3913.24 T248 L
¥37 FE6T.26 3ET0.OL 7287 L ash ITTHET 378224 131 GL
¥33 362182 3624.03 24598 LGl as4 3649 84 365297 12927 GL
yil 35498 3551.82 7221 L afl 3461.81 3463.77 1892 GiGL
¥3l 347778 3480 54 T0.9E L asl 338979 339251 TL.26 L
v48 328975 3291.56 18928 LG a4l 3317.76 3319.42 73.09 L
¥47 32772 3219212 7234 L adl 34574 324739 T203 L
vi5 30877 308897 130.25 LG adh 35T 311721 130018 GL
vid 3015.68 3016.78 72.19 L a43 2927 68 2928 68 188,53 GG
v43 2943 66 2944.61 7217 L adl 2E55.66 285655 TX13 L
il 287164 28T 42 72.19 L adl 278364 278437 TLIR L
w4l 2741.61 274232 13001 LG adll 2711.62 271233 T4 L
vi9 2669 549 267024 T2.08 L add 2349 57 234973 3626 GOGGGL
¥37 253956 2540.05 130019 LG a3l 2277.55 227691 T2L82 L
vih 246754 2468 72.05 L ai2 2205.53 12048 T211 L
¥33 27951 27877 18923 LGG al9 20175 2016.63 188.17 GGL
vil 220744 2206.76 72.01 L alf 1945 48 1944.73 719 L
yil 213547 213464 1207 L alh 1815.45 1814.67 130006 GL
¥v15 1773.42 177265 I62.04 LGGGGG als 1743.43 1742.74 TL93 L
¥4 17014 1700063 1202 L all 16134 161266 130008 GL
v13 162937 1628.7 7193 L a2l 1541.38 154082 TLE4 L
¥212 155735 1556.68 1202 L all 1465 36 1468.79 T203 L
19 136932 1368 86 187.82 LG alll 1397.34 13%6.86 TLY93 L
¥17 1239249 1238 85 13001 L alf 126731 126687 129 949 GL
vle 1167.27 1166494 7191 L al7 1195.29 1195 TLET L
vl5 109525 109499 7195 L ald 1007 26 1007.07 187.93 GG
vl4 1023.23 1023.02 7197 L all 93524 93517 719 L
175
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 5.
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Decoding table of PLGA chain 5

Sito Bz Cale. Found Different  Sequence Bz to 5i Cale. Found Different  Sequence
|M-+Na]™ 4532.13 4532.63 |M-+Nal” 4532.13 4532.63
yi3 4342.03 4345.15 187.48 51-G abd 4370,05 4373.49 139,14 Bz-L
vil 4212 42155 12965 LG abd 429803 4301.22 7227 L
vii 413998 41434 721 L ah2 422601 4229 42 718 L
¥59 4067 56 407145 7195 L abl 415399 4157.29 7213 L
¥58 3995.94 39988 7265 L ash 3963.95 3969.39 187.9 GGL
¥37 3923.92 3927.56 71.24 L as7 389393 389738 72.01 L
¥34 373589 373875 188 81 LGG ash 38219 382509 7229 L
¥33 3663 87 3666.7T9 T1.5%6 L asd 369139 3659433 130.76 Gl
¥52 339185 359415 7264 L a5l 350385 3506.21 188,12 GGL
¥51 3519.83 352217 7198 L asl 343183 34337 72.51 L
¥50 34478 344972 7245 L ad9 335981 3361.97 T1.73 L
v49 337578 3377.59 7213 L a4l 3BT T B T 715 L
vd45 312975 313189 2437 LG a4s 309976 310083 187.64 GG
ydd 3057.72 30588 EERL L add 3027.74 3028.97 T2E6 L
¥43 29857 2986.71 7209 L adl 2839.7 28404 188.57 GGL
¥dl2 2913.68 2914.65 7206 L adll 276768 2768.32 7208 L
v 2783 66 2784 35 1303 LG a3 2695.66 265%6.23 7207 L
¥39 2711.63 2712.26 T200 L a3i 262364 2624.22 7203 L
¥36 25236 2523.97 188.29 LGG a3s 243361 243488 189,34 GGL
¥35 2451.58 2451.85 7212 L a4 2363.59 2363.82 7106 L
¥34 2379.56 23798 7205 L a3l 2175.56 21747 189,12 GGL
3l 2191.53 219067 18913 LGG a3l 210354 2102.67 7203 L
¥ 211951 21186 7207 L al% 2031.51 2030.67 72 L
¥27 1931.47 193058 188.02 LGG alé 1843.48 1842.6 188.07 GGL
¥26 1859.45 1858.6 7198 L als 1771.46 1770.61 71.99 L
¥25 1787.43 1786.56 2.4 L al3 1641.43 164066 129.95 GL
¥4 171541 1714.6 T1.5%6 L all 156941 1568.67 TL99 L
¥il 152738 1526.61 187.99 LGG all 149739 14967 TL97 L
¥20 143536 1454.72 7189 L alll 142537 1424 83 T1LET L
¥17 1267.33 126687 187.85 LGG alé 1179.33 1178.95 24588 GGGL
¥l& 119531 1194.9 7197 L als 1107.31 1107.08 T1LET L
vl5 112328 1122.%% 7191 L ald 1035.29 1035.1 TL9s L
vi4 1031 26 1051.06 7193 L ald 963.27 6319 TL.91 L
177
5 A=
g —.



GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 6.
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Decoding table of PLGA chain 6

5ito Bz Cale. Found Different Sequence Bz to i Cale. Found Different Sequence
|M+Na]” 4546.14 454661 |M+Na]™ 4546.14 454661
yh3 435605 435885 1E7.76 S0 abd 438407 438562 160,99 Bz-L
yh2 428403 4286.68 72.17 L abd 43124 43145 T1.12 L
bl 4134 415685 129,83 LGi abl 424002 424337 T1.13 L
¥39 4081 98 4085.39 T1.46 L abl 4168 417121 7216 L
¥38 4009 96 4027 7269 L abl 4095 98 4059937 T1.84 L
¥37 393794 3941.25 71.45 L asy 4023.% 4026.83 7154 L
¥36 386592 FHEGE.56 7269 L ash JR3593 ELELE ] 188.39 Gl
¥a5 379389 3T96.2 7236 L as4 37059 3708.02 13042 GL
34 372187 372378 7242 L as3 363388 363604 T1.98 L
¥33 3649 85 3651.89 71.89 L asl 3445 85 344772 188.32 Gl
yi9 3403 81 340614 24575 LGGG adi 331582 331725 130047 GL
vi48 333179 33333 7275 L adb J1ESTY 318649 130,76 GL
v4T 325977 326192 71.47 L ads 31377 311488 T1.61 L
¥i5 312975 313004 13128 LG adl 280973 281003 30485 GGG
vid 3057.72 3058.72 71.92 L a3y 273171 27381 T1.93 L
4l 29277 292519 130,53 LG ajf 2665659 2665 5% 722 L
y40 279767 2798.24 129.95 LGi a37 2593.67 259294 T196 L
¥39 ATI5.65 272597 7227 L adb 2521.65 252073 7121 L
¥37 259562 2594 87 1311 LG als 2449 .63 244874 T1.99 L
y36 25236 252277 721 L ad4 23776 23776 T1.14 L
v33 233557 233554 187.23 LG a3 230558 230565 T1.95 L
¥3Z 226355 21263.57 71.97 L a3l 213356 223361 T1.04 L
¥3l 2191.53 2191.49 T208 L aly 2045.53 204451 189.1 Gl
30 211951 211849 T3 L alf 1973.51 1972 48 T2.03 L
¥19 204749 204639 721 L alb 184348 1842 47 130001 GL
I8 1975 46 197438 7201 L als 1771.46 177049 T1.98 L
¥17 1903 .44 1902.41 71.97 L all 1641.43 1640.55 12%.94 GL
¥l6 1831.42 1830.43 T1.98 L all 1511.41 151057 12998 GL
¥15 1759.4 175843 72 L all 1439.39 1438.64 T1.93 L
1o 145336 145459 30384 LG ali 1309 36 1308.73 12991 GL
19 138334 1382.63 71.96 L al7 123734 1236.85 T1.88 L
¥17 125331 125278 129,835 LGi alé 116532 1164.91 T1.94 L
yl5 112328 112286 129.92 LGi all 919.28 919.12 24579 GOGL
179
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 7.
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Decoding table of PLGA chain 7

Sito Bz Cale. Found Different  Sequence Bzto 5i Cale. Found Different  Sequence
|M-+Na]" 4574.17 4574.73 |M+Na]” 4574.17 4574.73
y63 4384.08 4386.86 187.87 8i-G abd 4121 4413.38 161.35 Ba-L
b2 4312.06 4314.85 7201 L abd 4340.08 4342 06 7132 L
bl 4240.04 4242 9% T1.89 L abl 4268.05 4271.02 T1.04 L
bl 4168.02 4170.93 7203 L asy 402202 402539 24513 GGGL
¥59 4095 949 4098.01 7292 L as7 3950 3954.22 T1.67 L
¥58 402397 4025.39 7212 L ash 3BT 338209 7213 L
¥57 3951935 395422 71.67 L ass 3B05.95 3809.53 7256 L
¥56 387993 JER2.09 7213 L as4 373393 EYEFR T1.62 L
¥55 380791 3809.53 7256 L as3 366191 3663 58 7433 L
¥4 373589 373791 T1.62 L as2 358939 359281 T0.77 L
¥47 331533 33177 42014 LG a5l 351787 3519.32 7199 L
a5 318581 318685 130,92 :_':: ash 344585 344721 7161 L
¥43 3055.78 3056.67 130,18 LG 49 337383 3375.15 T2.06 L
¥4 1983.76 2984.59 7208 L a8 3301.81 3304.12 T1.03 L
¥4 2853.73 2854.26 130,33 LG a47 322978 3231.32 728 L
¥39 278171 278234 7192 L adi 3157.76 3158.34 T148 L
¥35 253567 2536.07 246.27 LG 5 3085.74 3086.7T7 7207 L
¥34 2463 65 2464.02 7205 L add 3013.72 3014.54 7223 L
¥33 239163 239195 7207 L a4 2941.7 294262 7192 L
¥31 226161 2261.87 130,08 LG a3y 2695.66 2696.67 24595 GGGL
¥30 2189.59 2189.78 72.09 L a38 2623.64 2623.99 7268 L
¥19 211756 2116.34 7294 L a37 2551.62 255211 T8 L
I8 204554 2045.76 T1.08 L adb 24796 24794 7217 L
¥27 1973 52 197283 7293 L a3s 2407 58 2408.02 T1.92 L
¥16 19015 1900.78 7205 L a3 2335.56 233593 T2.09 L
¥21 165546 165482 245.96 LGGG a3l 2205.53 2204.36 131.07 GL
¥21 1583.44 1582.77 7205 L a3l 2133.51 213276 721 L
¥in 151142 151087 719 L a3 2061.49 2060.79 T1.97 L
19 14394 1438.85 7202 L ale 181545 18147 246.09 GGGL
vI8 1367 38 1366.97 188 L als 174343 174276 T1.94 L
¥17 129536 1294.9%6 7201 L all 16134 161277 124999 GL
¥l& 1223.34 1223.08 7188 L all 154138 154083 T1.94 L
¥15 1151.32 1311 7198 L a0 1411.36 141097 129,86 GL
¥l4 1079.29 1079.13 7197 L al8 1281.33 1281.02 129.95 GL
1381
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 8.
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Decoding table of PLGA chain 8

Sito Bz Cale. Found Different Sequence Bz to Si Cale. Found Different Sequence
|M+Na]" 4448.03 4448 55 |M+Na]™ 444803 444855
¥l 406991 407325 k] S1-LGGG A 428596 4288 81 159.74 Bz-L
¥59 399788 4001.21 7204 L 263 421394 421694 TLA7 L
¥58 3925 86 392919 7202 L a6 414191 4145.11 TLE3 L
¥57 3E53.84 38573 7139 L asH JEO5EE 389832 246.79 CrGL
¥56 3781.82 37438 7292 L ash 376585 376%.09 121923 GL
¥55 3709.8 371274 7164 L ais 369383 36%6.34 7275 L
¥54 363778 3640.04 727 L as3 3563.8 356596 130.38 GL
¥50 339174 3393.81 246.23 LGGG asl 343378 343572 130.24 GL
b 31457 314715 246 66 LGGG a4l 330375 330554 130018 GL
¥43 2957.67 295875 1884 LGG a47 317372 317552 130002 GL
¥42 2885.65 288658 7217 L adh 31017 30254 7258 L
¥4l 275562 275635 13023 LG a45 3029 68 3030.88 7206 L
¥3§ 26256 26262 130015 LG a43 2E99.65 2900.78 1301 GL
¥a7 255358 2554.06 7214 L a39 265362 265337 24741 GOGL
¥35 242355 24239 130006 LG a38 2581.59 2582 T1.37 L
¥31 2177.51 2177.72 246 18 LG a37 250957 250097 7203 L
¥30 210549 210572 T2 L a3b 243755 243797 72 L
¥29 203347 203265 7307 L als 236553 23659 7207 L
¥I8§ 1961.45 1960.67 71.9% L ai4 2293.51 2293.84 7206 L
¥27 1889.43 188863 7204 L all 204747 204667 4707 GGGL
¥26 1817.41 1816.65 7198 L alf 191745 1916.74 12993 GL
¥22 1571.37 15707 24595 LGGG al? 184543 1844 65 7209 L
¥ 144134 1440.73 12997 LG als 17154 1714.67 12998 GL
¥19 136932 1368 8 7193 L a3 158537 1584.71 129,96 GL
¥vi§ 124973 129692 T1LEE L a2 151335 151282 7189 L
pall 1167.27 116691 130.01 LG aly 132532 1324 51 188.01 L
vi4 1037.25 1037.15 12976 LG als 107928 1079.07 24574 CrGL
183
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 9.
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Decoding table of PLGA chain 9

Si to Bz Cale. Found Dvifferent Sequence Bz to 5i Cale. Found Different Sequence
|M+Na]” 449008 4490 54 IM+Na]® | 449008 449054
wiil 4169.96 417312 317.32 51-LGG ald 4328 433065 15989 BzL
yirll 4097 94 4101.12 721 L ahd 425594 4258 72635 L
vae 4025 92 4029.01 7211 L ah2 4183 9% 4187.16 T84 L
¥38 3953 89 395614 T2HT L ash ELE TR RS 394043 246.73 Gl
¥a7 ELLIE 3EH3 63 231 L ash 3807.9 3E12.1 128.33 GL
¥vih 3E09 85 38121 7173 L ass ITI5EE 3740.02 TXO0B L
¥35 3TITHI 3740.02 T208 L as3 360585 360803 13154 GL
¥34 366581 366838 Tl.64 L asl 347582 TR0 12998 GL
¥a0 341977 34222 24618 LG a4l 33458 33483 129.75 GL
vi8 328975 3296 131.24 Lii ad7 32577 321887 129.43 GL
y47 321773 321887 T8 L adh 314375 314686 T201 L
i 31457 3146.86 201 L ads 307173 307282 T4.04 L
vid 3015.68 3016.53 130.33 LG a4l 20417 294252 130.3 GL
yd2 2EE5 .65 288619 130.34 Lii aly 269566 269505 24747 Gl
vl 2755.62 2756.06 130,13 LG alf 2623.64 262302 T2.03 L
v38 26256 262587 130.19 LG a37 2551.62 2550.81 7221 L
viT 2553 58 255279 T3.08 L a3 24796 247981 71 L
¥i5 2423 55 24237 129.0%9 Lii als 2407 58 240763 TR L
vil 2177.51 2176.52 24718 LG a4 2335.56 133568 TL95 L
¥vi0 210549 2104.5 7202 L a3l 208952 2088.5 24718 GGGL
¥19 2033 .47 2032 45 7205 L all 195%.49 195836 130014 GL
vI8 1961 .45 1960.44 7201 L al7 1887.47 1886.5 TLEG L
¥27 188943 1888 42 7202 L als 1757.45 1756.47 130003 GL
16 181741 181642 72 L all 162742 162651 12656 GL
y22 157137 1570.56 245 86 LGy all 1497 3% 14%6.61 1299 GL
y20 1441 .34 1440.59 129.97 LG al¥ 1367.37 136662 129949 GL
19 136932 1368 .68 7191 L alf 1295.34 1294 87 TLTS L
18 12973 129673 71895 L al7 122332 1222 86 T201 L
yl6 116727 11682 12991 LG als 10933 109297 12989 GL
vld 1037.25 1036.93 129.89 LG all #4726 #47.09 24588 GGGL
185
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 10.
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Decoding table of PLGA chain 10

Si to Bz Cale. Found Different Sequence Bz io Si Cale. Found Different Sequence
|M+Na|™ 4462.05 446198 |M+Na]™ 4462.05 446198
yhl 419993 4203.69 25829 S1-LG abd 429997 4303.05 158,93 Bz-L
il 4065 .91 407275 130.94 LG abd 422795 423248 T0.57 L
¥39 3997 8E 4001.14 T1.61 L ah2 415593 4159.56 7292 L
LEL] 392586 392929 7185 L asi 3009 85 3913.03 246.53 GGGL
¥37 EERER.2] 38563 7299 L ash ITTOET 3TH4 4% 128.55 GL
=L 3TE1 .82 378448 7182 L ass ATOT7.84 AT1L58 719 L
¥35 AT09.8 371158 729 L asd 35TTHL A5HL1T 130.41 GL
¥34 3637.7E 3640.06 7152 L asl 3447 TS 345096 130.21 GL
vil 3391.74 33943 24576 LGGG a4 330776 331946 1315 GL
v 31457 314724 247.06 LGGG a4T JIRT.T4 318938 130.08 GL
vi4 3015.68 3016.74 1303 LG a4s 305771 305909 130.29 GL
vl 2BES.65 2E86.61 130.13 LG atd 2985.65 2987.05 Ti04 L
v 2755.62 2756.53 13008 LG a4l 2913.67 291474 7231 L
hEL 26256 2626.31 13022 LG a3y 266T.63 266818 246.56 GOGL
¥i7 255358 255417 7214 L alf 2595.61 25%6.04 T114 L
vi5 242355 242396 13021 LG a3T 252359 252408 T1.9% L
¥il 217751 217785 246.11 LG adh 2451.57 2451.13 T295 L
¥ 2105.49 2104.75 731 L als 2379.35 237893 712 L
¥19 203347 2033.71 T1.04 L add 2307.53 230795 T0.98 L
vi8 1961 45 1960.77 71594 L all 2061 45 2061 8 24615 GGGL
¥27 1889 43 1889.77 71 L al 1931 .46 1930.77 131.03 GL
¥16 181741 1816.7 73.07 L alT 185%.44 185875 7202 L
¥i1 157137 1570.77 24393 LGGG als 172941 1728.75 130 Gl
¥2l 1499 35 1498 81 71.96 L all 1599.39 1598 81 12994 GL
¥l 142733 142689 71.92 L all 146536 146892 129.89 GL
vI& 124973 12%6.91 12998 LG al¥ 133933 1338 86 13004 GL
vlé 116727 1167.1 12981 LG als 104933 109314 24572 GGGL
vi4 103725 1037.17 12993 LG all B4726 #4746 245.68 GGGL
187
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 11.
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Decoding table of PLGA chain 11

Sito Bz Cale. Found Different Sequence Bzio Si Cale. Found Different Sequence
[M+Na| 4504.1 450438 [M+Na|” 4504.1 4504 38
y6l 424198 424433 260.05 S1-L abd 4284.01 428692 21746 Bz-(L
il 416996 417236 T1.97 L abl 4211.99 421532 Tl6 L
vl 4097 494 410088 T1.4%8 L abil 4139497 41434 7192 L
¥i0 4025.92 4028 42 7146 L a5y 395194 3957.19 186.21 GGl
LEL] 395389 395719 T1.23 L asT FET992 388359 T30 L
¥57 JEH1ET 358359 ER L as4 369189 3694 94 188.65 GOL
¥56 ELLLCR &) 3812.87 T0.72 L as3 361986 362283 7211 L
¥55 373783 374028 7259 L asi 343163 3434 54 187.99 GGL
¥54 366581 3668 31 T1.97 L a49 335981 336207 7277 L
¥53 359379 359598 7233 L a47 322978 323144 13063 GL
¥50 3405.T6 340776 18822 LGG a4l 298375 298477 246.67 GOGL
¥49 333374 33356 T116 L a4l 2853.72 285475 130,02 GL
v48 3261.72 3263.39 7221 L a4 27817 278247 7128 L
w46 313169 31332 130.27 LG a39 270468 271025 7222 L
vi44 3001 .66 300288 130.24 LG a38 2637.66 263822 J203 L
¥4l 287164 28715 130038 LG aldo 2507.63 2506935 131.27 Gl
y40 2741.61 274228 130,22 LG als 243561 2435 88 7107 L
vI8 2611.58 2612.11 130017 LG a3 2363.59 2363 87 7201 L
¥37 253956 2539492 7219 L a3l 2117.55 211669 24718 GoGL
¥35 240053 2409 8 130012 LG all 1987.52 198663 130004 GL
31 2163.5 216268 247.12 LG al7 1915.5 191468 7195 L
¥3n 2091 .48 20906 T1.08 L als 174548 178463 130,05 GL
¥19 2019.45 201858 7102 L all 1655.45 163469 12994 GL
¥17 188943 1888 63 12595 L all 1525.42 152473 12994 GL
v16 1817.41 1816.57 T2.06 L al® 13954 1354 82 12991 GL
¥15 174539 1744 62 T1.95 L al7 126337 1264 88 12994 GL
¥4 167336 167258 T1.04 L alé 1193.35 1193.03 TLE3 L
y11 154334 154264 12594 LG als 1121.33 1121.06 7199 L
vI8 12973 129691 245.73 LGGG alz 9333 93321 187 .85 GGL
vl6 1167.27 116696 125995 LG all 86127 26126 7195 L
vi5 109525 109303 T1.93 L alil 78925 THO.39 T187 L
189
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 12.
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Decoding table of PLGA chain 12

Sito Bz Cale. Faound DvifTerent Sequence Bz 1o 5i Cale. Found Different Sequence
M+Na]* | 451811 4518.76 [M+Na]* | 451811 4518.76

vb3 4314 4317.33 20043 Sl wh2 424002 | 424079 moe Bz-GGL
Vil 412597 | 4128.04 18929 LGG wbl 41638 4170.52 7027 L
¥59 405395 | 405639 TS L bl 409598 | 409852 T2 L
¥5R 398193 | 398423 1216 L ash 402396 | 402773 1079 L
v&T £ 391329 7094 L a3 308186 | 308317 Gdd dn GGGGG

GGGGG

GOGGGL
¥85 ERECET] 37827 130.59 LG w2 300984 | 301087 T4 L
¥&d 370786 | 371007 1263 L wdl 203781 193798 T189 L
&3 363584 | 363781 1226 L adll 286579 | 286661 7137 L
&2 35638 | 356708 T0.63 L a3y 2M377 | 279432 7229 L
¥51 349079 | 349378 Tid L als 254773 | 1547E1 2651 GGGL
Val 31977 | 32148 T3 L add 247571 247565 116 L
vl 334775 | 334925 21 L a33 240369 | 240368 7197 L
vls 327573 | 327744 TLE] L ail 233167 | 233187 7201 L
vi7 320371 3204 .89 72455 L adl 220164 | 220071 13096 GL
vl 313069 | 313289 72 L ald 212962 | 212946 7125 L
s 305967 | 306085 7204 L alf 2057 6 2057 51 7195 L
vl 298765 2988 8 T208 L al? 1985 58 1984 55 296 L
yd3 291563 | 291641 1239 L ali 1913 56 191248 7207 L
2 FITEN) 284395 T2d6 L als 184154 184057 7191 L
vl 277158 T T1.BS L ald 1769 52 176851 7106 L
i 269956 | 270004 T2.06 L all 1697 5 169655 7196 L
¥39 261754 | 262781 2N L all 162548 1624 58 7197 L
V38 25558 | 25554 7207 L all 155345 155264 T1.94 L
vi7 FITEE] 248266 T3.08 L all 1481.43 14R0.E1 T183 L
v36 241048 24117 T0.96 L al® 1409.41 1408 69 7212 L
v35 233946 | 233063 7207 L alf 133759 133679 T8 L
vi3 2943 | 220843 1312 LG al? 126537 1264 87 7192 L
viz 213741 213635 T208 L ali 119335 119291 7196 L
¥3l 206530 | 206434 1201 L als 112133 112093 7198 L
3l 199337 199233 1201 L ald 104931 104897 7196 L
v16 1747.33 1746.39 24504 LGGG ald 9T M 9771 TL87 L
15 1675.31 1674.37 T2 L all 005 26 532 TLT8 L
v 160329 1602.43 T1.94 L all B33 24 83328 T2.07 L
¥13 1531.27 1530.46 T1.97 L
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 13.
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Decoding table of PLGA chain 13

Si o Bz Cale. Found D¥ifTeremt Seiquence Bz 1o 5i Cale. Found Different Sequence

[M+Na]* | 458819 | 4588.41 [M+MNa]* | 43RE19 | 43841
63 438408 | 438677 20064 Si-L ahd A36E.11 4360 &8 21853 Be-GL
whl 425405 | 425589 130,88 LG bl A19600 | 429805 TLE3 L
il 418203 | 418489 T L ahl AXdaoe | 4226237 TLTR L
&0 4110 411297 T142 L abill 152 41548 T1.47 L
¥5E A3THY | 04002 T2 L ash 0RO A0E1.74 Ti.06 L
&7 6597 | 30eE.14 TLRE L ask 4008 401001 Tl L
53 mess | 312 24543 LGGG asT 393598 39384 7.3 L
&2 364791 364987 T2 R4 L aSi IERiSe | 3E6S.00 T241 L
¥51 57589 | 35TIMR T2 09 L @55 ERETET] ERL TR TL.14 L
=0 IB3RT | 350881 T217 L asd ELTE] TR T214 L
i IS | 343387 T2 L @53 36479 KL T1B4 L
i 135982 | 336145 T212 L R 357587 IZTITR T2 L
w7 IIRTR 3289.02 T2.43 L asl 350385 1505 .61 217 L
¥37 264373 | 260455 594,47 LGGGG sl JILES 343357 T2 L

GGG
y36 26217 2622.42 1213 L ad® 3359.81 136145 T2 L
¥35 254068 | 255037 T205 L adl IIRTTR | 32Ee2 T143 L
y34 TR | 24T7BA2 T205 L adT 38T 21736 T1.66 L
[EE] 0565 | 240624 T2 08 L ads 314375 4499 T3 L
¥iz 133363 | 133426 TLAE L ads 307173 T2 9% T3 L
¥31 al6l 236233 T203 L add 2099.71 00T TLI8 L
¥15 1894 5h 1899.11 36312 LGGGGG add 292768 | 2928.84 T4 L
yid 1827.54 1827.11 L L ad2 2855.66 2856.6 T2 L
¥13 1755.52 175513 TL9% L adl 2TRIA ITR4.5 7207 L
yi2 1683.49 1683.11 T2 02 L adi 271162 27282 T201 L
¥21 1611.47 16111 201 L add 2349 57 234937 36325 GGGGGL
0 1539.45 1539.14 T1.%6 L add 227758 27112 ] L
1% 146743 146721 L3 L adl 230553 230503 TR L
yI8 1395.41 139522 199 L adl 213351 2133.13 e L
¥17 132339 132324 TLA% L adil 206149 2061.1 T203 L
ylb 125137 125127 1.9 L all 198947 198901 T2 L
¥15 117935 117935 T4 L all 191745 1917.12 T1.ES L
yld 110733 110741 T L alk 131338 [EFERT] ELEET] G
GGGGL
¥13 10353 103547 T L alT 1251.35 1251.27 TLYT L
yi2 963,28 96355 T4 L ali 117933 117%.35 TL92 L
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GPC, MALDI-TOF, and MS/MS spectra of PLGA chain 14.
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Decoding table of PLGA chain 14

Sito Bz Cale. Found Different  Sequence Bz to 5§ Cale. Foumd Different  Sequence
[M+Nal* 465827 A659 |M+Nal* 465827 4659
yb3 5416 445597 203.03 Si-L b 9619 4498 25 160.75 Ba-L
61 438214 438269 7128 L us9 419215 419355 3047 GOGGL
bl 425211 415372 128.97 LG ufH 4120013 412221 7134 L
¥E9 4180.09 4181.25 Tr4AT L af7 4048.1 4049 84 7237 L
¥i8 4108.07 4110001 T1.24 L afh 76,08 39789 7094 L
¥57 403605 403767 T4 L uss .06 390519 EENT] L
¥ad 384801 385014 187.53 LGG Ex] 3IB3204 EEEERT 7198 L
¥&3 377599 IT76.93 7321 L E] 376002 376133 7188 L
¥E1 364597 b6 RS 130,08 LG usl ECT) 36E9.09 72 L
FEL] 357304 1575019 T1.66 L usl 361598 361692 7217 L
¥i9 350192 35038 T1.39 L ] 354396 354606 7086 L
¥ ER R 343092 TLER L wl? 7194 347328 TR L
ITH IS8R 13158 86 T106 L s 339991 3400.74 7254 L
i 328586 3642 T4 L w7 332789 332854 7132 L
yd5 321384 3498 Ti.d4 L i 3215587 325669 7185 L
i 34182 34283 T8 L w5 ETRER 318528 7141 L
ELE] EIT 0701 THO2 L udd 31183 31266 7262 L
yil 9778 1R 47 T34 L w3 03981 3040.77 T1.89 L
vl 22576 12676 TLT1 L adl man 179467 2461 GGGL
il 185373 IR54.73 TLO3 L il 72175 171278 7189 L
FEL] TR AT 72 L adh FEITIEE] 250254 13024 GL
REL] 10969 ITI0.78 T1.9% L als 2519.7 2520.76 7178 L
¥i7 263767 26388 TI98 L udl 133167 2331 .88 188 &8 GGL
36 156565 136674 T106 L adl 115965 2259.76 7212 L
yi5 29363 2494 67 TR0 L adl 218763 2187 .65 721 L
¥4 e | 22169 TrO8 L al® 1561 21672 70493 L
¥33 134959 135058 TLI11 L alf Hp4359 204376 7296 L
¥l X16l.55 Xlal.6d 188,94 LGG al? 1971.57 1971.63 7213 L
y19 HR9 53 RS 57 TrOT L alh 189954 1599 64 7199 L
¥17 1959.51 1959 .57 130 LG als 1827.52 1827 65 7199 L
¥26 1887.49 1ERT .53 TIO4 L ald 17555 175563 7202 L
¥12 1641.45 164151 246,02 LGGG HE] 1683.48 1683 56 7207 L
¥ 1569.43 136953 TI.98 L all 1611.46 1611.5% 20 L
il 149741 1497 ot L all 153944 1538 54 T L
yi9 142538 142549 7197 L alll 146742 1467 .56 198 L
vi® 135338 1353.47 7202 L al® 13954 1393 59 nw L
¥17 128134 1281 54 T1.93 L alf 132338 1323.52 72407 L
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A.3.3 MALDI-TOF/TOF tandem mass sequencing of the mixture

of the fourteen sequence-defined PLGAS

MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 8 (parent ion: 4448.80 Da).
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MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 4 and 10 (parent ion: 4462.84 Da).
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MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 9 (parent ion: 4490.79 Da).
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MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 1 and 11 (parent ion: 4504.980 Da).
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MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 2 and 12 (parent ion: 4518.83 Da).
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MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 5 (parent ion: 4532.97 Da).
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MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 3 and 6 (parent ion; 4546.86 Da).
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MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 7 (parent ion: 4575.07 Da).
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MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 13 (parent ion: 4589.21 Da).
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MALDI-TOF mass spectrum of mixed polymer resin and tandem mass spectrum of

PLGA chain 14 (parent ion: 4659.40 Da).
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Chapter 4: Nondestructive Sequencing of Enantiopure

Oligoesters by Nuclear Magnetic Resonance Spectroscopy

A.4.1 *H and ¥C NMR spectra of sequence-defined enantiopure

oL.Gs

'H and *C NMR spectra of LLLL.
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'H and '*C NMR spectra of LLLG.
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'H and '*C NMR spectra of LLGL.
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'H and '*C NMR spectra of LLGG.
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'H and '*C NMR spectra of LGLL.
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'H and '*C NMR spectra of LGLG.
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'H and '*C NMR spectra of LGGL.
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'H and *C NMR spectra of LGGG.
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'H and '*C NMR spectra of GLLL.
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'H and '*C NMR spectra of GLLG.
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'H and '*C NMR spectra of GLGL.
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'H and *C NMR spectra of GLGG.
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'H and '*C NMR spectra of GGLL.
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'H and *C NMR spectra of GGLG.
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'H and *C NMR spectra of GGGL.
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'H and '*C NMR spectra of GGGG.
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A.4.2 13C NMR sequencing results of octameric sequence-defined

oLGs

Decoding from **C NMR spectrum of Si-LLLLLLLL-AII.

8 Lunits 0 G unit
ke Pl us) 2l
e o o °
L-All
L ]
70.0 69.5 69.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppm
Decoding from **C NMR spectrum of Si-LLLGLLLL-AII.
7 L units 1 G unit
LWES) g e Si-L
° e o .
(D) L-All
; ol
70.0 69.5 69.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppm
Decoding from **C NMR spectrum of Si-LLGGLLLL-AII.
6 L units 2 G units
""(:'G} LE) siL
° . G(D)
LAl H
G(c) l 1 H n
L
)0 69.5 69.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppm
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Decoding from **C NMR spectrum of Si-LGGGLLGL-AII.

4 L units 4 G units
LG(F.G) SiL G(D) GG(B,C)
w * . e
L-Al
B VO S | g
70.0 69.5 69.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppm
Decoding from 3C NMR spectrum of Si-GGGGLGLL-AII.
3 L units 5 G units
Si-G ap) SG(B.Q)

70.0 69.5 €9.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppPm
Decoding from *C NMR spectrum of Si-GLGGGLLL-AII.
4 L units 4 G units
LL(FG) L(B) 5i-G G(D)
° ° i .
G(C) L-AIII I I
L ] L ]
70.0 69.5 69.0 68.5 68.0 67.5 67.0 62.0 61.56 61.0 60.5 60.0 59.5 59.0
ppm ppm
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Decoding from **C NMR spectrum of Si-GLGGGGGG-AII.

1 L unit 7 G units
L(B) Si-G GG-All g(F) G(D)
[ ] . L L] [ ]
G(C)
L]
70.0 69.5 69.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppm
Decoding from 3C NMR spectrum of Si-GGGGGLLL-AII.
3 L units 5 G units
LLEG) Had &bl Ga(ec)
e o ° °
L-All
L]
70.0 69.5 69.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
pPm ppm
Decoding from 3C NMR spectrum of Si-LGGGGGLL-AII.
3 L units 5 G units
e Gp)  GGIB.O)
GL(F.G) i LAl *
S L M
70.0 69.5 €9.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppm
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Decoding from **C NMR spectrum of Si-GGGGLLGL-AII.

3 L units 5 G units
I;G(F,G} S:G (D) GG(B,C)
® L ]
L-All
[ d
70.0 69.5 69.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppm
Decoding from 3C NMR spectrum of Si-GGGLLLLG-AII.
4 Lunit 4 G units
si-G  LLG-All GG(B,C)
3 A4 °
D)
L]
70.0 69.5 69.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppm
Decoding from 3C NMR spectrum of Si-GGGGGGGG-AIl.
0 L unit 8 G units
Si'GGG_A“ G(F) g(p) GGIB.C)
L ] oh ® .
70.0 69.5 €9.0 68.5 68.0 67.5 67.0 62.0 61.5 61.0 60.5 60.0 59.5 59.0
ppm ppm
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Chapter 5: Synthesis of Enantiomeric ®-Substituted
Hydroxyalkanoates from Terminal Epoxides: Building Blocks
for Sequence-defined polyesters and Macromolecular

Engineering
A.5.1 Characterization of HAs

Synthesis of 1

/\/LOH

(R)-pent-4-en-2-ol. Colorless oil (6.70 g, 63.8%) *H NMR (500MHz, CDCls): § 5.87 —5.76
(m, 1H), 5.13 (dd, J = 8.3, 7.5 Hz, 2H), 3.90 — 3.79 (m, 1H), 2.30 — 2.12 (m, 2H), 1.73 (s,
1H), 1.20 (d, J = 6.2 Hz, 3H).

Z O,Sl

(R)-tert-butyldimethyl(pent-4-en-2-yloxy)silane. Colorless oil (13.6 g, 87.0%) 'H NMR
(500MHz, CDCls): 6 5.81 (ddt, J = 17.4, 10.3, 7.2 Hz, 1H), 5.09 — 4.98 (m, 2H), 3.84 (h, J =
6.1 Hz, 1H), 2.18 (pd, J = 13.6, 6.6 Hz, 2H), 1.13 (d, J = 6.1 Hz, 3H), 0.89 (d, J = 2.8 Hz,
9H), 0.05 (s, 6H).

A)\ \S/
o~ o™

(R)-3-((tert-butyldimethylsilyl)oxy)butanal. Colorless oil (10.7 g, 78.0%) H NMR
(500MHz, CDCls): 8 9.79 (s, 1H), 4.42 — 4.29 (m, 1H), 2.62 — 2.40 (m, 2H), 1.23 (d, J = 6.2
Hz, 3H), 0.88 (d, J = 17.0 Hz, 9H), 0.07 (d, J = 7.7 Hz, 6H).
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(R)-3-((tert-butyldimethylsilyl)oxy)butanoic acid (1). Colorless oil (10.1 g, 86.8%) ‘H
NMR (500MHz, CDCls): 4 10.71 (br, 1H), 4.33 — 4.23 (m, 1H), 2.49 (dd, J = 5.8, 2.1 Hz,
2H), 1.24 (dd, J = 6.1, 2.1 Hz, 3H), 0.90 - 0.86 (m, 9H), 0.08 (dd, J = 6.9, 2.2 Hz, 6H). °C
NMR (126 MHz, CDCls) & 177.83, 65.79, 44.62, 25.96, 25.91, 25.84, 23.87, 18.08, -4.41, -
4.97. HRMS (ESI): calcd for C1oH2203Si-H™ [M-H]: 217.1260 Da; found: 217.1267 Da.

Synthesis of 2

A >"OH

(S)-pent-4-en-2-ol.. Colorless oil (6.42 g, 61.1%) 'H NMR (500MHz, CDCl3): §5.87 —5.76
(m, 1H), 5.13 (dd, J = 8.3, 7.5 Hz, 2H), 3.90 — 3.79 (m, 1H), 2.30 — 2.12 (m, 2H), 1.73 (s,
1H), 1.20 (d, J = 6.2 Hz, 3H).

Y
/\/\O’SI

(S)-tert-butyldimethyl(pent-4-en-2-yloxy)silane. Colorless oil (12.8 g, 85.9 %) 'H NMR
(500MHz, CDCly): § 5.81 (ddt, J = 17.4, 10.3, 7.2 Hz, 1H), 5.09 — 4.98 (m, 2H), 3.84 (h, J =
6.1 Hz, 1H), 2.18 (pd, J = 13.6, 6.6 Hz, 2H), 1.13 (d, J = 6.1 Hz, 3H), 0.89 (d, J = 2.8 Hz,
9H), 0.05 (s, 6H).

Y
04\/\0, |\’<

(S)-3-((tert-butyldimethylsilyl)oxy)butanal. Colorless oil (10.3 g, 80.3%) H NMR
(500MHz, CDCls): 8 9.79 (s, 1H), 4.42 — 4.29 (m, 1H), 2.62 — 2.40 (m, 2H), 1.23 (d, J = 6.2
Hz, 3H), 0.88 (d, J = 17.0 Hz, 9H), 0.07 (d, J = 7.7 Hz, 6H).
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(S)-3-((tert-butyldimethylsilyl)oxy)butanoic acid (2). Colorless oil (11.1 g, 92.2%) ‘H
NMR (500MHz, CDCls): & 10.93 (br, 1H), 4.33 — 4.23 (m, 1H), 2.49 (dd, J = 5.8, 2.1 Hz,
2H), 1.24 (dd, J = 6.1, 2.1 Hz, 3H), 0.90 — 0.86 (m, 9H), 0.08 (dd, J = 6.9, 2.2 Hz, 6H). 3C
NMR (126 MHz, cdcls) 6 177.95, 65.79, 44.67, 26.02, 25.96, 25.92, 25.84, 25.72, 23.89,
18.08, -4.42, -4.96. HRMS (ESI): calcd for CioH2203Si-H™ [M-H]: 217.1260 Da; found:
217.1264 Da.

Synthesis of 3

\/\/LOH

(R)-hex-5-en-2-ol. Colorless oil (8.20 g, 55.8%) 'H NMR (500MHz, CDCl3): § 5.82 (ddt, J
=16.9, 10.2, 6.7 Hz, 1H), 5.08 — 4.92 (m, 2H), 3.87 —3.75 (m, 1H), 2.23 — 2.04 (m, 2H), 1.76
—1.68 (m, 1H), 1.60 — 1.44 (m, 2H), 1.19 (t, J = 6.6 Hz, 3H).

\ /
\/\/‘\O/Si

(R)-tert-butyl(hex-5-en-2-yloxy)dimethylsilane. Colorless oil (15.1 g, 86.0%) 'H NMR
(500MHz, CDCls): 8 5.82 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.07 — 4.89 (m, 2H), 3.86 — 3.74
(m, 1H), 2.22 — 1.97 (m, 2H), 1.62 — 1.40 (m, 2H), 1.13 (d, J = 6.1 Hz, 3H), 0.96 — 0.84 (m,
9H), 0.03 (d, J = 13.5 Hz, 6H).

\/
o\ O,SI

(R)-4-((tert-butyldimethylsilyl)oxy)pentanal. Colorless oil (12.3 g, 80.7%) 'H NMR
(500MHz, CDCl3): 6 9.76 (d, J = 1.0 Hz, 1H), 3.85 (dg, J = 12.0, 6.1 Hz, 1H), 2.57 — 2.41
(m, 2H), 1.86 — 1.58 (m, 2H), 1.13 (d, J = 6.1 Hz, 3H), 0.86 (s, 9H), 0.03 (d, J = 6.3 Hz, 6H).
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(R)-4-((tert-butyldimethylsilyl)oxy)pentanoic acid (3). Colorless oil (11.5 g, 87.2%) H
NMR (500MHz, CDCls): 6 11.23 (s, 1H), 3.96 — 3.79 (m, 2H), 2.60 — 2.32 (m, 2H), 1.88 —
1.61 (m, 2H), 1.15 (d, J = 6.1 Hz, 3H), 0.88 (s, 9H), 0.05 (d, J = 2.3 Hz, 6H). 3C NMR (126
MHz, CDCls) 6 179.51, 67.61, 34.10, 30.29, 25.97, 25.83, 23.73, 18.19, -4.26, -4.71. HRMS
(ESI): caled for C11H2403Si-H™ [M-H]": 231.1417 Da; found: 231.1422 Da.

Synthesis of 5

/\/\/LOH

(R)-hept-6-en-2-ol. Colorless oil (9.60 g, 69.0%) *H NMR (500MHz, CDCl3): § 5.81 (it, J =
9.8, 6.7 Hz, 1H), 4.98 (dd, J = 28.5, 13.7 Hz, 2H), 3.81 (dd, J = 11.4, 5.6 Hz, 1H), 2.06 (t, J
=10.3 Hz, 2H), 1.56 — 1.33 (m, 5H), 1.19 (d, J = 6.1 Hz, 3H).

yZ O,Sl

(R)-tert-butyl(hept-6-en-2-yloxy)dimethylsilane. Colorless oil (17.6 g, 91.7%) 'H NMR
(500MHz, CDCls): 6 5.87 — 5.74 (m, 1H), 5.04 — 4.90 (m, 2H), 3.83 — 3.74 (m, 1H), 2.09 —
2.00 (m, 2H), 1.54 — 1.29 (m, 4H), 1.16 — 1.08 (m, 3H), 0.93 — 0.85 (m, 9H), 0.08 — 0.01 (m,
6H).

/\/\/’\ si
oF O,Sl

(R)-5-((tert-butyldimethylsilyl)oxy)hexanal. Colorless oil (17.6 g, 88.7%) 'H NMR
(500MHz, CDCly): § 9.74 (t, J = 1.8 Hz, 1H), 3.79 (dg, J = 12.1, 6.1 Hz, 1H), 2.45 — 2.38 (m,
2H), 1.78 — 1.54 (m, 2H), 1.49 — 1.35 (m, 2H), 1.15 - 1.08 (m, 3H), 0.89 — 0.83 (m, 9H), 0.06
—0.00 (m, 6H).
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(R)-5-((tert-butyldimethylsilyl)oxy)hexanoic acid (5). Colorless oil (17.6 g, 93.7%) 'H
NMR (500MHz, CDCls): 6 3.86 — 3.75 (m, 1H), 2.41 — 2.30 (m, 2H), 1.78 — 1.56 (m, 2H),
1.53 -1.37 (m, 2H), 1.18 — 1.09 (m, 3H), 0.92 — 0.84 (m, 9H), 0.08 — 0.01 (m, 6H). 1*C NMR
(126 MHz, CDCls) 8 180.46, 68.31, 38.96, 34.26, 26.02, 25.97, 23.86, 21.07, 18.25, -4.27, -
4.63. HRMS (ESI): calcd for C12H2603Si-H” [M-H]: 245.1573 Da; found: 245.1579 Da.

Synthesis of 6

O

N~

(R)-2-Hexyloxirane. Colorless oil (18.5 g, 44.0%) *H NMR (500MHz, CDCl3): § 2.90 (tt, J
=5.8, 3.1 Hz, 1H), 2.74 (t, J = 4.5 Hz, 1H), 2.46 (dd, J = 5.1, 2.7 Hz, 1H), 1.70 — 1.19 (m,
10H), 0.89 (t, J = 6.7 Hz, 3H).

= OH

(R)-Dec-1-en-4-ol. Colorless oil (12.0 g, 70.2%) *H NMR (500MHz, CDCls): § 5.90 — 5.76
(m, 1H), 5.19 — 5.08 (m, 2H), 3.69 — 3.59 (m, 1H), 2.36 — 2.07 (m, 2H), 1.57 (s, 1H), 1.51 -
1.39 (m, 3H), 1.33 (d, J = 32.6 Hz, 7H), 0.88 (t, J = 6.6 Hz, 3H).

\/

= O,SI\’<
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(R)-tert-Butyl(dec-1-en-4-yloxy)dimethylsilane. Colorless oil (19.12 g, 86.2%) *H NMR
(500MHz, CDCl3): & 5.82 (ddt, J = 17.5, 10.4, 7.2 Hz, 1H), 5.03 (dd, J = 9.0, 8.0 Hz, 2H),
3.68 (p, J=5.7 Hz, 1H), 2.27 — 2.12 (m, 2H), 1.46 — 1.20 (m, 10H), 0.88 (d, J = 9.0 Hz, 12H),
0.04 (s, 6H).

\/
07 o™

(R)-3-((tert-butyldimethylsilyl)oxy)nonanal. Colorless oil (13.1 g, 67.8%) 'H NMR
(500MHz, CDCls): 8 9.81 (t, J = 2.5 Hz, 1H), 4.17 (p, J =5.9 Hz, 1H), 2.51 (dd, J =5.6, 2.5
Hz, 2H), 1.56 — 1.45 (m, 2H), 1.36 — 1.21 (m, 8H), 0.92 — 0.84 (m, 12H), 0.08 — 0.03 (m,
6H).

o) </

HO oS

(R)-3-((tert-butyldimethylsilyl)oxy)nonanoic acid (6). Colorless oil (13.6 g, 98.0%) H
NMR (500MHz, CDCls): 6 10.57(br, 1H), 4.08 (dt, J = 13.8, 6.8 Hz, 2H), 2.51 (qd, J = 15.2,
5.4 Hz, 4H), 1.61 — 1.46 (m, 4H), 1.28 (s, 16H), 0.88 (d, J = 10.4 Hz, 23H), 0.09 (d, J =5.9
Hz, 11H). **C NMR (126 MHz, CDCl3) § 177.56, 69.54, 42.30, 37.51, 31.91, 29.43, 25.89,
25.18, 22.72, 18.11, 14.21, -4.40, -4.74. HRMS (ESI): calcd for CisH3,03Si-H™ [M-H]*:
287.2043 Da; found: 287.2049 Da.
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Synthesis of (1-L)n

DIC

R S S-S 5SS SY VS

DCM, r.t.. 12h

1-L. Colorless oil (8.8 g, 92.1%); *H NMR (500 MHz, CDCl3) & 7.39 — 7.31 (m, 5H), 5.23 —
5.05 (M, 3H), 4.33 — 4.22 (m, 1H), 2.50 (ddd, J = 20.5, 14.8, 6.5 Hz, 2H), 1.49 (d, J = 7.1 Hz,
3H), 1.19 (d, J = 6.1 Hz, 3H), 0.85 (s, 9H), 0.04 (d, J = 12.6 Hz, 6H); 13C NMR (126 MHz,
CDCls) § 171.23, 170.81, 135.47, 128.73, 128.54, 128.29, 77.41, 77.16, 76.91, 68.65, 67.11,
65.91, 44.54, 25.88, 23.99, 18.10, 17.08, -4.37, -4.88.

Xs“*kﬁ¢%v©

(1-L)2. Colorless oil (5.6 g, 91.4%); 'H NMR (500MHz, CDCL): § 7.39 — 7.30 (m, 4H), 5.30
(h, J= 6.4 Hz, 1H), 5.21 - 5.11 (m, 3H), 5.01 (q, /= 7.1 Hz, 1H), 4.30 — 4.23 (m, 1H), 2.79
—2.40 (m, 4H), 1.50 (d, J = 7.1 Hz, 3H), 1.45 (d, J=7.1 Hz, 3H), 1.29 (d, J = 6.3 Hz, 3H),
1.21 (d, J= 6.1 Hz, 3H), 0.87 — 0.83 (m, 9H), 0.07 — 0.02 (m, 6H).

N

(1-L)s. Colorless oil (4.1 g, 92.4%); 'H NMR (500 MHz, CDCls) § 7.41 — 7.29 (m, 5H), 5.35
= 5.24 (m, 3H), 5.22 — 5.09 (m, 3H), 5.08 — 4.98 (m, 3H), 431 — 421 (m, 1H), 2.80 - 2.39
(m, 8H), 1.51 — 1.43 (m, 12H), 1.35 — 1.19 (m, 12H), 0.85 (s, 9H), 0.04 (d, J = 13.6 Hz, 6H);
13C NMR (126 MHz, CDCL3) & 170.07, 169.77, 169.47, 169.39, 169.35, 135.42, 128.75,
128.57, 128.31, 77.41, 77.16, 76.91, 69.03, 68.70, 68.55, 68.53, 68.46, 67.19, 65.91, 44.52,
40.27, 25.88,24.01, 19.75, 19.71, 18.10, 16.99, 16.95, 16.89, 16.87, -4.37, -4.87.

N e e

(1-L)s. Colorless oil (3.1 g, 88.5%); 'H NMR (500 MHz, CDCl3) § 7.40 — 7.27 (m, 5H), 5.29
(h,J=63 Hz, TH), 5.22 — 5.10 (m, 3H), 5.07 — 4.96 (m, 7H), .31 — 4.20 (m, 1H), 2.58 (dddd,
J=63.6,20.5, 153, 6.2 Hz, 16H), 1.47 (dt, J = 12.0, 6.1 Hz, 24H), 1.35 — 1.20 (m, 24H),

0.85 (s, 9H), 0.04 (d, J= 13.6 Hz, 6H); '>*C NMR (126 MHz, CDCl3) 3 171.12, 170.47, 170.06,

169.75, 169.45, 169.35, 135.41, 128.73, 128.55, 128.30, 77.41, 77.16, 76.91, 69.06, 68.98,
68.56, 68.51, 67.17, 65.89, 44.50, 40.25, 40.22, 25.87, 24.00, 19.73, 18.09, 16.86, -4.38, -
4.88; M, and D (GPC): 1660 Da and 1.01; MS (MALDI-TOF): caled for CeoH02033Si+Na*
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[M+Na]": 1509.60 Da; found: 1509.79 Da.

N e e

(1-L)1s. Colorless oil (2.4 g, 86.1%); 'H NMR (500 MHz, CDCl3) § 7.41 — 7.29 (m, 5H), 5.29
(h,J=6.4 Hz, 15H), 5.21 - 5.11 (rn 3H), 5.07 —=4.97 (m, 15H), 4.32 — 4.22 (m, 1H), 2.80 —
2.38 (m, 32H), 1.51 — 1.43 (m, 48H), 1.35 — 1.19 (m, 48H), 0.85 (s, 9H), 0.04 (d, J = 13.7

Hz, 6H); 1*C NMR (126 MHz, CDCls) § 169.76, 169.37, 128.74, 128.56, 128.31, 77.41, 77.16,

76.91, 69.03, 68.69, 68.54, 68.45, 67.18, 65.90, 44.50, 40.25, 40.22, 25.88, 24.01, 19.75,
19.71, 18.10, 16.99, 16.95, 16.88, -4.37, -4.88; M, and P (GPC): 3210 Da and 1.03; MS
(MALDI-TOF): calcd for Ci2sH13:06sSi+Na* [M+Na]": 2774.06 Da; found: 2774.58 Da.

>(S| /\)]\ /kn/l: /\)J\ J\% < /(]
(1-L)32. Colorless oil (1.8 g, 80.7%); 'H NMR (500 MHz, CDCl3) 6 7.40 — 7.30 (m, 5H), 5.29
(h, J=6.4 Hz, 31H), 5.22 — 5.11 (m, 3H), 5.02 (dq, J=14.2, 7.1 Hz, 31H), 4.31 — 4.22 (m,
1H), 2.79 — 2.39 (m, 64H), 1.52 — 1.43 (m, 96H), 1.35 — 1.19 (m, 96H), 0.85 (s, 9H), 0.04 (d,
= 13.8 Hz, 6H); 3C NMR (126 MHz, CDCl3) § 169.76, 169.37, 128.74, 128.56, 128.31,
77.41, 77.16, 76.91, 69.03, 68.69, 68.54, 68.45, 67.18, 65.90, 44.50, 40.22, 25.88, 24.01,

19.75, 16.99, 16.95, 16.88, -4.37, -4.88; M, and & (GPC): 7100 Da and 1.03; MS (MALDI-
TOF): caled for Ca37H3420120Si+Na*™ [M+Na]™: 5302.99 Da; found: 5302.81 Da.
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