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Abstract 

THE IMPORTANCE OF MINOR SEQUENCE ALTERATIONS ON THE 

HYDROLYSIS BEHAVIORS OF DEGRADABLE POLYESTERS 

 

Jamie Andrew Nowalk, PhD 

 

University of Pittsburgh, 2019 

 

 

 

 

The extent to which small changes in monomer sequence affect the behaviors of biological 

macromolecules is studied regularly, yet the dependence of bulk properties on small sequence 

alterations is underexplored for synthetic copolymers.  Investigations of this type are limited by 

the arduous syntheses required, lack of scalability, and scarcity of examples of polymer systems 

that are known to exhibit sensitive sequence/property dependencies. Our group has previously 

explored the hydrolysis behaviors of a library of sequenced poly-(lactic-co-glycolic acid)s 

(PLGAs) and found a strong correlation with the L-G sequence. To investigate the degree to which 

properties are dominated in this system by relatively minor sequence changes, L-G sequences were 

incorporated into cyclic macromonomers, and these macromonomers were subjected to entropy-

driven ring-opening metathesis polymerization. This polymerization method produces polymers 

with molecular weight control and sequence preservation, both being required for studies in which 

subtle sequence changes are compared. 

Two hydrolysis studies were performed in which a precisely sequenced polymer containing 

a base alternating sequenced segment, LGLGL, was compared against 1) a copolymer in which 

the LGLGL segment was randomized, i.e., L3G2, thus confining disorder within this short segment, 



 v 

and 2) the base sequence doped with varying, small quantities of LGGGL “error” segments. In this 

first hydrolysis study, molecular weight decrease, mass loss, thermal behaviors, and film/surface 

characteristics were monitored to reveal stark differences in degradation behaviors despite the 

confinement of errors within a short segment. In the second hydrolysis study, degradation rate 

proved tolerant to substitutions up to 1% of the monomers but accelerated significantly when the 

error population was larger. 

In instances where copolymer properties are dependent on monomer order, sequence 

engineering expands the functional capabilities of a given set of monomers. Investigations of how 

localized, property-dominating sequence segments affect behavior may aid researchers in 

establishing synthetic methods to either incorporate or eliminate such sequences for the 

preparation of materials for advanced function. 
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1.0 Introduction 

1.1 Overview 

Portions of this introduction were adapted from: Swisher, Jordan H.; Nowalk, Jamie A.; 

Washington, Michael A.; Meyer, Tara Y. Chapter 15: Properties and Applications of Sequence-

Controlled Polymers, Sequence‐Controlled Polymers; Lutz, J.-F., Ed.; Wiley: 2017. 

1.2 Significance 

Traditional Poly-(lactic-co-glycolic acid) (PLGA) is a random sequence, bioresorbable 

polyester used in biological engineering as degradable sutures, drug delivery platforms, cell 

scaffolds, and degradable films with property tunability possible by varying monomer composition 

and molecular weight.1-10 The Meyer group has previously demonstrated, using polymers prepared 

by a step-growth synthesis, that the hydrolytic degradation of PLGA is dramatically affected by 

monomer sequence. While much was learned in prior studies about hydrolytic property 

dependence as a function of periodic sequence, the employed step-growth mechanism used to 

prepare sequenced PLGAs provided no molecular weight control, unpredictable yields, and limited 

scalability. Due to these synthetic limitations, comparisons between only subtle changes in 

sequences and the effectiveness to which they swayed properties remained challenging. 

The extent to which small changes in monomer sequence affect the behaviors of biological 

macromolecules is studied regularly, yet the dependence of bulk properties on small sequence 
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alterations is underexplored for synthetic copolymers.  Investigations of this type are limited by 

the arduous syntheses required, lack of scalability, and scarcity of examples of polymer systems 

that are known to exhibit sensitive sequence/property dependencies.11 In order to perform studies 

of this type on PLGAs, whose hydrolysis properties are highly sequence dependent, a synthetic 

method to prepare scalable and reproducible materials with molecular weight control is critical. 

The work described herein, along with the founding work of Weiss, et al. and Short, et al., 

describes a method to prepare precisely-sequenced PLGA-like copolymers that involved the ring-

opening polymerization of sequenced macrocycles, a method that provides molecular weight 

control, the reproducible preparation of materials, and appropriate scalability for bulk studies. This 

method has made it possible to vary monomer sequence to only a small degree and to combine 

distinct sequences into a single copolymer while providing identical molecular weights across 

samples. The prepared materials were subjected to hydrolysis and astoundingly small sequence 

alterations that interrupted a base alternating sequence were found to significantly affect 

degradation profiles. As researchers further investigate the property effects of sequence, the 

combination of a “base sequence” and discrete amounts of a property-dominating sequence 

segment may expand the range of properties for a given copolymer. 

1.3 Synthetic Methods Toward Sequence Controlled Polymers 

A decade ago, Lutz and coworkers described sequence-controlled polymerizations as the 

next “Holy Grail” in polymer science.12 Since then, increased efforts in controlled syntheses have 

made it possible both to  prepare varying sequence isomers of the same collection of comonomers 

and to compare polymer properties as a function of sequence. The work described in this thesis 
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involves both sequence/property studies and the synthetic development on which they rely and, 

therefore, what follows is a general overview of synthetic methods in the field that have aided in 

the inspiration of this work. Selected terminology commonly used in the field of sequence-

controlled polymers is included in Table 1. 

Table 1. Definitions of sequence-controlled polymer terms. 

Term Definition 

Oligomer Chain of one or more monomers that comprises a unique 

periodic sequence with dispersity > 1 and low degree of 

polymerization 

Segmer Chain of one or more monomers that comprises a unique 

or periodic sequence with dispersity = 1 and low degree of 

polymerization 

Block length The degree of polymerization of segmers/oligomers 

comprising a multiblock copolymer 

Block dispersity A metric that expresses the range of block lengths present 

in a multiblock copolymer 

Microstructure The arrangement of monomers in a polymer, oligomer, or 

segmer 

Sequence Isomers A set of polymers, oligomers, or segmers with the same 

monomer composition but different microstructures 

Repeating-Sequence 

Copolymer 

A copolymer containing sequences of 2-10 monomers 

repeated throughout a chain, or a periodic copolymer 

 

The epitome of a macromolecule in which monomer sequence dictates function can be 

considered DNA, which Nature prepares by a templated approach to encode unique genetic 

information for every living being. In synthetic polymer science, our ability to assemble complex 

sequences is comparatively underdeveloped. The overwhelming majority of non-biological 

sequenced materials requires at least a moderate degree of iterative synthetic steps to build 

complex sequences outside the regime of blocky, tapered, or gradient microstructures, which at 

the most fundamental level limits the efficacy and practicality of syntheses. Researchers have, 

however, made impressive strides in synthetic chemistry to overcome this challenge to prepare 

functional sequence-controlled polymers.12-15 
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Mimicking Nature’s strategy to encode information, Lutz and coworkers employ iterative 

phosphoramidite couplings on a solid support to build up sequences from a single monomer at a 

time.16, 17 Similar to this approach, high efficiency preparations of biologically-inspired 

polypeptoids have been developed by Zuckermann and coworkers18-22 as well as Segalman and 

coworkers.23, 24 Recently, work by the Johnson group has developed a similarly efficient method 

that exploits flow chemistry that they term Iterative Exponential Growth, in which monomers are 

sequentially coupled to dimers, tetramers, octamers, and so on, while installing switchable 

sequences and stereocenters.25, 26 Elegant methods such as these, which often benefit from 

automation, are able to produce virtually any sequences based on input monomers but suffer from 

a relatively low molecular weight limit and/or restricted scalability due to the requirements of 

distinct functional groups for quantitative couplings, excess reagents, and excessive washings. 

The synthesis of sequence-controlled polymers is also approached from a different 

perspective, which commonly sacrifices the ability to prepare any sequence imaginable for coarse 

control in monomer composition throughout a chain (i.e. statistical, alternating, gradient, blocky) 

in addition to periodic sequences (i.e. (ABC)n or (BAC)n). These methods benefit from greater 

scalability. Polymers with monomer distribution control are commonly prepared using controlled 

radical polymerizations including atom-transfer radical polymerizations (ATRP)27 and reversible 

addition-fragmentation chain transfer polymerizations (RAFT).28-31 In the preparation of more 

defined sequences, repeating-sequence copolymers (RSCs) are often prepared using multi-

component reactions such as Ugi and Passerini reactions32, 33 and various step-growth 

polymerizations.34 In developing a route toward sequenced copolyesters, or periodic PLGAS, a 

polymerization method in this latter category of sequence installation was optimal for future bulk 

property studies. 
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1.4 Preparation of Sequenced PLGAs and Similar Copolymers 

Previous work in the Meyer group has stablished that the hydrolysis properties of PLGAs 

are sequence-dependent.35-37 In the current thesis, we explore this sequence dependence further by 

preparing PLGA-like copolyesters with molecular weight control. PLGAs are a class of Food and 

Drug Administration (FDA)-approved biodegradable copolymers that have become a staple in 

biological engineering.13 Comprising lactic and glycolic acid monomer units, PLGAs are 

traditionally produced by a metal-catalyzed random-sequence ring-opening copolymerization of 

the six-membered rings lactide and glycolide.  Importantly, this reaction does not allow for 

sequence control in PLGAs—only the L:G ratio, the absolute stereochemistry of L used in the 

feed, and molecular weight can be controlled. The most common metal catalyst in this process is 

tin(II) octanoate, or Sn(Oct)2, which is a food additive approved by the FDA, commercially 

available, and easy to handle.14 In industry, PLGAs are named according to the stereochemistry 

and percent content of lactic acid, two factors affecting the mechanical properties and hydrolysis 

behavior of the materials.15 Though PLGAs are rich in application, their function during hydrolysis 

is limited by sudden loss of mechanical properties, burst releases of guest molecules, acidic pH, 

and composition drift due to the more facile elimination of glycolic acid monomers from the 

polymer matrix.5, 7, 38 Our group hypothesized that sequence control in PLGAs could improve upon 

these functional shortcomings. 
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Figure 1. Synthetic overview depicting methods toward sequence-controlled polyesters, including segmer-

assembly polymerization (top) and entropy-driven ring-opening metathesis polymerization (bottom). 

 

The Meyer group has used both segmer assembly polymerization (SAP) and entropy-

driven ring-opening metathesis polymerization (ED-ROMP) to prepare sequenced PLGAs, as is 

outlined in Figure 1. Using the SAP methodology the Meyer group has synthesized a family of 

sequenced PLGAs and polymers containing 6-hydroxyhexanoic acid (C) from 15-36 kDa with 

various lactic acid content and stereochemistry by utilizing orthogonal protecting groups, and has 

demonstrated that monomer sequence has a dramatic effect on properties.9-13,17 The deprotected 

sequence is first synthesized, and this synthesis is followed by a condensation polymerization with 

diisopropylcarbodiimide (DIC) and amine catalyst dimethylaminopyridinium 4-toluene sulfonate 

(DPTS), reagents incapable of inducing transesterification (or sequence scrambling). Prepared in 

this fashion, the alternating, stereopure copolymer termed Poly LG (L = Ls) became of interest 
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due to its largest deviation in behavior when compared to its random-sequence analog during in 

vitro degradation studies –  linear molecular weight decrease, a zero order release profile of loaded 

guest molecule rhodamine-B, minimal swelling and water-uptake, and extended retention of 

mechanical properties.9,10,12 Additionally, a brief in vivo study indicated that Poly LG 

microparticles both outlast the random PLGA and provoke a lessened inflammatory response when 

subcutaneously injected into mice samples and allowed to degrade.37 Highlights of these 

sequence/property comparisons are shown in Figure 2. The underlying cause of these property 

deviations was hypothesized to be the complete elimination of G-G linkages, as hydrolysis rates 

are known to proceed as: G-G > L-G , G-L > LL. Though the SAP method has successfully 

demonstrated these properties are sequence-dependent, this methodology is limited by low 

polymerization yields and lack of molecular weight control, so a new polymerization method was 

pursued. 
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Figure 2. Hydrolysis behaviors of devices prepared from sequenced and random poly-(lactic-co-glycolic 

acid)s. (A) Photographs of pellets as a function of hydrolysis time. Reproduced with persmission from 

Elsevier. (B) Internal pH measurements and scanning-electron microscopy images of polymer microparticles 

during hydrolysis. Reproduced with permission from Elsevier. 

 

More recently, the Meyer group developed a new synthetic approach to sequenced 

copolymers using ED-ROMP, which involves the ring-opening of strainless macrocycles typically 

greater than 14 atoms into polymer chains.22 The polymerization is thermodynamically driven 

since the conformational flexibility of polymer chains is entropically favored over rings at high 

concentrations. Additionally, monomer conversion is typically high, limited by ring-chain 

equilibrium.23 Resembling a chain polymerization, ED-ROMP allows molecular weights to be 

predicted from the mole percent of initiator present – i.e., the number of catalyst molecules 

determines the number of polymer chains initially produced.24 
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Metathesis has led to the efficient syntheses of drugs and plastics by providing a high 

throughput route to carbon-carbon bonds19, and has recently been employed in the synthesis of 

sequenced macromonomers and copolymers.18 The development of particular Grubbs catalysts 

such as Grubbs second and third generation catalysts, Hoyveda-Grubbs catalyst, and Z-selective 

Grubbs catalyst have brought about a wide range of metathesis capabilities, including cross 

metathesis, ring-closing metathesis (RCM), and metathesis polymerizations. Most notably, Grubbs 

second generation (G2) is air/moisture stable and is chemically tolerant of functional groups such 

as acids and alcohols.19 Additionally, a Z-selective Grubbs (Nitrato Grubbs, GN) catalyst has made 

it possible to attain primarily cis-olefins as products. Both G2 and GN have been employed in the 

Meyer group for RCM to prepare macrocyclic oligomers bearing LG sequences that undergo ED-

ROMP.20,21  

1.5 Bulk Property Sensitivity in Sequence Controlled Polymers 

1.5.1  Overview 

The understanding of how monomer sequence affects the properties of synthetic 

copolymers is underdeveloped when compared to our knowledge of how sequence alterations 

affect the properties of natural macromolecules such as DNA and proteins. Aside from general 

sequence alterations such as blocky, gradient, and tapered microstructures, from which the 

majority of all sequence/property relationships are reported,11 monomer-by-monomer 

sequence/property relationships can be categorized into either solution phase or bulk phase studies 

(Figure 3). In the solution phase categories, studies may typically be grouped into systems that 
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involve either molecular folding, aggregation, or recognition, and these studies represent the 

majority of work in the field. This volume of work is due to solution-phase studies requiring less 

material for measurements and, therefore, synthetic scalability is a less limiting factor in 

experimental design. Despite the demand for more material in more comprehensive bulk-phase 

studies, there is still a considerable body of work in this category that will be discussed further 

herein. 

 

Figure 3. Classes of sequence-dependent properties. Molecular properties lead to solution- and solid-phase 

properties as well as complex behaviors. Reproduced with permission from Wiley-VCH Verlag GmbH & Co. 

1.5.2  Bulk Properties of Stereosequenced PLAs 

As stereosequence has shown to affect bulk properties for a variety of polymers such as 

poly(ethylene-co-norbornene),39 poly(1-butene),40 poly(methyl methacrylate),41 and 
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polystyrene,42, 43 it is not surprising that the monomer order in copolymers may affect bulk 

properties. Homopolymers comprising monomers that are either prochiral or chiral can be regarded 

as types of sequenced copolymers, even when the repeat units are identical in atomic composition. 

Moreover, stereosequences in this class have been extensively studied and there exists a body of 

data that links properties to the control of the tacticity of polymer chains. While detailed tacticity 

studies have not been performed on the bulk properties of PLGAs, closely-related poly-(lactic 

acid) (PLA), which involves the chiral lactic acid monomer, has exhibited bulk properties that are 

significantly sensitive to tacticity.44-48 

PLA is widely studied because the polymer, which is well-known for biodegradability, can 

be prepared with a high degree of stereosequence control by the ring-opening polymerization of 

the various lactide monomers: (R,R)-lactide and (S,S)-lactide, meso-lactide, and the rac-lactide 

mixture of (R,R)- and (S,S)-lactide.49, 50 Not surprisingly, the degree of order in the bulk polymer 

affects the thermal properties of PLA and, therefore, tacticity directly affects these properties. 

Atactic PLA (PDLA) is generally an amorphous solid with glass transition temperature (Tg) = 32 

℃, whereas isotactic PLA (PLLA) is a highly-crystalline polymer with Tg = 55 ℃ and Tm = 175 

℃.51 Catalyst development by Coates and coworkers provided a route to syndiotactic PLA,52 as 

well as heterotactic PLA, which contains alternating stereo pairs (...SSRRSSRR...). The heterotactic 

polymer exhibits a higher glass transition but a lower melting temperature than the syndiotactic 

analogue.51, 53 

A gradient PDLA-PLLA copolymer prepared by Spassky and coworkers exhibited an 

elevated melting temperature,54 while the stereoblock isotactic copolymer prepared by Coates, 

which alternates between PDLA and PLLA blocks, exhibited a melting point higher than the 

isotactic analogue, due to the formation of a stereocomplex.55 Additionally, Ishii and coworkers 
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demonstrated a direct relationship between the isotactic stereoselectivity (Pmeso) during the 

polymerization of rac-lactide and melting temperature,56 and Abe and coworkers observed a 

similar relationship with Tm and isotacticity in alternating copolymers of lactic acid and 4-

hydroxybutyrate.34  

Hatzikiriakos and coworkers recently compared rheological and mechanical properties of 

PLAs of varying tacticity.51 Primarily atactic, heterotactic, syndiotactic and isotactic PLAs with 

high molecular weights were prepared and underwent testing to acquire intrinsic viscosity, zero 

shear viscosity, elongational viscosity, plateau modulus, linear viscoelastic moduli, decomposition 

temperatures, and average relaxation times of each polymer. One of the key findings in this study 

was that the molecular weight between entanglement (Me) varied substantially as a function of 

tactiticy: syndiotactic > heterotactic > atactic > isotactic. As Me increases and aggregate domains 

increase in size the polymer becomes stiffer and more stable. 

Beyond the scope of PLA and degradable polyesters a variety of copolymers have exhibited 

bulk properties that are sequence-dependent. In the current thesis, a base alternating sequence is 

manipulated in order investigate the sensitivity of hydrolysis behaviors as LG alternation is 

interrupted. Similar investigations, which compare alternating sequenced copolymers and random 

analogs, exist in the literature and will be discussed further. 

1.5.3  Alternating vs. Random Comonomer Sequences 

Due to the unique synthetic accessibility of alternating copolymers, they represent some of 

the most commonly reported sequenced copolymers and, not surprisingly, the comparison of 

alternating copolymers relative to random analogues is the most studied. Fortunately, this 

comparison is of significant importance, especially when contrasted, as is often done, with the AB 
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block copolymer of the same composition. As these three sequences represent key points on the 

monomer distribution continuum, it is expected that their properties will define for many polymers 

the range of behaviors that could be expected for any sequence with the same A:B monomer ratio.  

The effects of sequence on the copolymer miscibility have been extensively studied.57, 58 

Galvin and Winey and coworkers, for example, investigated the sequence effects on phase 

behavior in polymer blends of block, random or alternating poly(styrene-co-methyl methacrylate) 

with corresponding homopolymers.59, 60 Using both microscopy and thermal characterization they 

confirmed that the alternating copolymer was more miscible than block and random copolymers 

in a blend with PMMA.  

The degree of sequence control affects the ability of copolymers to exhibit property-

directing interchain interactions. Colquhoun and coworkers found that the alternating copolymer 

of an aromatic sulfone and an aromatic ketone was fully amorphous while the random copolymer 

was partially crystalline.61 In a later study, they found the opposite was true in an aromatic 

poly(ether ketone) system where the introduction of randomness through controlled 

transetherification led to decreased crystallinity.62 

Choe and company compared a series of well-defined and random aromatic copolyesters 

and aromatic copolyesteramides and reported distinct differences in thermal properties in both 

systems, wherein the random analogues displayed lower and more broad Tgs and higher 

decomposition temperatures (Tds).63 Kricheldorf and coworkers saw similar broad thermal 

transitions in a random copolyester when compared to an alternating analogue.64  

Akashi and coworkers investigated sequence effects on the thermal and mechanical 

properties of alternating and random poly(dimethyl siloxane) – polyamide copolymers.65  The 

random polymers showed two Tgs, one each for the hard and soft block, while the alternating 
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polymer showed only one Tg. The random polymer had a Young’s modulus 7 that of the 

alternating polymer, a larger tensile strength, and a lower elongation at break, leading to the 

conclusion that the random polymer behaves like a thermoplastic elastomer while the sequenced 

polymer behaves like a soft rubber.  

Halary and coworkers compared the properties of random and alternating styrene-methyl 

methacrylate (SM) copolymers and observed that the alternating copolymer exhibited a higher loss 

modulus and lower strain softening amplitude at low temperatures, higher strain softening 

amplitude at high temperatures, lower pseudo-equilibrium modulus of the entanglement network 

and a lower Tg.
66  They speculate the properties in the copolymers are likely dictated by the ability 

of acrylate groups to interact, which is facilitated in random copolymers, as well as the distribution 

of MSM triads throughout the backbone. 

The Kim group directly compared random and alternating donor-acceptor conjugated 

copolymers and found a higher Td, open-circuit voltage, short-circuit current density, power 

conversion efficiency and more ideal charge transfer properties for the alternating polymer, due to 

the consecutive linkages of electron-deficient acceptor units acting as a charge trap.67 Lee and 

coworkers, examining a more subtle difference in sequence, compared inherently alternating 

donor-acceptor thiophene-based copolymers which, while maintaining an overall alternating AD 

pattern, embedded two different donors in either an alternating or random fashion, i.e., D1AD2A 

vs D1/2AD1/2A.68 The more sequenced polymer shows a higher ΧC, a larger optical bandgap and a 

500% higher power conversion efficiency than the random analogue. 



 15 

1.5.4  Reports of Sequence Effects on Bulk Properties 

Although uncommon, there have been some relevant reports of small populations of a 

sequence alteration affecting properties. The most prevalent studies typically involve solution-

phase properties, particularly polymer folding,21, 69-71 aggregation,22, 72-78 and molecular 

recognition.79-82 In the bulk phase, this phenomenon is even less studied but there are some notable 

examples including the work of Winey and co-workers who determined that small alterations in 

sidechain spacing can affect morphological order in ionomers,83-86 Jannasch and co-workers who 

described the sensitivity of proton conductivity to small deviations in monomer spacing,87 and 

Segalman and co-workers who described the dependence of surface structure and hydration of 

polypeptoids on the positioning of discrete sequences within a chain.88 Previous work in the Meyer 

group has indicated that the hydrolytic behaviors of sequenced PLGAs may exhibit this caliber of 

sequence sensitivity to consecutive glycolic acid units in a chain. 

In systems that exhibit a clear sensitivity to sequence, the realm between fully sequenced 

and random copolymers may be explored to obtain copolymers with combinations of properties 

that are distinctly unique. The approach of using known monomers to prepare new polymers by 

diverse monomer arrangements is both economical and practical. 

1.6 Thesis Overview 

Meyer and coworkers have observed that an alternating PLGA, termed Poly LG, exhibited 

dramatic deviation in hydrolysis behaviors when compared to its random sequence counterpart, 

and this wide divergence of behavior begs the following question: how tolerant are the hydrolysis 
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properties of PLGAs to deviations in this alternating sequence? In this dissertation, we describe 

the synthesis of PLGA-like copolymers that is first developed to provide copolyesters with 

controlled molecular weights on a scale that allows for bulk hydrolysis studies, in addition to two 

hydrolysis studies that employ this synthetic method – one including the comparisons between a 

base alternating sequence and a derivative containing a slightly scrambled sequence, and the 

second including the comparisons between a base alternating sequence and copolymers with 

varying degrees of a glycolic acid error that interrupts the base sequence. 

In Chapter 2 of this dissertation, the preparation of sequence-controlled polymers using 

ED-ROMP is described. The scalable synthesis of large, sequence-imbedded macrocycles is 

optimized, followed by studies regarding the establishment of molecular weight control, sequence 

retention, living polymerization conditions, block copolymerizations, and additional monomer 

incorporation to elevate the Tg for hydrolysis studies.  

In Chapter 3 of this dissertation, the synthesis of an ED-ROMP copolymer containing a 

repeating LG alternating sequenced pentamer (LGLGL), interrupted by a linker unit, is described 

alongside the synthesis of a copolymer of identical monomer composition with sequence disorder 

confined to the pentamer segment (L3G2). These two copolymers, the precisely sequenced and 

“controlled random” copolymers, were cast as thick films and allowed to hydrolyze. Molecular 

weight loss, mass loss, thermal properties, and surface features were monitored to reveal drastic 

differences in hydrolysis behaviors despite only a small change in sequence precision. 

In Chapter 4 of this dissertation, macrocycles containing the same LGLGL segment as 

described in Chapter 3 and a macrocyclic “errormer” containing an LGGGL segment are combined 

in varying quantities to prepare five copolymers of differing error content. The molecular weight 
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and surface features of these polymers were monitored during hydrolysis to establish the tolerance 

to sequence errors for this PLGA-like system. 
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2.0 Synthetic Advances toward Sequence-Controlled Polyesters with Molecular Weight 

Control 

2.1 Overview 

The majority of content in this chapter was previously published in the Journal of the 

American Chemical Society, Volume 141, Issue 14, Pages 5741 - 5752, in an article entitled 

“Sequence-Controlled Polymers Through Entropy-Driven Ring-Opening Metathesis 

Polymerization: Theory, Molecular Weight Control, and Monomer Design.” This publication also 

includes the original work by Ryan M. Weiss, PhD, Amy L. Short, PhD, and Cheng Fang, PhD, 

who experimentally and computationally investigated the preliminary synthetic routes from which 

this chapter is built. Ryan M. Weiss investigated the reactivities of varying olefin linkers in 

addition to performing kinetic experiments and molecular weight control studies using trans-

macromonomers. Amy L. Short investigated the reactivity of the cis-macromonomer variant by 

performing kinetic experiments, molecular weight control studies, chain extension experiments, 

and preliminary block copolymerizations with norbornene.  Cheng Fang contributed theoretical 

insight by performing molecular dynamics-density functional theory (MD-DFT) calculations to 

establish the cause of the heightened reactivity of the cis-macromonomer. 

My contributions to this polymerization method began with the preparation of unsymmetric 

monomers prepared via ester ring-closing, molecular weight control studies on this type of 

monomer, olefin connectivity determination, and the insertion of a syringic acid monomer unit. 

Additionally, I continued the work of Amy Short in preparing block copolymers using a cis-
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macromonomer in addition to norbornene and cis-cyclooctene. The following chapter particularly 

highlights these contributions. 

In this chapter, the development of scalable and controllable syntheses of sequence-

controlled polyesters using ED-ROMP is described in detail. Additionally, this chapter includes 

the description of alternative synthetic routes toward sequenced polyesters that did not produce 

material for further studies. These methods include an N-carboxyanhydride polymerization as well 

as a ring-opening transesterification polymerization. 

2.2 Introduction 

There exists a clear demand for the development of general, scalable, and controllable 

synthetic methods for imbedding monomer sequence in synthetic copolymers both to enable the 

production of novel materials for applications and to define more clearly how sequence controls 

properties. The effects of monomer sequence on polymer properties are well-established in Nature, 

wherein precise monomer order can be directly mapped to macromolecular function. In synthetic 

polymer chemistry, in contrast, sequence control and the derivation of structure/function 

relationships have been limited to a variety of more easily accessible motifs including alternating, 

gradient, or blocky structures.89-91 The attainment of a more detailed understanding has been 

inhibited by the challenges inherent in preparing precisely sequenced copolymers with molecular 

weight control. In the few classes of materials for which data have been obtained, the majority of 

the work has focused on solution phase properties; the most studied systems include peptoids,24, 92 

foldamers,23, 69, 71 and systems exploiting molecular recognition moieties.82, 93, 94 Bulk-phase 
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structure/function studies, which typically require gram-scale quantities,95 are extremely rare.19, 20, 

24, 49, 51, 68, 85, 96-100 

Our group has long been interested in understanding the connections between sequence 

and properties in non-biological polymers. In the course of that work we have developed synthetic 

routes to periodically sequenced poly(lactic-co-glycolic acid)s (PLGA)s and established that bulk 

phase behaviors during hydrolysis are extremely dependent on constituent monomer sequence.35-

37 Our interest in this class of polymers and their behavior arose because of their potential for 

application as degradable sutures, drug delivery vehicles, and cell scaffolds.3, 5, 7, 9, 38, 101   The 

random version of this class of polymer, which is widely used and FDA-approved, exhibits a 

degradation profile that is controlled primarily by molecular weight and the ratio of lactic (L) to 

glycolic acid (G) monomers.7 Our work on periodic PLGAs demonstrated that monomer sequence 

is an even more powerful tool for controlling hydrolysis behavior,  facilitating not only rate control, 

but also affecting the retention of mechanical properties, swelling, internal pH, lactic acid release, 

and release of guest molecules in vitro.35-37  

Despite our successes in carrying out structure/function studies on sequenced PLGAs, the 

scalable and controllable syntheses of these polymers remained an ongoing challenge. Our original 

synthetic efforts relied on materials prepared by a step-growth synthesis in which hydroxy-acid 

sequenced oligomers (segmers) were first prepared and then polymerized.  Using this segmer-

assembly polymerization (SAP) method, we were able to prepare a large range of periodic 

copolymers. Although moderately scalable, SAP provided no molecular weight control, 

unpredictable yields, poor reproducibility, and relatively large dispersities (Ð = 1.5 – 1.8). These 

issues limited the accuracy and scope of structure/function studies for these materials. 
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Figure 4. Overall synthetic approach involving ring-closing to prepare macrocycles with embedded monomer 

sequences and sequence-retaining metathesis polymerizations. Reproduced with permission from the 

American Chemical Society. 

 

To address these synthetic limitations, we sought to develop a general method of preparing 

sequence-controlled polymers that proceeded, at least initially, via a chain-mechanism pathway.  

Specifically, we targeted entropy-driven ring-opening metathesis polymerization (ED-ROMP), 

which has been used previously to polymerize cyclic macromonomers.102-111 We sought to prepare 

sequenced macrocyclic oligomers (MCOs) containing LG segments, a “linker” monomer to 

connect these segments that would not dominate bulk properties,112 and an olefin-metathesis site 

(Figure 4). This new polymerization approach was expected to improve molecular weight control, 

decrease dispersity, and achieve higher molecular weights than those obtained by the step-growth 

SAP methodology. In previous publications,113, 114 we reported our initial successes using this 

approach, detailing how ED-ROMP functions in this system and how we were able to introduce 

living character into the polymerization through a simple trans- to cis-olefin substitution. 
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Figure 5. Living polymerization character as it relates to the relative rates of propagation (kpr) and secondary 

metathesis (ksm) in entropy-driven ring-opening metathesis polymerization. Reproduced with permission 

from the American Chemical Society. 

 

ED-ROMP has been used previously to polymerize strainless macrocycles, typically 

containing greater than 14 atoms, with entropy serving as the primary driving force for the reaction 

(Figure 5).102 High concentration is used to favor polymer chains over cyclic species. The 

molecular weight and dispersity observed at any timepoint in the reaction depend on the rate of 

propagation (kpr) relative to that of secondary metathesis (ksm).115-117 It should be noted that 

termination reactions are not typically observed in these systems on the timescale of a normal 

polymerization.  Final molecular weights and dispersities are a function of monomer-to-catalyst 

loading ([M]/[cat]), ring-chain equilibrium, and overall concentration.102, 118 ED-ROMP typically 

results in dispersities greater than 1.1 due to competing secondary metathesis/backbiting (chain-

transfer) reactions. 
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Although unmodified ED-ROMP does allow for molecular weight control, the prevalence 

of secondary metatheses of the newly produced olefin backbone interferes with the ideal behavior 

that would be expected for a system in which kpr is much greater than ksm.  Such a system would 

be expected to behave in a more “living” fashion, giving chains that grow steadily and similarly in 

molecular weight. Knowing that these rates depend on the steric accessibility of the olefin,119  we 

have investigated, both theoretically and experimentally, the effects on mechanism and living 

character of the olefin geometry.114   Our findings resulted in the description of a new variant that 

we termed Selectivity-Enhanced ED-ROMP, or SEED-ROMP. Living polymerization character 

was observed during SEED-ROMP due to the dramatic increase in kpr. Computational analysis 

suggested that this increase is primarily the result of a greater ensemble of metathesis active cis-

olefin conformers that result from decreased structural flexibility.  

As the polymerizations of metathesis-linker-containing MCOs produced polymers with Tgs 

of 18 - 20 ℃, which are lower than that required for most biomedical applications (~ 40 - 50 ℃), 

we sought to improve upon these synthetic advancements and prepare an MCO without the Eg 

linker, thus breaking the palindromic symmetry of the macrocycles and resulting polymers. This 

was achieved by ring-closing via macrolactonization of a hydroxy-acid segmer, followed by 

exploitation of this modular approach to incorporate a biocompatible monomer that would elevate 

Tg further without dominating other properties such as degradation rates. We were inspired by the 

Miller group to include syringic acid (Sy), a phenolic acid antioxidant found in grains and plant 

cell walls.112, 120 The incorporation of this rigid monomer into the polymer backbone brought about 

a polymer that can be prepared with the same improved scalability and molecular weight control, 

along with a similar Tg to pure PLGAs. This copolymer system ultimately became an ideal 

candidate to study how hydrolysis behaviors are affected by small changes in sequence. 
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This chapter comprises a progression of synthetic developments that build upon the 

previous work of Weiss et. al.113 and Short et. al.114 (Scheme 1) in utilizing ED-ROMP to 

polymerize sequenced MCOs. The current work includes optimization of block copolymerizations 

of MCOs using SEED-ROMP, the synthetic details leading to non-palindromic MCOs, the 

demonstration of molecular weight control during the polymerization of these novel 

macromonomers, and the incorporation of syringic acid to elevate Tg. The synthetic developments 

outlined in this chapter form the basis of the bulk-scale comparisons of minor sequence effects in 

these polyesters during hydrolysis. Lastly, the scalable, controllable preparation and 

polymerization of these MCOs sans linkers is desirable yet synthetically challenging. Other, less-

successful methods to produce sequenced PLGAs with minimal to no linker incorporation were 

investigated and are discussed herein, including the N-carboxyanhydride (NCA) polymerizations 

of sequenced MCOs and ring-opening transesterification polymerizations (ROTEP). 
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Scheme 1. Utilizing ED-ROMP to prepare sequence-controlled polyesters with controllable molecular 

weights. A) Structures of Grubbs Second Generation Catalyst (G2) and Z-Selective Grubbs Nitrato Catalsyt 

(GN). B) Ring-closing metathesis reactions and subsequent polymerizations. C) Selectivity-enhanced entropy-

driven ring-opening metathesis polymerization to produce a block copolymer with norbornene. Figure 

adapted with permission from the American Chemical Society. 

2.3  Results and Discussion 

2.3.1  Optimization of SEED-ROMP Block Copolymerizations 

In the preparation of palindromic MCOs, synthesis begins with orthogonal protections of 

L or G monomers—acid moieties with benzyl (Bn) groups and alcohols with tert-
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butyldiphenylsilyl (TBDPS) groups. Ester couplings with dicyclohexylcarbodiimide (DCC) and 

nucleophilic amine catalyst DPTS provide di-protected hydroxyacids which are named from the 

acid-terminus to alcohol-terminus. Removal of the Bn group via hydrogenolysis provides free 

acids and removal of the TBDPS group with TBAF provides free alcohols that are then available 

for sequential cycles of couplings and deprotection.  Under these reaction conditions little or no 

transesterification is observed.  

MCO cis-Eg(LGLM)2 was prepared as described in the literature by Short et. al.114 The 

symmetric coupling of trimer LGL-Si to Eg was performed to prepare the palindromic, di-

protected species Eg(LGL-Si)2 which then underwent complete silyl deprotection in the presence 

of TBAF and acetic acid. The resulting diol Eg(LGL)2 was coupled to 4-pentenoic acid (M) to 

give an acyclic diene, Eg(LGLM)2. Ring-closing metathesis (RCM) with Z-selective Grubbs 

Nitrato catalyst (GN) 121
 provided the MCO product in excellent yield, with ~90% cis-selectivity. 

The Z-selective RCM is highly reproducible but requires extremely low concentrations (0.001 M), 

reflux (DCE) under high vacuum, and 10-15 mol% catalyst loadings.114, 122 

It was previously observed that polymerization of cis-Eg(LGLM)2 with G2 at high 

concentration (0.7 M) resulted in polymerization rates and molecular weight control exceeding 

those observed with the isomer trans-Eg(LGLM)2. The reaction solution becomes an immobile 

gel after 2 min, and conversion reaches >90% after only 10 min. In contrast, the trans-

macromonomer requires 2 h to reach this conversion. 

Polymer molecular weights exceeded 60 kDa, and secondary metathesis was significantly 

reduced as can be seen from the narrow dispersities (Đ = 1.1) throughout the course of the reaction. 

Consistent with a chain mechanism, monomer conversion was linear with time. Molecular weight 

was linear over an extended range of catalyst loadings, enabling molecular weights between 40 

3 
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and 75 kDa to be targeted. These results are consistent with incomplete initiation but a high degree 

of living character, such that the number of active chain ends is proportional to catalyst loading. 

The presence of active catalysts on the majority of chains was further demonstrated by successful 

chain extension experiments. In the first of these experiments, a second aliquot of cis-MCO was 

added to an already formed SEED-ROMP chain. Coplotting of the size exclusion chromatography 

(SEC) data demonstrates an increase in Mn with no increase in dispersity. 

As we were interested in determining the degree to which these polymerizations could be 

considered living, we carried out block copolymerizations with cis-Eg(LGLM)2 and hydrophobic 

monomers (Figure 6).  Preliminary data from Short114 suggested that block copolymerization with 

the commonly-used, strained ROMP monomer norbornene (NBE) had potential for success, so 

this was investigated further. To prepare block copolymers, the initial polymerization of the MCO 

was followed by the addition of ROMP monomer. 
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Figure 6. Representative size exlclusion chromatograms of SEED-ROMP-b-ROMP copolymerizations with 

norbornene. (A) 5 mol% G2, SEED-ROMP 10 min, ROMP 20 min, RT. (B) 2.5 mol% G2, SEED-ROMP 10 

minutes, ROMP 10 minutes, RT. (C) 2.5 mol% G2, SEED-ROMP 10 minutes, ROMP 2 minutes, 0 ℃. 

Reproduced with permission from the American Chemical Society. 

 

When the experiment was undertaken with NBE, block copolymers ranging from 60-90 

kDa were obtained. These polymers, however, exhibited significant secondary metathesis resulting 

in unpredictable final molecular weights and considerable increases in dispersities (Figure 6).  

Attempts to control the block formation by controlling reaction time and temperature resulted in 

only small improvements. Each time block addition was repeated, a clear increase in molecular 

weight with minimal increase in dispersity was observed within 1 min, but molecular weight 

quickly decreased and broadened in dispersity thereafter, eventually leading to bimodal molecular 

weight distributions. However, 1H NMR spectra remained clean in the G methylene region, 

indicating that the polyester block did not suffer from significant secondary metathesis and the 
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uncontrollable molecular weights originated from the highly reactive norbornene block. It is worth 

mentioning that there exist copious variants of functionalized norbornenes that offer more 

control,123-125 but these derivatives were not investigated in this current proof of principle study. 

 

Scheme 2. SEED-ROMP-b-ROMP copolymerization with cis-cyclooctene. Scheme adapted with permission 

from the American Chemical Society. 

 

The significant increases in dispersities and small increases in molecular weights could 

also indicate that a significant portion of chain ends were deactivated and unable to undergo block 

extension. To address this possibility, the experiment was repeated with less-strained cis-

cyclooctene (COE) (Scheme 2), which is known to have a smaller kpr than NBE during 

polymerization with G2,123 a feature that can be exploited to allow catalyst quenching before the 

complete depletion of monomer and, therefore, before significant secondary metathesis reactions 

can occur.126-129 In this case, block addition was achieved with no increase in dispersity and 

molecular weights of ~70 kDa (Figure 7). This result is consistent with the conservation of a high 

percentage of active chain ends.  As the process would not be expected to be purely living, 

however, some degree of chain transfer is expected. 

It is worth noting that ROMP monomers such as NBE and COE may be functionalized to 

potentially attach deliverable payloads into biological systems for controlled release, or initiate 

micellar self-assembly.127, 130, 131 SEED-ROMP is therefore an exceptionally powerful tool in 

engineering materials for controlled and precise function. 



 30 

 

Figure 7. (A) 1H NMR spectra for cis-Eg(LGLM)2, polymerization to 50 kDa Poly Eg(LGLM)2, and Poly 

Eg(LGLM)2-b-COE. (x denotes CH2Cl2) (B) SEC traces of control and block extension using NBE 

(unpurified), displaying large dispersity due to secondary metathesis. (C) SEC traces of control and block 

extension with COE (unpurified). Reproduced with permission from the American Chemical Society. 

2.3.2  Macrocyclic Oligomers via Macrolactonization: Linkage Directionality and 

Scalability 

Although the palindromic monomers were moderately scalable, we were able both to 

improve scalability and remove the Eg unit by de-symmetrizing the open-chain oligomer and 

incorporating the olefin as an intact unit. This method, which exploits macrolactonization132 to 
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achieve the ring-closing, benefits from eliminating the large ruthenium catalyst loadings required 

for RCM and can be used to obtain similar yields using 30x less solvent. 

Additionally, the nonsymmetrical monomers provide linkage directionality more closely 

resembling virgin PLGAs with acid and alcohol termini. In this fashion, sequenced precursors 

LMLGLGLG and SyLMLGLGL were ring-closed at low concentration at 60 ℃ in 

dichloroethane charged with the coupling agent DCC and DPTS catalyst. Slow addition of the 

oligomer over the course of 16 hr. provided the desired product in yields >85%. Polymerization of 

these MCOs produced polymers with a conservation of order within each MCO-derived segment 

but head-tail disorder at the olefin connector as evidenced by 1H NMR spectroscopy (Figure 10). 

 

Scheme 3. Preparation of alcohol-protected LGLGLG-Si segmer. 

 

To prepare the octamer LMLGLGLG, first the alternating hexameric sequence 

LGLGLG-Si was prepared (Scheme 3) and attached to an olefin-containing segment. The 

syntheses of the dimer GL-Si and trimer Bn-LGL-Si were carried out according to Weiss, et al.17 

Bn-LGL-Si was silyl deprotected in the presence of tetrabutylammonium fluoride (TBAF) and 

acetic acid in THF in an 86% yield to obtain Bn-LGL, which was then coupled with GL-Si via 

DCC, DPTS in methylene chloride to yield Bn-LGLGL-Si in an 83% yield. Another silyl 
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deprotection with 77% yield resulted in Bn-LGLGL, which was then coupled to G-Si to obtain 

Bn-LGLGLG-Si. A benzyl deprotection with palladium on carbon in the presence of hydrogen 

gas yielded the hexamer LGLGLG-Si with a 96% yield. 

 

Scheme 4. Preparation of Poly LMLGLGLG. 

 

To undergo ED-ROMP, this sequence was attached to an olefin handle, deprotected, and 

ring-closed to yield the macrolactone Cyc-LMLGLGLG (Scheme 4). Bn-L was coupled with 

excess trans-β-hydromuconic acid (M) with DCC and DPTS in THF to give Bn-LMuc with a 61% 

yield. The resulting carboxylic acid was reduced by borane-tetrahydrofuran complex in THF with 

a 73% yield to obtain the primary alcohol named Bn-L-Mucol. Upon coupling with LGLGLG-

Si, the open-chain di-protected monomer Bn-LMLGLGLGLG-Si was prepared with a 93% yield. 

This compound was then benzyl deprotected with triethylsilane in the presence of triethylamine 

and catalytic palladium acetate, a reaction selective to benzyl reduction over alkene reduction.133 

Silyl deprotection then yielded LMLGLGLG, which was then ring-closed using DCC and DPTS 
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under dilute conditions and a sixteen-hour addition of starting material. The resulting macrocyclic 

oligomer was obtained in 84% yield. Cyc-LMLGLGLG was polymerized at room temperature 

using G2 at high concentration (0.7 M) to promote polymerization over non-productive 

intramolecular ring forming reactions. 

2.3.3  Syringic Acid Incorporation to Elevate Tg 

As the ED-ROMP of M-containing MCOs produced polymers with Tgs of 18 - 20 ℃, 

which are lower than that required for most biomedical applications (~ 40 - 50 ℃), we exploited 

the modular nature of the synthetic method to incorporate a biocompatible monomer that would 

elevate Tg (Scheme 5). We were inspired by the Miller group to include syringic acid (Sy), a 

phenolic acid antioxidant found in grains and plant cell walls.112, 120 Thus, the segmer 

SyLMLGLGL was ring-closed via lactonization, and polymerized to prepare Poly 

SyLMLGLGL with Mns up to 45 kDa. The polymer exhibited the targeted increase in Tg to 50 ℃ 

(Figure 8). 

 

Scheme 5. Preparation of Poly SyLMLGLGL. 
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Figure 8. Differential scanning calorimetry thermograms of Poly LMLGLGLG and Poly SyLMLGLGL. 

2.3.4  Establishing Molecular Weight Control 

The ability to control the molecular weights of polymers prepared from these novel 

substrates is important for demonstrating that macrolactonization is both a scalable and effective 

addition to this synthetic method. Molecular weights were varied from 22-43 kDa by varying the 

percentage of G2 loading from 1.0 - 3.0%, resulting in dispersities from 1.3 – 1.5. Molecular 

weights were slightly above theoretical for higher catalyst loadings, and slightly below theoretical 

below catalyst loadings of 1.25% (Figure 9), an observed feature of ED-ROMP.25 Though the 

molecular weight trend is not perfectly linear, the trend is apparent, highly reproducible, and 

sufficiently similar to those obtained during the polymerizations of the palindromic MCOs (Figure 

9B). 
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Figure 9. Molecular weights as a function of catalyst loading from palindromic monomers trans-Eg(LLCM)2, 

cis-Eg(LGLM)2, and unsymmetric trans-LMLGLGLG. (A) Size exlusion chromatographs of Poly 

LMLGLGLG at varying catalyst loadings. (B) Plots of molecular weights as a function of catalyst loading. 

Figure adapted with permission from the American Chemical Society. 

2.3.5  Monomer Conversion and Regiochemistry 

The diastereotopic methylene protons on the glycolic acid units, when adjacent to a chiral 

lactic acid unit, provide resolved proton resonances due to preferred solution-phase conformations. 

These resolved signals have confirmed SAP monomeric sequences extensively.23 In ED-ROMP, 

the signals are disinct between monomer and polymer and can be integrated to calculate monomer 

conversion. 



 36 

Neither trans-LMH-TLGLGLG nor trans-SyLMH-TLGLGL polymerized 

regioselectively. Thus, a statistical distribution of head-tail connectivities of 50% head-tail MH-T, 

25% head-head MH-H, and 25% tail-tail MT-T resulted, as evidenced by the distinct 1H NMR olefin 

signals (Figure 10). This analysis confirms that the selected M linker is long enough to eliminate 

local electronic effects of constituent monomers. We hypothesize that the selectivity could be 

improved by using a tri-substituted olefin although those experiments were not performed in this 

study.107, 134-138 The conversion of trans-SyLMLGLGL to Poly SyLMLGLGL can be similarly 

followed spectroscopically (Figure 10B). 

2.3.6  Sequence Characterization 

The exquisite sensitivity of the diastereotopic G methylene protons provide a fingerprint 

of sequence in 1H NMR spectra. We have previously determined that in some instances the 

chemical shifts of these protons are affected by sequence differences up to six monomer units 

away, and as little as 2% sequence error can be easily resolved.139 As such, we are able to clearly 

characterize and differentiate copolymers with a range of structures. In addition to general 

characterization and confirmation of sequence, this sensitivity also makes it possible to monitor 

quantitatively the progress of the polymerization reaction as a function of time and isomer. 

 

4 



 37 

 

Figure 10. 1H NMR spectroscopy and MALDI-TOF mass spectrometry characterization of sequence fidelity. 

(A)1H NMR spectra of olefin and methylene resonances of trans-LMLGLGLG (top) and Poly LMLGLGLG 

(bottom), displaying head-tail olefin resonances, and MALDI-TOF spectrum of low molecular weight cyclic 

Poly LMLGLGLG. (B) 1H NMR methylene resonances of trans-SyLMLGLGL (top) and Poly SyLMLGLGL 

(bottom); and MALDI-TOF spectrum of low molecular weight cyclic Poly SyLMLGLGL. Reproduced with 

permission from the American Chemical Society. 

 

The palindromic MCOs provided the simplest spectra.  Pairs of doublets in which cis- and 

trans-olefin composition can be monitored allowed us to monitor RCM conformational selectivity 

and polymerization kinetics. The unsymmetric MCOs obtained via macrolactonization displayed 

more complex methylene resonances, yet ring-opened chains could still be fully distinguished from 

monomer (Figure 10).  

In addition to NMR spectroscopy as a sequence characterization tool, we have previously 

demonstrated the power of MALDI-TOF mass spectrometry to characterize the fidelity of 

sequenced polyesters, even in cases where only the most volatile shorter chains in the distribution 

are observed.140 In the currently reported ED-ROMP copolymers, a similar analysis consists 

primarily of chains whose molecular weights are multiples of the MCO masses. Peaks for sequence 

errors that either add, omit or substitute monomers within repeat units are weak or not observed. 
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2.3.7  Synthesis of N-Carboxyanhydride-Containing Macrocycles 

The development of synthetic methods to prepare molecular weight- and sequence-

controlled polymers with reaction handles that impart minimal property effects on the resulting 

copolymers is a non-trivial problem in the field of polymer chemistry.112 Some of the most notable 

examples in the literature that demonstrate exceptional polymerization control incorporate bulky, 

property-dominating linker groups.16, 135, 141 While our ED-ROMP methodology requires the use 

of a conformationally-flexible metathesis linker, whose property effects can be counteracted with 

the addition of other monomers (see section 2.2.3), we still aimed to reduce the linker-

incorporation when preparing sequenced polyesters while still maintaining molecular weight 

control through a chain-growth mechanism. 

 

Scheme 6. Intended preparation of Poly LGLGL“G” from an N-carboxyanhydride-containing macrocycle. 

 

A reactive functional group, which is used to prepare well-defined polypeptides, is the N-

carboxyanhydride (NCA) functionality that is prepared from the coupling of a carboxylic acid and 

primary amine facilitated with phosgene derivatives. The resulting cycle, traditionally a 5-

membered ring, can be ring-opened using appropriate initiators to produce monodisperse 
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polypeptides, driven by the loss of CO2 (g).142-145 We sought to imbed an NCA reaction handle 

into a sequenced MCO by first coupling commercially-available N-Boc-glycine (N-Boc-“G”) to 

Bn-LGLGL, followed by a traditional NCA ring-closing reaction with triphosgene (Scheme 6). 

Bn-LGLGL“G”-Boc was prepared in good yield, followed by Bn hydrogenolysis (H2 (g), Pd/C) 

and Boc-deprotection (TFA/CH2Cl2). Repeated attempts to ring-close the open-chain species 

LGLGL“G” with triphosgene in the presence of proton-scavenger α-pinene or triethylamine 

resulted in the formation of a new species as evidenced by TLC, which may have been the targeted 

product. Unfortunately, this species proved unstable, decomposing before isolation. 

The repeated inability to isolate pure product in the ring-closing reaction, coupled with the 

fact that traditional NCAs require rigorous pre-polymerization purification steps that severely limit 

scalability,146, 147  led us to no longer pursue this polymerization method.  However, ongoing 

developments in facile NCA synthesis with truncated work-up procedures provide hope for a 

similar method to be used for the purposes of sequence control in the future.146 

2.3.8  Entropy-Driven Ring-Opening Transesterification Polymerization 

The entropy-driven ring-opening polymerization of large lactones has been achieved 

previously through enzymatic polymerizations, organocatalyzed polymerizations, and transition-

metal catalyzed transesterification reactions, and we sought to polymerize sequenced 

macrolactones to obtain an alternating copolymer with molecular weight control. This method 

would not only produce pure PLGAs but would benefit from even greater scalability.  The 

successful execution of polymerization mechanism requires the delicate balance of inducing 

enough transesterification to open the unstrained rings while minimizing transesterification within 

the newly-formed polymer chains. 
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Scheme 7. Macrolactonization of open-chain LGLGLG segmer leading to ring-closed species. 

 

Our synthesis employed with the standard ester coupling techniques described previously 

to produce the alternating open-chain hexamer LGLGLG. Using the identical macrolactonization 

conditions as described above resulted in a nearly 50:50 mixture of Cyc-LGLGLG and its 

corresponding dimer (a dodecamer) Cyc-LGLGLGLGLGLG (Scheme 7). Surprisingly, the two 

major products were, to an extent, separated by column chromatography (Figure 11) and multiple 

polymerization techniques were investigated on both MCOs. 

 
Figure 11. 1H NMR spectra overlay of macrolactonization product reaction mixture and the corresponding 

hexamer and dodecamer. 

 

Polymerization of these large MCOs via ring-opening transesterification polymerization 

(ROTEP) proved challenging, with molecular weights generally plateauing at 4 kDa and broad 

molecular weight distributions (≥ 2.0). The polymerizations were attempted both in bulk and in 
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solution with a range of commonly used ROTEP catalysts (0.001 – 1.00 mol%) including stannous 

octanoate,148 aluminum isopropoxide,50 dibutyl magnesium,149 titanium isopropoxide,150 a thiourea 

moiety,151 and candida antarctica lipase B.152 The use of a primary alcohol initiator (0.003 – 3.00 

mol% pyrene butanol, butanol, or lauryl alcohol) was investigated and resulted in no additional 

control over molecular weights. 

Bulk reaction progress using catalytic stannous octanoate and lauryl alcohol initiator at 140 

℃ was monitored by 1H NMR spectroscopy and indicated immediate loss of L:G alternation due 

to transesterification (Figure 12). Though linkage selectivity in the newly-forming polymer chains 

was expected to be minimal, the spectra indicated further sequence scrambling, exceeding the 1-

in-6 or 1-in-12 random linkages expected for each MCO.  The dodecamer MCO, however, retained 

more alternating character and polymerized more slowly than the 6-mer, most probably due to the 

lowered gain in translational entropy as the rings open to form polymer. Sequence retention of 

both monomers worsened at higher monomer conversions, again indicative of an increased rate of 

interchain transesterification.149 Interestingly, Hillmyer and coworkers very recently attempted 

this technique to polymerize MCOs containing four ester units in an alternating sequence. 

Although molecular weights were moderately controlled and exceeded 50 kDa in some instances 

with a titanium isopropoxide catalyst, the alternating sequences were not retained during the 

polymerization.153 

In our system, the lack of thermodynamic driving force for these reactions paired with the 

loss of sequence fidelity at moderate MCO conversion makes this polymerization method, as it 

currently stands, incapable of producing sequence- and molecular weight-controlled polymers 

with known ROTEP catalysts. Undoubtedly, the use of more sophisticated catalytic systems may 

increase sequence retention and promote chain propagation over chain transfer reactions,52, 54, 55, 
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148, 154, 155 but these limitations led us to study sequence effects by preparing copolymers with our 

established ED-ROMP methodology. 
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Figure 12. 1H NMR spectral overlays of polymerization timepoints for (A) Cyc-LGLGLGLGLGLG and (B) 

Cyc-LGLGLG using catalytic stannous octanoate, with perfectly alternating Poly LG for reference. 
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2.4 Conclusion 

We have successfully designed a general, modular, and scalable synthetic method for the 

preparation of copolymers in which sequence is imbedded into a large macrocycle which is then 

polymerized using ED-ROMP. SEED-ROMP, which exploits a more reactive cis-olefin metathesis 

handle, enhanced the living character of the polymerization, improving molecular weight control, 

decreasing dispersity, and facilitating the preparation of block copolymers. 

We have also established that ring-closing via macrolactonization can be carried out at 

higher concentrations and less expensively than RCM-based ring-closure in the preparation of the 

cyclic MCOs.  Moreover, the precursor oligomers required for this method do not require an 

additional linker group (Eg) in their construction, meaning that the final polymers more closely 

resemble the ideal structure for a poly(-hydroxy acid) and monomers may be incorporated into 

these polymers specifically to tailor properties. Ideally, linker-free methods may be used to prepare 

sequence- and molecular weight-controlled polyesters, but these syntheses remain a challenge. 

The development of sequence-controlled polymer syntheses is an ongoing effort, in which 

homogeneity across samples in molecular weight and dispersity is critical to study bulk property 

relationships. The current approach utilizing ED-ROMP has expanded both the range of materials 

that can be prepared and our ability to control their characteristics. It seems likely, moreover, that 

this general approach will be applicable to polymers other than poly(-hydroxy acid)s; all that is 

required is that target sequence be incorporated into an MCO with a metathesis-active olefin. With 

such methods it should be possible to better target sequenced materials for future applications. 
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2.5 Experimental Section 

2.5.1  General Information 

All experiments were carried out in oven-dried glassware under an atmosphere of N2 using 

standard Schlenk line techniques. N,N’-dicyclohexylcarbodiimide (DCC) was purchased from 

Oakwood Chemical and used without further purification. 10% Pd/C was purchased from Alfa 

Aesar. Palladium, 10wt% (dry basis) on activated carbon was purchased from Sigma Aldrich. 

Ethylene glycol (Eg) was purchased from Mallinckrodt and used as is. Methylene chloride 

(CH2Cl2, Fisher) and ethyl acetate (EtOAc, Sigma Aldrich) were purified by a Solvent Dispensing 

System by J. C. Meyer. Both were passed over two columns of neutral alumina. Anhydrous, 

inhibitor-free tetrahydrofuran (THF) and Grubb’s 2nd generation catalyst were purchased from 

Sigma Aldrich. Column chromatography was performed using Sorbent Technologies 60 Å, 40-63 

μm standard grade silica. 

1H (300, 400, 600, and 700 MHz) and 13C were obtained using Bruker spectrometers and 

are reported as δ values in ppm relative to the reported solvent (CDCl3 referenced to 7.26). Splitting 

patterns are abbreviated as follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), 

broad (br), and combinations thereof. HRMS data were obtained on a LC/Q-TOF instrument. 

Molecular weights and dispersities were obtained on a Waters GPC (THF) with Jordi 500, 1000, 

and 10000 Å divinyl benzene columns, and refractive index detector (Waters) was calibrated to 

polystyrene standards. 
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2.5.2   Experimental Procedures 

It should be noted that characterization data in this section is represented in two different 

formats, a traditional paragraph style which is the style favored for printed journals and a more 

easily read chart format that has been adopted by the Meyer group for data that is not subject to 

the constraints of printing, such as those that appear in supporting information.   

 

SEED-ROMP Fast Catalyst Initiation Experiments (G2 vs. G3) 

The cis-macromonomer was added to two separate vial charged with a stir bar and pumped 

into a nitrogen filled glove box. An appropriate amount of dry CH2Cl2 (0.7M with respect to 

monomer final volume) was added to dissolve the monomer. Solutions of Grubbs’ 2nd generation 

catalyst (G2) and Grubbs 3rd generation catalyst (G3) were prepared and added to monomer 

solution (1.25 cat. mol %) and allowed to stir for 10 min. Both polymerizations gelled after reaction 

for 2 min. After the 10 min reaction, the polymerizations were quenched with ethyl vinyl ether and 

allowed to stir for 5 min before concentrating in vacuo. Unpurified polymers were analyzed via 

SEC to determine molecular weights relative to polystyrene standards. 

Ruthenium Removal and Inductively-Coupled Plasma- Optical Emission Spectroscopy 

(ICP-OES) 

A 100 mg/mL solution of polymer was prepared in DCM, to which Quadrasil MP (1.0-1.5 

mmol/g) was added in a 50:1 scavenger:Ru ratio. The solution was stirred overnight, filtered and 

concentrated. This process was repeated as necessary. 

ICP-OES was performed under argon flow with a PerkinElmer Optima spectrometer. A 

5% volume/volume nitric acid matrix was prepared by diluting pure nitric acid (Sigma, >99.999%) 

with 18.2 MΩ cm water, and all samples were digested in concentrated nitric acid. Ruthenium 
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concentrations were determined by comparison to a seven-point calibration curve (0.10, 0.50, 1.0, 

2.5, 5.0, 7.5, and 10 ppm Ru) prepared using a ruthenium standard (Inorganic Ventures). All 

samples were measured six times and averaged. A seven minute flush time with 5% nitric acid 

matrix was used between all runs, and a blank was sampled between each run. 

Preparation of L-TBDPS. 

To a stirring solution of Me-L-Si (37.8 g, 110 mmol) in THF (500 mL) at 0 oC was slowly 

added a solution of LiOH (18.5 g, 442 mmol) in H2O (500 mL). Once the addition was complete, 

the solution was allowed to warm to rt and stirred for an additional 3 h. The reaction solution was 

concentrated to half volume, diluted with brine (100 mL) and extracted with Et2O (3 × 200 mL). 

The aqueous layer was acidified to pH < 1 with 3 M HCl. The mixture was then extracted with 

Et2O (5 × 100 mL), dried over MgSO4, filtered, and concentrated in vacuo to provide the crude 

product as a colorless oil (32.0 g, 88%). 1H NMR (400 MHz, CDCl3)  7.68 (m, 4 H), 7.43 (m, 6 

H), 4.35 (q, J = 6.8 Hz, 1 H), 1.34 (d, J = 7.2 Hz, 3 H), 1.12 (s, 9 H). 

 

 

Preparation of Bn-GL-TBDPS. 

To a stirring solution of Bn-G (17.8 g, 107 mmol) and L-TBDPS (32.0 g, 97.5 mmol) in 

CH2Cl2 (1000 mL) was added DPTS (5.74 g, 19.5 mmol). Once the DPTS had dissolved, DCC 

(22.1 g, 107 mmol) was added and the solution stirred overnight. The reaction mixture was then 

filtered, concentrated to approximately 250 mL, diluted with hexanes, and filtered again. This 

concentration and filtration cycle was repeated one additional time whereupon the solution was 

concentrated in vacuo. The crude material was purified by flash chromatography (SiO2, 2.5-10% 
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EtOAc in hexanes) to provide the product as a colorless oil (46.5 g, 87%); 1H NMR (500 MHz, 

CDCl3)  7.67 (m, 4H), 7.44 (m, 11H), 5.8 (s, 2H), 4.61 (d, J = 16.0 Hz, 1H), 4.46 (d, J = 15.6 Hz, 

1H), 4.39 (q, J = 6.8 Hz, 1H), 1.38 (d, J = 6.8 Hz, 3H), 1.07 (s, 9H). 

 

 

Preparation of GL-TBDPS.  

To a stirring solution of Bn-GL-TBDPS (34.1 g, 71.4 mmol) in EtOAc (700 mL) under 

N2 was added 10% Pd/C (3.41 g, 10% w/w). The reaction vessel was then purged twice with a H2 

balloon and allowed to stir overnight under 1 atm H2. Once the reaction had completed, the vessel 

was evacuated and filled with N2 and the mixture was filtered over celite and concentrated in 

vacuo. The crude material was purified by flash chromatography (SiO2, 2.5-25% EtOAc in 

hexanes) to provide the product as a colorless liquid (27.6 g, 88%); 1H NMR (400 MHz, CDCl3) 

 11.03 (br s, 1H), 7.68 (m, 4H), 7.46 (m, 6H), 4.62 (d, J = 16.4 Hz, 1H), 4.51 (d, J = 16.4 Hz, 

1H), 4.42 (q, J = 6.8 Hz, 1H), 1.42 (d, J = 6.8 Hz, 3H), 1.10 (s, 9H); 13C NMR (100 MHz, CDCl3) 

 173.03, 172.79, 135.89, 135.73, 133.39, 132.89, 129.84, 127.67, 127.61, 68.60, 59.98, 26.77, 

21.23, 19.21; HRMS (ESI) [M-H]+ calc mass 385.14713, found 385.14768.  

 

 

Preparation of Bn-LGL-TBDPS.  

To a stirring solution of Bn-L (11.6 g, 64.2 mmol) and GL-TBDPS (22.6 g, 58.4 mmol), 

in CH2Cl2 (290 mL) was added DPTS (13.3 g, 64.2 mmol). Once the mixture became 
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homogeneous, DCC (13.3 g, 64.2 mmol) was added and the reaction was allowed to stir overnight. 

The solution was filtered and the filtrate was concentrated in vacuo. The crude material was 

purified by flash chromatography (SiO2, 2.5-25% EtOAc in hexanes) to provide the product as a 

colorless liquid (32.0 g, 93%); 1H NMR (400 MHz, CDCl3)  7.70 (m, 4H), 7.46 (m, 11H), 5.18 

(q, J = 7.2 Hz, 1H), 5.18 (d, J = 14.0 Hz, 1H), 5.17 (d, J = 14.0 Hz, 1H), 4.70 (d, J = 16.0 Hz, 1H), 

4.47 (d, J = 16.0 Hz, 1H), 4.41 (d, J = 6.8 Hz, 1H), 1.50 (d, J = 6.8 Hz, 3H), 1.44 (d, J = 6.8 Hz, 

3H), 1.08 (s, 9H); 13C NMR (100 MHz, CDCl3)  173.15, 170.06, 167.01, 136.05, 135.88, 135.30, 

133.57, 133.11, 129.97, 128.77, 128.60, 128.30, 127.81, 127.76, 69.43, 68.76, 67.32, 60.45, 26.94, 

21.43, 19.37, 16.96; HRMS (ESI) [M+NH4]
+ calc mass 566.2574, found 566.2578. 

 

 

Preparation of LGL-TBDPS.  

To a stirring solution of Bn-LGL-TBDPS (29.8 g, 54.2 mmol) in EtOAc (540 mL) under 

N2 was added 10% Pd/C (10 % w/w, 5.42 g). The reaction vessel was evacuated and purged three 

times with a 1 atm H2 balloon. The reaction was allowed to stir 1 day under 1 atm H2. The vessel 

was placed under N2, filtered over celite, and concentrated in vacuo. The crude material was 

purified by flash chromatography (SiO2, 5-100% EtOAc in hexanes) to provide the product as a 

colorless liquid (25.0 g, 99%); 1H NMR (400 MHz, CDCl3)  11.13 (br s, 1H), 7.66-7.64 (m, 4H), 

7.43-7.32 (m, 6H), 5.16 (q, J = 7.2 Hz, 1H), 4.65 (d, J = 16 Hz, 1H), 4.42 (d, J = 16 Hz, 1H), 4.36 

(q, J = 6.8 Hz, 1H), 1.50 (d, J = 7.2 Hz, 3H), 1.40 (d, J = 6.8 Hz, 3H), 1.07 (s, 9H); 13C NMR (100 

MHz, CDCl3)  174.96, 173.08, 166.82, 135.89, 135.72, 133.38, 132.93, 129.82, 127.65, 127.60, 
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68.70, 68.59, 60.23, 26.77, 21.26, 19.20, 16.67; HRMS (ESI) [M+H]+ calc mass 457.16771, found 

457.16838.  

 

 

Preparation of Eg-(LGL-Si)2. 

To a stirring solution of ethylene glycol (1.84 mL, 32.5) and LGL-Si (24.9 g, 54.2) in 

CH2Cl2 (120 mL) was added DPTS (1.43 g, 4.85 mmol). Once the mixture became homogeneous, 

DCC (5.45 g, 26.4 mmol) was added and the reaction was allowed to stir overnight. The solution 

was filtered and the filtrate was concentrated in vacuo. The crude material was purified by flash 

chromatography (SiO2, 7.5-20% EtOAc in hexanes) to provide the product as a colorless liquid 

(11.3 g, 98.3%); 1H NMR (400 MHz, CDCl3)  7.68 (m, 8H), 7.46-7.34 (m, 12H), 5.17 (q, J = 6.8 

Hz, 2H), 4.68 (d, J = 16.0 Hz, 2H), 4.46 (d, J =15.6 Hz, 2H), 4.40 (q, J = 6.8 Hz, 2H), 4.34 (m, 

4H), 1.48 (d, J = 7.2 Hz, 6H), 1.40 (d, J = 6.8 Hz, 6H), 1.07 (s, 18H); 13C NMR (100 MHz, 

CDCl3)  172.98, 169.75, 166.82, 135.88, 135.71, 133.38, 132.95, 129.81, 127.65, 127.59, 69.09, 

68.58, 62.69, 60.24, 26.77, 21.26, 19.20, 16.70; HRMS (ESI) [M+NH4]+ calc mass 960.4022, 

found 960.4017.  

 

 

 

Preparation of Eg-(LGL)2.  
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To a stirring solution of Eg-(LGL-TBDPS)2 (3.16 g, 3.33 mmol) in THF (83 mL) at 0 ℃ 

under N2 was slowly added acetic acid (3.0 mL, 53 mmol) and then TBAF (1.0 M in THF, 10.0 

mL). The reaction was stirred at 0 ℃ overnight, then the ice bath was removed and stirring 

continued at rt for an additional day. After cooling the reaction mixture to 0 ℃, brine (150 mL) 

was added. The resulting aqueous layer was extracted with CH2Cl2 (3 × 150 mL), the combined 

organic layers were washed with aqueous saturated sodium bicarbonate solution (150 mL), dried 

over MgSO4 and then concentrated in vacuo. The concentrate was then chromatographed over 

silica using 25-75% EtOAc in hexanes as the eluent to provide the product as a white solid (1.55 

g, quantitative). Note: although this particular experiment was the highest yielding of all attempts, 

the conditions described above did not lead to consistent reaction outcomes. An optimized 

procedure is also included here with a typical yield. To a stirring solution of Eg-(LGL-TBDPS)2 

(0.114 g, 0.12 mmol) in THF at 0 oC was added AcOH (55 μL, 0.97 mmol) that had been pre-dried 

over 3 Å molecular sieves prior to use. TBAF (1.0 M in THF, 363 μL, 0.36 mmol) was added 

dropwise and the resulting solution was stirred at rt 4 h. The solution was then cooled to 0 oC, 

diluted with EtOAc (5 mL) and pH 7.4 buffer (5 mL) was added. The aqueous layer was extracted 

with EtOAc (3 × 5 mL), the combined organic layers were dried over Na2SO4, filtered, and 

concentrated in vacuo to give the crude product as a faintly yellow oil. The residue was purified 

by chromatography on SiO2 (35−100% EtOAc in hexanes) to provide the product as a colorless 

liquid (89%; Rf = 0.10, 50% EtOAc in hexanes); 1H NMR (500 MHz, CDCl3)  5.22 (q, J = 7.0 

Hz, 2H), 4.85 (d, J = 16.0 Hz, 2H), 4.76 (d, J = 16.0 Hz, 2H), 4.44 (m, 6H), 2.89 (s, 1H), 2.88 (s, 

1H), 1.54 (d, J = 7.0 Hz, 6H), 1.50 (d, J = 6.8 Hz, 6H); 13C NMR (125 MHz, CDCl3)  175.01, 

169.89, 166.90, 69.58, 66.91, 62.96, 61.02, 20.40, 16.87; HRMS (ESI) [M+NH4]+calc mass 

484.1666, found 484.1627. 
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Preparation of Eg-(LGLM) 2.  

To a stirring solution of Eg-(LGL)2 (0.980 g, 2.10 mmol), 3-butenoic acid (0.47 mL, 4.62 

mmol) in CH2Cl2 (42 mL) was added DPTS (0.247 g, 0.840 mmol). Once the mixture became 

homogeneous, DCC (0.954 g, 4.62 mmol) was added and the reaction was allowed to stir 

overnight. The reaction was concentrated to half volume and then filtered. The filtrate was washed 

with 1 M HCl (10 mL), and washed with saturated aqueous NaHCO3 (10 mL). The aqueous layer 

was then extracted with CH2Cl2 (10 mL), the organic layers were combined, washed with brine 

(15 mL), dried over Na2SO4, and concentrated in vacuo. The crude material was purified by flash 

chromatography (SiO2, 15-20% EtOAc in hexanes) to provide the product as a colorless liquid 

(1.13 g, 86%); 1H NMR (400 MHz, CDCl3)  5.89 (ddt, J = 16.8, 10.4, 6.4 Hz, 2H), 5.200 (q, J = 

7.2 Hz, 2H), 5.197 (q, J = 7.2 Hz, 2H), 5.09 (dd, J = 16.8, 1.2 Hz, 2H), 5.02 (dd, J = 10.4, 1.2 Hz, 

2H), 4.89 (d, J = 16.0 Hz, 2H), 4.65 (d, J = 16.0 Hz, 2H), 4.41 (m, 4H), 2.56 (m, 4H), 2.44 (m, 

4H), 1.57 (d, J = 7.2 Hz, 6H), 1.53 (d, J = 7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3)  172.51, 

170.39, 169.87, 166.77, 136.55, 115.78, 69.40, 68.32, 62.90, 60.82, 33.23, 28.78, 17.00, 16.87; 

HRMS (ESI) [M+H]+ calc mass 631.22326, found 631.2225. 156 156 156 156 156 197 196 196 196 164 164 164 

164 164 1 1 1 
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Preparation of trans-cyclic-Eg-(LGLM)2. 

To a stirring solution of Eg-(LGLM)2 (17 mg, 27 μmol) in CH2Cl2 (27 μL) was added a 

solution of catalyst G2 (2.3 mg, 2.7 μmol) in CH2Cl2 (1 mL). The resulting solution was stirred 

for 18 h before being quenched through the addition of ethyl vinyl ether (0.2 mL). Once 

concentrated, the crude oil was purified by chromatography on SiO2 (10–20% EtOAc in hexanes) 

to afford trans-cyclic-Eg-(LGLM)2  (17 mg, 93% yield, 84% trans) as a colorless oil. 1H NMR 

(500 MHz, CDCl3)  5.54 (m, trans) and 5.41 (m, cis) (2H), 5.23 (m, 4H), 4.83 (d, J = 16 Hz, 2H), 

4.72 (d, J = 16 Hz, 2H), 4.41 (m, 4H), 2.47 (m, 4H), 2.36 (m, 4H), 1.55 (d, J = 7.0 Hz, 6H), 1.53 

(d, J = 7.0 Hz); 13C NMR (125 MHz, CDCl3)  172.37, 170.35, 169.92, 166.77, 129.49 (trans), 

129.14 (cis), 69.51, 68.26, 62.87, 60.94, 33.79, 27.72, 17.02, 16.85; HRMS (ESI) [M+H]+ calc 

mass 603.19251, found 603.19028.  
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Preparation of cis-cyclic-Eg-(LGLM)2. 

In the glovebox, a solution of ruthenium catalyst GN (69 mg, 0.1094 mmol) in DCE (20 

mL) was added to a stirring solution of Eg-(LGLM)2 (690 mg, 1.094 mmol) in DCE (200 mL). 

The vessel was immediately removed from the glovebox and stirred at 60 °C under a constant low 

vacuum (photo of apparatus follows protocol). After 26 h of stirring, the reaction solution was 

cooled to rt, ethyl vinyl ether (2 mL) was added, and the solution was stirred for an additional 30 

min before being concentrated. The crude product was purified by chromatography on SiO2 (10–

25% EtOAc in hexanes) to afford cis-cyclic-Eg-(LGLM)2 (0.578 g, 88% yield, 95 % BRSM, 

12:88 E:Z) as a colorless oil; 1H NMR (500 MHz, CDCl3)  5.51 (m, trans) and 5.43 (m, cis)(2H), 

5.23 (m, 4H), 4.83 (d, J = 16.0 Hz, 2H, trans), 4.81 (d, J = 16.0 Hz, 2H, cis), 4.40 (m, 4 H), 2.48 

(m, 8H), 1.55 (d, J = 7.0 Hz, 6H), 1.53 (d, J = 7.0 Hz, 6H); 13C NMR (125 MHz, CDCl3)  172.44, 

170.32, 169.92, 166.77, 129.47 (trans), 129.12 (cis), 69.52, 68.34, 62.81, 60.96, 33.96, 22.91, 

16.94, 16.80; HRMS (ESI) calc. mass 603.1920, found 603.1940. 

 

 

Bn-LC-SiR3.  

To a stirring solution of Bn-L (6.46 g, 35.8 mmol, 1.1 equiv) and C-SiR3 (7.72 g, 31.3 

mmol, 1 equiv) in CH2Cl2 (325 mL) was added DPTS (1.86 g, 6.32 mmol, 0.2 equiv). Once the 

mixture became homogeneous, DCC (7.13 g, 34.5 mmol, 1.1 equiv) was added and the reaction 

was allowed to stir overnight. The solution was filtered and the filtrate was concentrated in vacuo. 

The crude material was purified by flash chromatography (SiO2, 2.5% EtOAc in hexanes) to 

provide the product as a colorless liquid (12.80 g, 96%). 1H NMR (300 MHz, CDCl3)  δ  7.37-7.28 
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(m, 5H), 5.18 (d, J = 12.3 Hz, 1H), 5.12 (d, J = 12.3 Hz, 1H), 5.12 (q, J = 7.0 Hz, 1H), 3.57 (t, J = 

6.3 Hz, 2H), 2.36 (dt, J1 = 15.6 Hz, J2 = 7.8 Hz, 1H), 2.35 (dt, J1 = 15.6 Hz, J2 = 7.4 Hz, 1H), 

1.68-1.58 (m, 2H), 1.53-1.46 (m, 2H), 1.47 (d, J = 7.0 Hz, 3H), 1.39-1.29 (m, 2H), 0.87 (s, 9H), 

0.02 (s, 6H); 13C NMR (75 MHz, CDCl3) δ  173.04, 170.72, 135.35, 128.56, 128.35, 128.10, 68.38, 

66.91, 62.92, 33.94, 32.42, 25.94, 25.33, 24.61, 18.32, 16.89, -5.31; HRMS (M+Na) calc mass 

431.2230, found 431.2240. 

 

 

LC-SiR3 

 Bn-LC-SiR3 (8.74 g, 21.4 mmol) and 10% Pd/C (0.44 g, 5% w/w) were added to a stirring 

solution of EtOAc (215 mL, 0.1 M in substrate) under N2. The reaction vessel was then purged 

twice with a H2 balloon and allowed to stir overnight under 1 atm H2. Once the reaction had 

completed, the vessel was evacuated and filled with N2 and the mixture was filtered over celite 

and concentrated in vacuo. The crude material was purified by flash chromatography (SiO2, 2.5% 

EtOAc in hexanes) to provide the product as a colorless liquid (6.20 g, 91.1%). 1H NMR (300 

MHz, CDCl3)  δ  9.57 (br s, 1H), 5.08 (q, J = 7.1 Hz, 1H), 3.58 (t, J = 6.5 Hz, 2H), 2.37 (dt, J1 = 

15.6 Hz, J2 = 7.7 Hz, 1H), 2.36 (dt, J1 = 15.9 Hz, J2 = 7.5 Hz, 1H), 1.70-1.60 (m, 2H), 1.56- 1.47 

(m, 2H), 1.50 (d, J = 7.1 Hz, 3H), 1.40-1.33 (m, 2H), 0.90 (s, 9H), 0.06 (s, 6H); 13C NMR (75 

MHz, CDCl3) δ  176.30, 173.09, 67.90, 63.00, 33.86, 32.40, 25.94, 25.31, 24.56, 18.34, 16.80, -

5.30; HRMS (M+Na) calc mass 341.1760, found 341.1745. 
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Bn-LLC-SiR3.  

To a stirring solution of Bn-L (2.92 g, 16.2 mmol, 1.1 equiv) and LC-SiR3 (4.66 g, 14.6 

mmol, equiv) in CH2Cl2 (150 mL) was added DPTS (0.87 g, 2.94 mmol, 0.2 equiv). Once the 

mixture became homogeneous, DCC (3.18 g, 15.4 mmol, 1.1 equiv) was added and the reaction 

was allowed to stir overnight. The solution was filtered and the filtrate was concentrated in vacuo. 

The crude material was purified by flash chromatography (SiO2, 5% EtOAc in hexanes) to provide 

the product as a colorless liquid (6.54 g, 93%). 1H NMR (300 MHz, CDCl3)  δ  7.38-7.28 (m, 5H), 

5.18 (q, J = 7.1 Hz, 1H), 5.17 (d, J = 12.3 Hz, 1H), 5.11 (d, J = 12.0 Hz, 1H), 5.07 (q, J = 7 Hz, 

1H), 3.58 (t, J = 6.5 Hz, 2H), 2.37 (dt, J1 = 15.6 Hz, J2 = 7.7 Hz, 1H), 2.36 (dt, J1 = 15.9 Hz, J2 = 

7.5 Hz, 1H), 1.69-1.59 (m, 2H), 1.55-1.46 (m, 2H), 1.51 (d, J = 7.2 Hz, 3H), 1.47 (d, J = 7.2 Hz, 

3H), 1.40-1.30 (m, 2H), 0.86 (s, 9H), 0.02 (s, 6H); 13C NMR (75 MHz, CDCl3) δ   173.12, 170.33, 

170.09, 135.10, 128.59, 128.46, 128.22, 69.03, 68.12, 67.13, 62.93, 33.85, 32.42, 25.94, 25.31, 

24.57, 18.32, 16.78, 16.69, -5.31; HRMS (M+Na) calc mass 503.2441, found 503.2395. 

 

LLC-SiR3  

Bn-LLC-SiR3 (6.35 g, 13.2 mmol) was combined with 10% Pd/C (0.31 g, 5 % w/w) in 

EtOAc (135 mL, 0.1 M in substrate) and stirred under N2. The reaction vessel was evacuated and 

purged twice with a 1 atm H2 balloon. The reaction was allowed to stir overnight under 1 atm H2. 

The vessel was placed under N2, filtered over celite, and concentrated in vacuo. The concentrate 

was chromatographed over silica using 10% EtOAc in hexanes as the eluent. The product was a 
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colorless liquid (4.22 g, 81.8%). 1H NMR (400 MHz, CDCl3) δ  9.59 (br s, 1H), 5.17 (q, J = 7.1 

Hz, 1H), 5.09 (q, J = 7.2 Hz, 1H), 3.59 (t, J = 6.4 Hz, 2H), 2.38 (dt, J1 = 15.6 Hz, J2 = 7.6 Hz, 1H), 

2.37 (dt, J1 = 15.6 Hz, J2 = 7.4 Hz, 1H), 1.68-1.61 (m, 2H), 1.55-1.47 (m, 2H), 1.54 (d, J = 7.2 

Hz, 3H), 1.52 (d, J = 7.2 Hz, 3H), 1.40 (m, 2H), 0.86 (s, 9H), 0.02 (s, 6H); 13C NMR (100 MHz, 

CDCl3) δ 175.27, 173.21, 170.26, 68.57, 68.15, 63.03, 33.85, 32.36, 25.95, 25.31, 24.58, 18.34, 

16.70, 16.68, -.531; HRMS (M-H+) calc mass 389.1996, found 389.2010. 

 

 

Eg-(LLC-SiR3)2 

To a stirring solution of ethylene glycol (0.26 g, 4.15 mmol, 1 equiv) and LLC-SiR3 (3.96 

g, 10.2 mmol, 2.1 equiv) in CH2Cl2 (42 mL) was added DPTS (0.24 g, 0.82 mmol, 0.2 equiv). 

Once the mixture became homogeneous, DCC (1.77 g, 8.57 mmol, 2.1 equiv) was added and the 

reaction was allowed to stir overnight. The solution was filtered and the filtrate was concentrated 

in vacuo. The crude material was purified by flash chromatography (SiO2, 10% EtOAc in hexanes) 

to provide the product as a colorless liquid (2.74 g, 81.8%). 1H NMR (300 MHz, CDCl3) δ 5.13 

(q, J = 7.2 Hz, 2H), 5.08 (q, J = 7.2 Hz, 2H), 4.38-4.27 (m, 4H), 3.58 (t, J = 6.5 Hz, 4H), 2.37 (dt, 

J1 = 15.9 Hz, J2 = 7.8 Hz, 2H), 2.36 (dt, J1 = 15.6 Hz, J2 = 7.5 Hz, 2H), 1.69-1.59 (m, 4H), 1.56-

1.40 (m, 4H), 1.53 (d, J = 7.2 Hz, 6H), 1.50 (d, J = 7.2 Hz, 6H), 1.39-1.29 (m 4H), 0.86 (s, 18H), 

0.02 (s, 12H); 13C NMR (75 MHz, CDCl3) δ 173.08, 170.27, 169.97, 68.87, 68.10, 62.94, 62.69, 

33.88, 32.44, 25.96, 25.36, 24.60, 18.33, 16.75, 16.72, -5.30; HRMS (M+NH4+) calc mass 

824.4648, found 824.4626. 
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Eg-(LLC)2 

To a stirring solution of Eg-(LLC-SiR3)2 (1.48 g, 1.83 mmol, 1 equiv.) in THF (37 mL) 

under N2 was slowly added acetic acid (1.7 mL, 29.3 mmol, 16 equiv) and then 

tetrabutylammonium fluoride (1.0 M in THF, 5.5 mL, 5.5 mmol at rt. The reaction mixture was 

poured into brine (50 mL). The resulting aqueous layer was extracted with CH2Cl2 (3 x 50 mL), 

the combined organic layers were washed with aqueous saturated sodium bicarbonate solution (75 

mL), dried over MgSO4 and then concentrated in vacuo. The concentrate was then 

chromatographed over silica using 50-60% EtOAc in hexanes as the eluent to provide the product 

as a colorless liquid (0.90 g, 84.5%). 1H NMR (400 MHz, CDCl3) δ  5.13 (q, J = 7.1 Hz, 2H), 5.08 

(q, J = 7.1 Hz, 2H), 4.35-4.28 (m, 4H), 3.61 (t, J = 6.4 Hz, 4H), 2.39 (dt, J1 = 16.0 Hz, J2 = 7.6 

Hz, 2H), 2.37 (dt, J1 = 15.6 Hz, J2 = 7.4 Hz, 2H), 1.70-1.62 (m, 4H), 1.59-1.47 (m, 6H),1.52 (d, J 

= 7.2 Hz, 6H), 1.50 (d, J = 7.2 Hz, 6H), 1.44-1.36 (m, 4H); 13C NMR (100 MHz, CDCl3) δ  173.07, 

170.30, 169.95, 68.91, 68.13, 62.66, 62.49, 33.75, 32.21, 25.04, 24.43, 16.71, 16.69; HRMS 

(M+H+) calc mass 579.2653, found 579.2643. 

 

 

Eg-(LLCM)2 

To a stirring solution of Eg-(LLC)2 (0.65 g, 1.12 mmol, 1 equiv) and 4-pentenoic acid 

(0.25 mL, 2.45 mmol, 2.2 equiv) in CH2Cl2 (23 mL) was added DPTS (0.13 g, 0.45 mmol, 0.4 

equiv). Once the mixture became homogeneous, DCC (0.51 g, 2.47 mmol, 2.2 equiv) was added 
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and the reaction was allowed to stir overnight. The reaction was filtered to remove the urea 

byproduct, the filtrate was diluted with CH2Cl2 (25 mL) and washed with sat. NaHCO3 (50 mL). 

The aqueous layer was then extracted with CH2Cl2 (2 × 50 mL), the organic layers were combined, 

dried over MgSO4, and concentrated in vacuo. The crude material was purified by flash 

chromatography (SiO2, 15-17.5% EtOAc in hexanes) to provide the product as a colorless liquid 

(0.77 g, 92.9%). 1H NMR (400 MHz, CDCl3) δ  5.84-5.74 (m, 2H), 5.13 (q, J = 7.1 Hz, 2H), 5.08 

(q, J = 7.2 Hz, 2H), 5.05-5.00 (m, 2H), 4.99-4.96 (m, 2H), 4.36-4.27 (m, 4H), 2.43- 2.31 (m, 12H), 

1.69-1.58 (m, 4H), 1.52 (d, J = 7.2 Hz, 6H), 1.50 (d, J = 7.2 Hz, 6H), 1.42-1.34 (m, 4H); 13C-

NMR(100 MHz, CDCl3) δ 173.04, 172.85, 170.22, 169.92, 136.69, 115.42, 68.85, 68.13, 64.12, 

62.67, 33.65, 33.51, 28.85, 28.87, 25.37, 24.35, 16.71, 16.70; HRMS (M+H+) calc. mass 

743.34846, found 743.34834. 

 

 

cyclic-Eg-(LLCM)2  

A solution of Grubbs’ 2nd generation catalyst (94.9 mg, 0.12 mmol) in CH2Cl2 (1 mL) was 

added to a stirring solution of Eg-(LLCM)2 (0.82 g, 1.11 mmol) in CH2Cl2 (815 mL). An 

additional 1 mL of CH2Cl2 was used to rinse the vial that had contained the catalyst solution, and 

the reaction was allowed to stir at rt overnight. The reaction was quenched by adding 1 mL ethyl 

vinyl ether, and then concentrated in vacuo. The crude material was purified by flash 

chromatography (SiO2, 15% EtOAc in hexanes) to provide the product as a colorless liquid with 

an E/Z ratio of 7.3/1 (0.58 g, 73.6%). 1H NMR (400 MHz, CDCl3) δ  5.48- 5.39 (trans) and 5.37-
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5.35 (cis) (m, 2H), 5.12 (q, J = 7.2 Hz, 2H), 5.08 (q, J = 7.1 Hz, 2H), 4.39- 4.25 (m, 4H), 4.05 (cis) 

and 4.04 (trans) (t, J = 6.4 Hz, 4H), ; 13C NMR (100 MHz, CDCl3)  173.07, 172.89, 170.11, 

170.02, 129.40 (trans), 129.03 (cis), 68.93, 68.12, 64.06, 62.64, 34.16, 33.66, 28.26, 27.78, 25.40, 

24.38, 16.70 (2); HRMS (M+H+) calc mass 603.19251, found 603.19028. 

 

 

Poly Eg(LLCM)2 

G2 (0.76 mg, 8.9x10-4 mmol, 1.33 mol%) was dissolved in CH2Cl2 (15 μL), and to a 

stirring solution of cyclic-Eg-(LLCM)2 (48.0 mg, 0.067 mmol) in CH2Cl2 (81 μL). The reaction 

was allowed to stir at rt for 4 h before being quenched through the addition of ethyl vinyl ether 

was allowed to stir for 5 min and then was dried under vacuum overnight to yield an off-white 

solid (quant). 1H NMR (400 MHz, CDCl3) δ 5.48-5.40 (trans) and 5.40-5.35 (cis) (m, 2H), 5.13 

(q, J = 7.2 Hz, 2H), 5.07 (q, J = 7.2 Hz, 2H), 4.37-4.27 (m, 4H), 4.034 (cis) and 4.029 (trans) (t, J 

= 6.8 Hz, 4H), 2.37 (dt, J1 = 16 Hz , J2 = 7.6 Hz, 2H), 2.35 (dt, J1 = 16 Hz, J2 = 7.4 Hz, 2H), 2.33-

2.23 (m, 8H), 1.69-1.58 (m, 8H), 1.53 (d, J = 7,2 Hz, 6H), 1.50 (d, J = 7.2 Hz, 6H), 1.42-1.34 (m, 

4H); 13C NMR (100 MHz, CDCl3) δ  173.09, 172.88, 170.25, 169.93, 129.39 (trans), 128.98 (cis), 

68.85, 68.13, 64.10, 62.69, 34.10, 33.64, 28.27, 27.77, 25.37, 24.35, 16.72, 16.70; DSC: Tg = -11 

℃; SEC (THF): Mn = 47 kDa, Mw = 60 kDa, ᴆ = 1.3. 
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Bn-LM 

Bn-L (1.38 g, 7.66 mmol) and trans-b-hydromuconic acid (0.735 g, 5.15 mmol) were 

dissolved in 50 mL dry THF. DPTS (0.301 g, 1.02 mmol) was added and allowed to dissolve, and 

DCC (1.06 g, 5.15 mmol) was added. The reaction was allowed to stir at room temperature under 

nitrogen overnight. The mixture was filtered, concentrated in vacuo, and diluted with ethyl acetate. 

Saturated sodium bicarbonate solution was added and extracted 3x. The aqueous layers were 

combined, acidified with 1 M HCl, and extracted three times with methylene chloride. The 

combined organics were washed with brine, dried, filtered, and concentrated in vacuo, resulting in 

a yellow oil needing no further purification (0.979 g, 65%).  
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Bn-LMucol 

Bn-L-Muc (1.20 g, 3.92 mmol) was dissolved in 40 mL dry THF under nitrogen and 

cooled to 0 oC while stirring. Borane-tetrahydrofuran complex solution (1.0 M in THF, 3.92 mL) 

was added dropwise via syringe, resulting in substantial hydrogen formation, over a period of 

fifteen min. The reaction mixture was allowed to equilibrate to RT and stir overnight. The mixture 

was cooled to 0 oC and quenched with 30 mL deionized water. Brine was added and the organics 

were extracted 3x with ethyl acetate. The combined organics were dried, filtered, and concentrated 

in vacuo. The product was a yellow oil. Column chromatography (100 mL silica, 10% ethyl acetate 

in hexanes) was used to purify the material (0.802 g, 70%). 
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Bn-LGLGLG-Si 

Bn-LGLGL (6.24 g, 14.2 mmol) and G-Si (4.90 g, 15.6 mmol) were dissolved in 141 mL 

dry methylene chloride while stirring. DPTS (0.834 g, 2.83 mmol) was added and allowed to 

dissolve, followed by DCC (3.22 g, 15.6 mmol). The reaction was allowed to stir overnight at RT 

under N2. The reaction mixture was filtered and concentrated in vacuo, resulting in a pale yellow 

oil. The crude product was purified by column chromatography (500 mL silica, 5% ethyl acetate 

in hexanes) and began eluting in the fifth 500-mL fraction (8.71 g, 83%). 
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Bn-LGLGL-Si 

Bn-LGL (7.86 g, 22.8 mmol) and GL-Si (8.02 g, 20.8 mmol) were dissolved in 230 mL 

dry methylene chloride while stirring. DPTS (1.22 g, 4.15 mmol) was added and allowed to 

dissolve, followed by DCC (4.71 g, 20.8 mmol). The reaction was allowed to stir overnight at RT 

under N2. The reaction mixture was filtered and concentrated in vacuo, resulting in a pale yellow 

oil. The crude product was purified by column chromatography (500 mL silica, 5% ethyl acetate 

in hexanes) and began eluting in the fourth 500-mL fraction (10.80 g, 77%). 
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Bn-LGLGL 

Bn-LGLGL-Si (10.8 g, 15.9 mmol) was dissolved in 160 mL dry THF under nitrogen 

while stirring. The solution was cooled to 0oC. TBAF solution (1.0 M in THF, 23.8 mL, 23.8 

mmol) was mixed with acetic acid (1.70 mL, 28.6 mmol) and added dropwise via syringe to the 

solution. The reaction was allowed to equilibrate to RT and stir for one hour. The reaction mixture 

was cooled to 0 oC and quenched with 50 mL brine, and organics were extracted with ethyl acetate 

3x. The organic layers were combined, washed with brine, dried, filtered and concentrated in vacuo 

to yield a yellow oil. Column chromatography (200 mL silica gel, 5% ethyl acetate in hexanes) 

was used to purify the material, and product began to elute in the seventh 500 mL fraction (6.24 

g, 89%). 
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LGLGLG-Si 

Bn-LGLGLG-Si (3.50 g, 4.75 mmol) was dissolved in 50 mL dry ethyl acetate under N2 

while stirring. Pd/C catalyst (0.350 g, 10 wt. %) was added to the flask, and the flask was purged 

with a hydrogen balloon twice. A third hydrogen balloon served as a static hydrogen source for 

the reaction, and the reaction mixture was allowed to stir overnight. The mixture was filtered over 

a bed of celite and concentrated in vacuo to obtain pure product, a colorless oil (3.04 g, 99%). 
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Bn-LMLGLGLG-Si 

Bn-L-Mucol (1.13 g, 3.87 mmol) and LGLGLG-Si (2.37 g, 3.68 mmol) were dissolved in 

40 mL methylene chloride while stirring. DPTS (0.217 g, 0.736 mmol) was added and allowed to 

dissolve, followed by DCC (0.799 g, 3.87 mmol). The reaction was allowed to stir at RT under N2 

overnight. The reaction mixture was filtered and concentrated in vacuo, resulting in a pale yellow 

oil. The crude product was purified by column chromatography (200 mL silica, 10% ethyl acetate 

in hexanes) and eluted in the tenth 250-mL fraction (3.14 g, 93%). 
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LMLGLGLG-Si 

A solution of palladium acetate (12.1 mg, 0.0543 mmol), triethylamine (15.1 μL, 0.109 

mmol), and triethylsilane (0.263 mL, 1.74 mmol) in 0.75 mL dichloromethane was stirred under 

nitrogen for 15 min. Bn-LMLGLGLG-Si (1.03 g, 1.12 mmol) was dissolved in 0.25 mL 

dichloromethane and added dropwise into the reaction mixture. The reaction was allowed to stir 

for fifteen hrs before being quenched with saturated aqueous ammonium chloride solution. The 

organics were extracted with ethyl acetate, combined, dried with magnesium sulfate, filtered, and 

concentrated in vacuo to yield a yellow oil. Column chromatography (50 mL silica gel, 15% ethyl 

acetate in hexanes loading) recovered starting material, and a methanol flush then yielded the pure 

product, a white, tacky solid (0.632 g, 70%). 
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LMLGLGLG 

To a 0.1 M solution of LMLGLGLG-Si (1.15 g, 1.42 mmol) in THF, a solution of 

tetrabutylammonium fluoride (1M in THF, 2.13 mL) and acetic acid (0.15 mL, 2.16 mmol) was 

added dropwise while stirring. The reaction was allowed to stir for one hour before being quenched 

with brine. The organics were extracted with ethyl acetate, washed with brine, dried, filtered, and 

concentrated in vacuo to yield a yellow oil. The oil was purified by passage through a silica plug 

(10 mL silica gel, 100 mL 15% ethyl acetate in hexanes followed by methanol flush). The product 

was a white solid (0.632 g, 75%). 

 

 

Cyc-LMLGLGLG 

To 30 mL anhydrous methylene chloride, DCC (0.242 g, 1.17 mmol) and DPTS (0.0628 

g, 0.213 mmol) were added while stirring. LMLGLGLG (0.632 g, 1.07 mmol) was dissolved in 
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5 mL of the solvent and added using a syringe pump at a rate of 0.32 mL/hour. The reaction was 

allowed to stir for sixteen hrs. The mixture was filtered and concentrated to produce a viscous oil. 

Purification by column chromatography (150 mL silica, 15% ethyl acetate in hexanes) resulted in 

a white solid (0.410 g, 65%). 

 

Poly LMLGLGLG 

 G2 (0.76 mg, 8.9x10-4 mmol, 1.33 mol%) was dissolved in CH2Cl2 (15 μL), and to a stirring 

solution of Cyc-LMLGLGLG (20.0 mg, 0.035 mmol) in CH2Cl2 (50 μL). The reaction was 

allowed to stir at rt for 2 h before being quenched through the addition of ethyl vinyl ether was 

allowed to stir for 5 min and then was dried under vacuum overnight to yield an off-white solid 

(quant). 1H NMR (400 MHz, CDCl3) δ 5.48-5.40 (trans) and 5.40-5.35 (cis) (m, 2H), 5.13 (q, J = 

7.2 Hz, 2H), 5.07 (q, J = 7.2 Hz, 2H), 4.37-4.27 (m, 4H), 4.034 (cis) and 4.029 (trans) (t, J = 6.8 

Hz, 4H), 2.37 (dt, J1 = 16 Hz , J2 = 7.6 Hz, 2H), 2.35 (dt, J1 = 16 Hz, J2 = 7.4 Hz, 2H), 2.33-2.23 

(m, 8H), 1.69-1.58 (m, 8H), 1.53 (d, J = 7,2 Hz, 6H), 1.50 (d, J = 7.2 Hz, 6H), 1.42-1.34 (m, 4H); 

13C NMR (100 MHz, CDCl3) δ 173.09, 172.88, 170.25, 169.93, 129.39 (trans), 128.98 (cis), 68.85, 

68.13, 64.10, 62.69, 34.10, 33.64, 28.27, 27.77, 25.37, 24.35, 16.72, 16.70; DSC: Tg = -11 oC; 

SEC (THF): Mn = 47 kDa, Mw = 60 kDa, ᴆ = 1.3. 
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Bn-Sy    

To 15 mL of DMF under nitrogen, syringic acid (3.00 g, 15.1 mmol) was added and 

dissolved. Sodium carbonate (1.60 g, 15.4 mmol) was added and the reaction was stirred under 

gentle heating for fifteen min until most of the salt was dissolved. Benzyl bromide (1.80 mL, 15.4 

mmol) was added and the reaction was allowed to stir overnight. The reaction mixture was diluted 

with brine (45 mL) and extracted three times with ethyl ether. The combined organics were washed 

with brine, dried with magnesium sulfate, filtered, and concentrated to yield a white solid. 

Purification by column (20% ethyl acetate in hexanes) yielded a fine, white crystalline solid (2.26 

g, 51%). 
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Bn-LMucol-Si 

Bn-LMucol (5.77 g, 19.8 mmol) was dissolved in 200 mL dry methylene chloride, 

followed by addition of triethylamine (5.48 mL, 39.5 mmol) and DMAP (1.34 g, 10.9 mmol). The 

reaction mixture was placed in an ice bath and tert-butyldiphenylsilyl chloride (5.75 mL, 22.0 

mmol) was added dropwise. The reaction was allowed to stir overnight. The solution was filtered, 

washed three times with 1 M HCl, dried with magnesium sulfate, filtered, and concentrated to 

yield pure product (10.5 g, 98%). 
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LMucol-Si 

To a solution of triethylamine (0.383 mL, 2.76 mmol), palladium (II) acetate (0.206 g, 

0.920 mmol), and triethylsilane (4.56 mL, 28.6 mmol) in 40 mL dry methylene chloride under 

nitrogen, a solution of Bn-LMucol-Si (10.9 g, 20.4 mmol) in 28 mL of methylene chloride was 

added while stirring. The solution was allowed to stir for 16 hrs and was quenched with saturated 

aqueous ammonium chloride solution. The organics were extracted with methylene chloride, dried 

with magnesium sulfate, filtered over a bed of celite, and concentrated to obtain the crude product. 

A 5” column packed with 5% ethyl acetate in hexanes was used to purify the material, which eluted 

in fractions 7-8 (250 mL fractions) resulting in a 70% yield. Product was a yellow oil (6.49 g, 

72%). 
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Bn-SyLMucol-Si 

Bn-Sy (1.92 g, 6.65 mmol) and LMucol-Si (3.07 g, 6.98 mmol) were dissolved in 68 mL 

dry methylene chloride under N2. DPTS (0.400 g, 1.13 mmol) was dissolved followed by DCC 

(1.51 g, 7.32 mmol). The reaction was allowed to stir overnight. The reaction was then filtered and 

concentrated to obtain the crude product. The material was purified by column loaded with 5% 

ethyl acetate in hexanes (4.49 g, 95%). 
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Bn-SyLMucol 

Bn-SyLMucol-Si (4.49 g, 6.32 mmol) was dissolved in 65 mL dry THF under nitrogen 

and placed in an ice bath. TBAF solution (1 M in THF, 9.50 mL, 9.50 mmol) and acetic acid (2.89 

mL, 50.5 mmol) were combined and added dropwise to the solution. The reaction was stirred for 

one hour and was quenched with brine. The organics were extracted with ethyl acetate, dried with 

magnesium sulfate, filtered, and concentrated to obtain the crude product. A column was loaded 

with 5% ethyl acetate in hexanes to purify the material. Polarity was increased to 50% until all 

product eluted (2.41 g, 81%). 
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LGLGL-Si 

 Bn-LGLGL-Si (7.00 g, 9.51 mmol) was dissolved in 120 mL dry ethyl acetate under N2 

while stirring. Pd/C catalyst (0.700 g, 10 wt. %) was added to the flask, and the flask was purged 

with a hydrogen balloon twice. A third hydrogen balloon was served as a static hydrogen source 

for the reaction, and the reaction mixture was allowed to stir overnight. The mixture was filtered 

over a bed of celite and concentrated in vacuo to obtain the product, a colorless oil (5.59 g, 

Quantitative yield). 
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Bn-SyLMLGLGL-Si 

Bn-SyLM (2.41 g, 5.10 mmol) and LGLGL-Si (2.86 g, 4.85 mmol) were dissolved in 50 

mL dry methylene chloride under nitrogen. DPTS (0.286 g, 0.971 mmol) was added and allowed 

to dissolve, followed by DCC (1.10 g, 5.34 mmol). The reaction was allowed to stir overnight. The 

reaction was then filtered and concentrated to obtain the crude product. The material was purified 

by column loaded with 5% ethyl acetate in hexanes (4.29 g, 85%). 
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SyLMLGLGL-Si 

To a solution of triethylamine (0.008 mL, 0.6 mmol), palladium (II) acetate (0.0416 g, 

0.0185mmol), and triethylsilane (0.919 mL, 5.77 mmol) in 6 mL dry methylene chloride under 

nitrogen, a solution of Bn-SyLMLGLGL-Si (4.29 g, 4.12 mmol) in 7 mL of methylene chloride 

was added while stirring. The solution was allowed to stir for 16 hrs and was quenched with 

saturated aqueous ammonium chloride solution. The organics were extracted with methylene 

chloride, dried with magnesium sulfate, filtered over a bed of celite, and concentrated to obtain the 

crude product. A 5” column packed with 10% ethyl acetate in hexanes was used to purify the 

material (3.927 g, 70%). Product was a white solid. 



 79 

 

SyLMLGLGL 

SyLMLGLGL-Si (2.71 g, 2.84 mmol) was dissolved in 28 mL dry THF under nitrogen 

and cooled to 0oC. TBAF solution (1 M in THF, 4.26 mL, 4.26 mmol) and acetic acid (0.351 mL, 

4.26 mmol) were combined and added dropwise to the solution. The reaction was stirred for one 

hour and was quenched with brine. The organics were extracted with ethyl acetate, dried with 

magnesium sulfate, filtered, and concentrated to obtain the crude product. A column was loaded 

with 10% ethyl acetate in hexanes to purify the material. Polarity was increased to 90% until all 

product eluted (1.61 g, 81%). 
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Cyc-SyLMLGLGL 

SyLMLGLGL (1.61 g, 2.25 mmol) was dissolved in 25 mL dry methylene chloride and 

injected to a solution of DCC (0.510 g, 2.47 mmol) and DPTS (0.132 g, 0.450 mmol) in 225 mL 

dichloroethane at 60 oC over a span of 16 hrs. The solution was allowed to stir for an additional 

24 hrs before being filtered and concentrated to obtain the crude product. A column loaded with 

15% ethyl acetate in hexanes was used to purify the product (1.38 g, 88%), a white solid. 

 

Poly SyLMLGLGL 

 G2 (0.76 mg, 8.9x10-4 mmol, 1.33 mol%) was dissolved in CH2Cl2 (15 μL), and to a 

stirring solution of Cyc-SyLMLGLGL (20.0 mg, 0.029 mmol) in CH2Cl2 (50 μL). The reaction 

was allowed to stir at rt for 2 h before being quenched through the addition of ethyl vinyl ether 
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was allowed to stir for 5 min and then was dried under vacuum overnight to yield an off-white 

solid (quant). 1H NMR (400 MHz, CDCl3) δ 5.48-5.40 (trans) and 5.40-5.35 (cis) (m, 2H), 5.13 

(q, J = 7.2 Hz, 2H), 5.07 (q, J = 7.2 Hz, 2H), 4.37-4.27 (m, 4H), 4.034 (cis) and 4.029 (trans) (t, J 

= 6.8 Hz, 4H), 2.37 (dt, J1 = 16 Hz , J2 = 7.6 Hz, 2H), 2.35 (dt, J1 = 16 Hz, J2 = 7.4 Hz, 2H), 2.33-

2.23 (m, 8H), 1.69-1.58 (m, 8H), 1.53 (d, J = 7,2 Hz, 6H), 1.50 (d, J = 7.2 Hz, 6H), 1.42-1.34 (m, 

4H); 13C NMR (100 MHz, CDCl3) δ 173.09, 172.88, 170.25, 169.93, 129.39 (trans), 128.98 (cis), 

68.85, 68.13, 64.10, 62.69, 34.10, 33.64, 28.27, 27.77, 25.37, 24.35, 16.72, 16.70; DSC: Tg = -11 

℃; SEC (THF): Mn = 47 kDa, Mw = 60 kDa, ᴆ = 1.3. 

 

ED-ROMP competition experiment between cis and trans-cyclic-Eg-(LGLM)2. 

A pre-mixed solution of trans-cyclic-Eg-(LGLM)2 (6.2 mg, 10.2 μmol) and cis-cyclic-Eg-

(LGLM)2 (5.8 mg, 9.6 μmol) in CDCl3 (315 μmol) was added to an NMR tube equipped with a 

controlled atmosphere valve. A solution of G2 (220 μg, 0.25 μmol) in CDCl3 (160 μL) was then 

added under N2 and the tube was inserted into a 600 MHz NMR for further analysis as the reaction 

progressed. 20 1H NMR spectra were acquired over the course of 4 hrs, with particular attention 

being paid to the G-methylene peak region 4.65-4.85 ppm. A final ratio of cis:trans observed for 

the quenched solution was 0.20 to 1, corresponding to 17% cis-monomer remaining. Data for the 

remaining time points is shown below. 

SEED-ROMP kinetics study.  

To a stirring solution of cis-cyclic-Eg-(LGLM)2 (72 mg, 120 μmol) and CH2Cl2 (121 μL) 

was added a solution of catalyst G2 (1.3 mg, 1.5 μmol) in CH2Cl2 (50 μL). Aliquots were removed 

via pipette at the specified time points over the course of 2 days and added to a GC vial containing 

a solution of ethyl vinyl ether in order to quench the catalyst. Samples were diluted with CH2Cl2, 
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passed through a celite plug and concentrated. The cis-to-trans ratio of monomer was 

approximated by comparing peak integrations at 4.85-4.75 ppm. Total conversion was 

approximated by comparing peak integrations at 4.9-4.75 ppm. The E:Z ratio of polymeric 

materials, as determined by peak integrations at 5.6-5.3 ppm, was 85:15. 

Poly Eg(LLCM)2 molecular weight control study. 

The LLC-macromonomer was added to a vial charged with a stir bar and pumped into a 

nitrogen filled glove box. An appropriate amount of dry CH2Cl2 (0.7M with respect to monomer 

final volume) was added to dissolve the monomer. A solution of Grubbs’ 2nd generation catalyst 

(varying catalyst mol %) was prepared and added to monomer solution and allowed to stir for 4h. 

After 4h, the polymerizations were quenched with ethyl vinyl ether and allowed to stir for 5 min 

before concentrating in vacuo. 

Poly Eg(LGLM)2 molecular weight control study. 

A solution of catalyst G2 (1-3 mol%) in CH2Cl2 (~0.5 M) was added to a vial containing 

cis-cyclic-Eg-(LGLM)2 in CH2Cl2 (final concentration 0.7 M). Reaction mixtures were shaken for 

2 h, quenched with EVE (0.5 mL), and shaken an additional 30 min. The mixture was dissolved in 

CH2Cl2 and concentrated in vacuo to yield poly Eg(LGLP)2 with varying molecular weights. 

Chain extension experiment of poly (LGL-Eg-LGL-M).  

A solution of catalyst G2 (0.18 mg, 0.22 μmol) in CH2Cl2 (10 μL) was added to a pre-

mixed solution of cis-cyclic-Eg-(LGL-M)2 (10.5 mg, 17.4 μmol) in CH2Cl2 (15 μL). After shaking 

for 20 min, a second aliquot of cis-cyclic-Eg-(LGL-M)2 (10.5 mg, 17.4 μmol) in CH2Cl2 (25 μL) 

was added. The polymerization was quenched through the addition of EVE (0.5 mL) and allowed 

to shake for 30 min. The mixture was dissolved in CH2Cl2 and passed through a celite plug before 

concentrating in vacuo to yield a viscous residue (18.4 mg, 90.6% conversion, 31% cis-olefin in 
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unreacted starting material). Spectral data matched that previously reported for poly (LGL-Eg-

LGL-M). SEC (THF): molecular weights too high to be determined; ᴆ ≈ 1.11. Note: when each 

phase of polymerization was allowed to stir for only 10 min, polymer was obtained with 68% 

conversion, adjusted theo. Mn = 60.0 kDa, actual Mn = 74.3 kDa, Mw = 82.5 kDa, ᴆ = 1.11. 

Sequential SEED-ROMP—ROMP: preparation of poly [(Eg(LGLM)2-block-(NBE)]. 

SEED-ROMP—ROMP reactions were carried out sequentially, with SEED-ROMP 

occurring for 10 min prior to NBE addition. ROMP was allowed to continue for either 1 min or 5 

min. Control experiments were quenched after the SEED-ROMP phase of the reaction. A sample 

protocol is detailed below: 

A solution of G2 (0.18 mg, 0.218 μmol) in CH2Cl2 (10 μL) was added to a pre-mixed 

solution of cis-cyclic-Eg(LGLM)2 (10.5 mg, 17.4 μmol) in CH2Cl2 (15 μL) and allowed to shake 

for 10 min before a pre-mixed solution of NBE (41 mg, 435 μmol) in CH2Cl2 (25 μL) was added 

at room temperature. The vial was shaken for 1 min, and EVE was added and was shaken for an 

additional 10 min. The mixture was diluted to a pre-weighed vial after diluting with CH2Cl2 (0.3 

mL) and concentrated in vacuo to provide crude poly [(LGL-Eg-LGLM)-block-(NBE)] as a solid  

(18.5 mg, 93% SEED-ROMP monomer conversion, 64% cis-olefin incorporation in poly(NBE); 

based on DP, composition is 46 mol% block A (poly (LGL-Eg-LGL-M), DP 100) and 54 mol% 

block B (poly(NBE), DP 117). To add clarity to integration numbers presented herein, a 50:50 

ratio of A:B has been assigned, and a 50:50 cis:trans ratio has been assigned for the NBE block. 

1H NMR (500 MHz, CDCl3)  5.51 (m, atrans) and 1.42 (m, acis) (2H), 5.35 (br s, 1H, jtrans) and 

5.21 (m, 5H, dg & jcis), 4.89 (d, J = 16.0 Hz, 2H, f), 4.65 (d, J = 16.5 Hz, 2H, f), 4.41 (m, 4H, i), 

2.85 (br s, 2H, kcis), 2.50 (m, 5H, c and ktrans), 2.33 (m, 4H, b), 1.87 (m, 1H, m1), 1.80 (m, 2H, l1) 

1.55 (d, J = 6.0 Hz, 6H, e), 1.53 (d, J = 7.0 Hz, 6H, h) 1.35 (m, 2H, l2), 1.09 (m, 1H, m2); 
13C NMR 
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(125 MHz, CDCl3)  172.49 (A), 170.38 (A), 169.86 (A), 166.78 (A), 134.14 (B), 134.07 (B), 

134.03 (B), 133.99 (B), 133.90 (B), 133.28 (B), 133.15 (B), 133.00 (B), 129.49 (A), 129.154 (B), 

129.04 (B), 69.41 (A), 68.36 (A), 68.30 (A), 62.92 (A), 60.83 (A), 43.56 (B), 43.27 (B), 42.90 (B), 

42.24 (B), 38.81 (B), 38.56 (B), 33.84 (A), 33.25 (B), 33.07 (B), 32.52 (B), 32.36 (B), 27.72 (A), 

17.02 (A), 16.88 (A); SEC (THF): Mn = 71.4 kDa, Mw = 78.8 kDa, ᴆ = 1.10. 
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3.0 The Influence of Short-Range Scrambling of Monomer Order on the Hydrolysis 

Behaviors of Sequenced Degradable Polyesters 

3.1 Overview 

 

The work described in this chapter has been submitted as a journal article entitled “The 

Influence of Short-Range Scrambling of Monomer Order on the Hydrolysis Behaviors of 

Sequenced Degradable Polyesters” to ACS Macromolecules. Jordan H. Swisher is listed as a 

contributing author on this publication for his assistance in the preparation of starting materials, 

experimental design, and scientific discussions. In this chapter, the hydrolysis behaviors of two 

copolymers containing only a slight difference of sequence precision are compared.  

3.2 Introduction 

In synthetic polymer science, there are few studies of the sensitivity of bulk properties to 

discrete changes in monomer sequence in an otherwise sequence-controlled polymer (SCP). The 

degree to which sequence plays a role in macromolecular function is well established in Nature 

and most appreciated within the scope of biological chemistry, where it is well understood that for 

some biopolymers a single monomer sequencing error can dramatically affect function, e.g. DNA, 

while for others the behavior is controlled by an overall sequence pattern rather than exact 

monomer identity and placement, e.g. structural proteins like spider silk.157-159 
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Figure 13. Range of bulk property/sequence tolerance profiles for random and sequence-controlled 

copolymers where A represents a precisely alternating and B represents a statistically random copolymer.   

 

Although there has been an increasing effort in studying structure and function in SCPs,11, 

14, 95 little is known about the sensitivity of properties to sequence errors. Synthetic advances have 

aided both in the expansion in number and types of SCPs,13, 15, 29, 107, 135, 138, 160-166 and in the studies 

of the bulk properties,51, 70, 167-169 solution properties,21, 70, 71, 75, 81, 82, 93, 163, 170, 171 and complex 

behaviors19, 76, 96, 172-176 of these materials. Still, there has been less effort to date in trying to 

understand the effects of sequence errors. One way to visualize sequence errors that is applicable 

to periodic copolymers of the type discussed herein is illustrated in Figure 13.  In this model, the 

introduction of increasing numbers of errors to the base alternating sequence eventually yields a 

polymer with the block lengths and block dispersities similar to those that would be obtained from 

a statistical polymerization.  Based on this model, a variety of property responses can be 

envisioned.  At one end of the continuum a property could be found to behave like DNA, wherein 

even small numbers of errors cause dramatic differences in the property (Figure 13, bottom curve). 
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At the other, a base sequence could be found, as in structural proteins, to be resilient to the 

introduction of sequence mistakes, retaining the performance of the fully sequenced version 

despite a significant introduction of errors (Figure 13, top curve).  The exact profile and the degree 

of dependence would, of course, be important both to improve sequence engineering for particular 

behaviors and to allow more practical syntheses of semi-sequenced copolymers in systems in 

which errors can be tolerated.70, 83, 172, 177-180 

In this chapter, the effect of sequence on properties will be studied for a class of degradable 

polyesters closely related to poly-(lactic-co-glycolic acid)s (PLGAs). PLGAs, which are widely 

used for bioengineering applications including drug delivery and cell growth scaffolding, are 

almost always random in sequence.1, 4-7, 9, 10, 38, 101  Random PLGAs such as PDLGA-50 are 

traditionally prepared from the ring-opening polymerization of lactide and glycolide, which, due 

to the reaction’s statistical nature, typically results in a polymer with a wide distribution of block 

lengths. This distribution is important because it is known that G-rich regions degrade more rapidly 

than mixed or L-rich regions in an aqueous environment. As a result, polymer mass and molecular 

weight decrease rapidly upon exposure to water.181 The degree of  this hydrolytic susceptibility of 

fully random PLGAs is commonly controlled by altering the composition of the monomer feed. 

Average block length and thus degradation rates, however, are not dramatically affected until 

approximately 80-90% of the monomer feed composition is one monomer.182-184 

Our group has invested significant effort in establishing hydrolysis behaviors as a function 

of sequence for PLGAs.35-37, 113, 114, 139, 140, 185 A library of SCPs comprising the three monomer 

units, s-lactic acid (L), R-lactic acid (LR), and glycolic acid (G), was previously studied.  

Hydrolysis was found to be sequence-dependent in all cases, and a dramatic difference was 

observed relative to random copolymers of the same compositions.35, 36 We previously reported 
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the property differences between alternating copolymer (LG)n which we termed Poly LG, and its 

random sequence analog PDLGA-50 (and the stereopure variant PLLGA-50). The dramatic 

differences in hydrolysis behaviors between the alternating and random sequences presents an 

opportunity to investigate the degree of property sensitivity to minor sequence alterations. 

We sought to design a sequenced polyester with an alternating LG segment and study its 

degradation behaviors alongside a semi-scrambled, or controlled random, copolymer. This 

synthetic route was used, as opposed to preparing two precisely-sequenced copolymers, to 

investigate the realm between sequenced and random. Our goal was to study the property tolerance 

of this family of polyesters to sequence errors and to search for unexpected, sequence-induced 

complex behaviors like those observed in our previous works.35-37, 97, 98, 139  We chose to prepare 

these polymers using entropy-driven ring-opening metathesis polymerization (ED-ROMP). Using 

this process, large macrocycles are ring-opened to form entropically-favored linear chains with 

reproducible, controlled molecular weights.104, 186, 187 Though these copolymers deviate in structure 

from pure PLGAs due to the necessary incorporation of the polymerizable olefin functionality, the 

realized molecular weight control is crucial to effectively make comparisons between polymers 

containing subtle differences in sequence.114 

Herein, we describe the synthesis of a precisely sequenced polyester comprising L, G, 

syringic acid (Sy), and a metathesis-active olefin linker (M), and a copolymer of identical 

monomer composition but with a slightly scrambled LG sequence. Syringic acid was incorporated 

in these copolymers to elevate the Tg above 37 ℃, which is important for future applications.188 

Molecular weight decrease, mass loss, thermal properties, and film characteristics were monitored. 

Dramatic differences in the degradation behaviors of the two polymers were observed, despite the 

relatively small differences in sequence. 
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3.3 Results 

3.3.1  Synthesis of Sequence Controlled Polymers  

All L monomers denoted in this work are the L-lactic acid isomer. Oligomers are named 

from the acid-terminus to the alcohol-terminus by listing each unit. The oligomer 

SyLM(LGLGL), for example, consists of syringic acid - lactic acid - metathesis linker  and an 

alternating sequence of three lactic acid and two glycolic acid units. A prefix of Cyc- is used to 

indicate the ring-closed macromonomer and Poly is used to indicate the ring-opened polymer.  

 

Figure 14. Synthesis of Poly SyLM(L3G2):  A) Synthesis of Cyc-SyLM(L3G2) macrocycle; B) polymerization 

of macrocycles to produce precisely sequenced and controlled random copolymers of identical composition; 

and C) size exclusion chromatography traces of both copolymers. 
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The hydroxy-acid sequenced oligomer SyLM(LGLGL) was prepared utilizing standard 

iterative ester coupling techniques described by our group,139, 185 and the ring-closed species Cyc-

SyLM(LGLGL) was obtained in good yield upon macrolactonization under dilute conditions as 

described previously.188 Sy, which introduces the largest structural deviation from a traditional 

aliphatic polyester such as PLGA,  was incorporated as an inert, conformationally-rigid unit to 

counteract the dramatic lowering of the glass transition temperature that results from the 

incorporation of the conformationally-flexible metathesis linker M.112, 120, 189 

As the first step in preparing a randomized analog to this macrocycle, Cyc-SyLM(L3G2), 

a mixture of random pentamers comprising 60 mol% L and 40 mol% G (i.e. L3G2) was prepared 

by the ester coupling of a mixture of mono-protected dimers: Bn-LL, Bn-LG, Bn-GL, Bn-GG, 

LL-Si, LG-Si, GL-Si, and GG-Si (Si = TBDPS, Bn = benzyl); followed by full benzyl 

hydrogenolysis and subsequent coupling with additional Bn-L (0.60 eq.) and Bn-G (0.40 eq.). The 

resulting Bn-L3G2-Si was then deprotected once more via hydrogenolysis to yield the free-acid 

pentamer L3G2-Si (Figure 14). During the synthesis of these mixtures of compounds, significant 

differences in polarity of the protected and unprotected species allowed for surprisingly 

uncomplicated purifications using column chromatography. 

Randomized hydroxy-acid oligomer SyLM(L3G2) was prepared by coupling an acid-

protected Bn-SyLM to the random alcohol-protected pentamer L3G2-Si followed by sequential 

benzyl and silyl deprotection reactions. Macrocyclic oligomer Cyc-SyLM(L3G2) was then 

prepared utilizing the same macrolactonization technique described above (Figure 14A). Both 

cyclic species were then subjected to ED-ROMP at 0.7 M with 1.50 mol% Grubbs second 

generation catalyst to obtain Poly SyLM(LGLGL) (Mn = 44.3 kDa, Ð = 1.15) and Poly 

SyLM(L3G2) (Mn = 47.6 kDa, Ð = 1.07)  (Figure 14 B,C). This synthetic approach yielded both 
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the perfectly-sequenced copolymer and the scrambled analog wherein the disorder was confined 

to the LG-pentamer region of the otherwise precise copolymer. 

 

Figure 15. The theoretical and experimental sequence outcomes within the mixture of random L3G2-Si 

pentamers prepared from precursor dimers, and 1H NMR spectroscopy (red labels are theoretical and black 

are experimental). 

3.3.2  Sequence Characterization 

The structure of Poly SyLM(LGLGL) was confirmed by comparison with previously-

acquired NMR spectroscopy and MALDI-TOF mass spectrometry data.188 The analysis shows that 

sequence is preserved throughout all steps of the synthesis.  

The structure of the random copolymer is more complex but can be confirmed by first 

analyzing the composition of the pentamers that are embedded. 1H NMR spectroscopy and mass 

spectrometry show that the distribution in L3G2-Si is consistent with the expected 32 sequence 

outcomes arising from the statistical combination of protected dimers (Figure 15).  
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Figure 16. Sequence characterization of macrocycles: A) 1H NMR spectra of methyne, methylene, and olefin 

regions of Cyc-SyLM(LGLGL) and Cyc-SyLM(L3G2); B) high resolution mass spectrum of Cyc-

SyLM(LGLGL); and C) high resolution mass spectrum of Cyc-SyLM(L3G2) macrocycle mixture. 

 

While the complete assignment of the sequences is not possible, select signals of known 

monomer units, when compared to our large library of L/G-containing sequenced oligomers, 

allowed us to quantify to a degree the sequence outcomes. A terminal, deprotected L methyne 

proton displays a resonance near 5.2 ppm unless the next unit in the sequence is another L, in 

which case the signal shifts to 5.0 ppm. The theoretical composition of LLXXX-Si units is 11% 

of all L’s, whereas the 1H NMR spectrum indicates 16% of L’s in this placement. Resonances for 

both L methyne and G methylene protons that are last in the pentameric sequences, adjacent to the 

silyl protecting group (XXXXL/G-Si), appear at 4.35 ppm. Based on the L units already accounted 

for and the integrations of the L methyl resonances at 1.3 ppm, the signals displayed from L units 

in this region were calculated to represent 14% of all L’s, whereas this theoretical value was 21%. 

The signals for G units appear in one of two regions – either 4.5 – 4.9 ppm or in the 4.35 region 

(XXXXG-Si). The theoretical values compared to the experimental placements of G’s varied by 

7%. Overall, these integrations are consistent with those expected. The differences likely 

correspond to a small degree of oligomer bond cleavage that occurred during the synthesis and 

isolation steps. 
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After ring-closing, the sequences and monomer composition of both macrocycles were 

elucidated using 1H NMR spectroscopy and HRMS. The 1H NMR spectra of the macrocycles are 

most informative in the 4.5 – 6.0 ppm region, where G-methylene, L-methyne, and M-olefin 

protons appear (Figure 16A). The sequenced macrocycle clearly displays four distinct quartets 

corresponding to the L-methyne protons, as well as two pairs of doublets from the G-methylene 

protons. Although this spectral region is complex for the controlled random macrocycle, the same 

subregions of G-methylene (4.5 – 4.9 ppm), L-methyne (5.0 – 5.5 ppm), and M-olefin protons 

(5.5 – 5.8 ppm) remain distinct. Further structural insights were obtained from the HRMS of both 

macrocycles. Cyc-SyLM(LGLGL) displayed a single major peak matching the theoretical mass 

(Figure 14B), whereas Cyc-SyLM(L3G2) displayed five peaks corresponding to the masses of 

macrocycles containing LG4 to L5 pentamers. The peak associated with a Cyc-SyLM(G5) species 

was not observed, which confirms that this hydrolytically-sensitive species did not survive the 

final steps in the synthesis (Figure 16C). Even without this sensitive macrocycle in the mixture, 

the overall monomer composition did not suffer dramatically. A synthetic target of 3:2 L-to-G 

ratio resulted in an experimental ratio of 3:1.88 according to the 1H NMR spectrum. 
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3.3.3  Film Casting  

 

Figure 17. Cartoon depiction of solution film-casting of polymer discs (left) and photograph of Poly 

SyLM(LGLGL) and Poly SyLM(L3G2) free-standing discs (right). 

 

PLGAs may be processed into a variety of devices including high surface area scaffolds, 

microparticles, pellets, and films.4, 6-10 In our sequence/property investigations we wished to 

produce uniform devices of small mass with high efficiency, and we found that solution casting of 

thick polymer films, or discs, was effective in this endeavor.112 Thick films were cast on 1.25 cm 

glass coverslips2 (Figure 17) and thicknesses were measured using optical profilometry (Figure 

18). The 120-150 μm films were dried in a vacuum chamber, delaminated from the glass 

coverslips, and placed in phosphate buffer solution upon the commencement of the hydrolysis 

study. 
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Figure 18. Optical profilometry countours of sliced films of Poly SyLM(LGLGL) and Poly SyLM(L3G2) discs. 

3.3.4  Hydrolysis  

Samples were placed in 10x phosphate buffer solution and incubated at 37 ℃ for the 

duration of the study. A preliminary molecular weight loss study was performed on a single film 

of both samples to determine time points for the full study.  In the full study reported herein, three 

films were used for each molecular weight and mass data point and averages were calculated. A 

single film was used for DSC measurements and SEM imaging. At a given time point, samples 

were removed from the buffer solution, blotted dry, frozen in liquid N2, and lyophilized for three 

hrs to remove residual water. The pH of the buffer was monitored over time and remained 

unchanged for the duration of the study.  
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The 1H NMR spectra of the lyophilized films over the course of the study neither showed 

significant L:G composition change nor transesterification/sequence-scrambling, similar to the 

previously-studied sequenced PLGAs. It is notable that in fully random PLGAs, the L:G ratio 

increases over time as G linkages are cleaved and short-chain oligomers are washed away.7 1H 

NMR spectra of each copolymer in this study did show a decrease in M content near the very end 

of the study, indicating the L-M-L linkages are hydrolysable yet do not limit the lifetimes of these 

polymers in an aqueous environment. Similarly, the resonance of the syringic acid methoxy 

protons, initially a singlet at 3.8 ppm, developed a shoulder peak at 3.9 ppm at the very end of the 

film’s lifetime, indicating the L-Sy-L linkages are slower to cleave than the pentameric LG 

sequences. 
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Figure 19. Molecular weight and mass loss profiles of Poly SyLM(LGLGL) and Poly SyLM(L3G2):  A) 

number average molecular weight (Mn) loss over time; B) weight average molecular weight (Mw) loss over 

time; C) dispersity (Ð) over time; and D) film mass loss over time. Range bars are included for sample sets 

with significant deviations (> 0.1 on y-axis). 

 

3.3.5  Molecular Weight and Mass Loss  

In the first three weeks of degradation, the two copolymers behaved similarly in molecular 

weight loss and mass loss (Figures 19, 20). At Week 4, the degradation profiles become distinct 

as a sharp drop in the controlled random copolymer’s molecular weight results in a larger increase 

in mass loss, while the precisely sequenced copolymer drops at a more gradual rate. This faster 
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mass loss for the controlled random copolymer is consistent with the formation of a high fraction 

of short-chain byproducts, similar to the behavior seen in fully random PLGAs.190 

 

 

Figure 20. Size exclusion chromatographs during hydrolysis for Poly SyLM(L3G2) (top) and Poly 

SyLM(LGLGL) (bottom). 

3.3.6  Thermal Behavior  

The thermal characteristics of the two polymers were monitored by differential scanning 

calorimetry during the hydrolysis study (Figure 21). Thermograms were collected on the first 

heating cycle to obtain the native thermal features at a given time point. The initial thermograms 

of the polymers (Week 0) display identical glass transition temperatures at 50 ℃, as expected from 
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the Flory-Fox equation, given their identical monomer composition.112 Initially, neither displayed 

crystallization nor melting transitions. Slight degradation of the controlled random copolymer, 

however, resulted in the development of sharp, low temperature melting transitions near 60 ℃. In 

the sequenced copolymer, no melting transitions are observed and the Tg remains at 50 ℃. It 

should be noted that the unusual shape of the glass transitions is due to an increased short-range 

ordering of chains upon aging which leads to enthalpic relaxation.191 The optical transparency of 

the films correlates well with the thermograms – both films are transparent at Week 0 and the 

controlled random becomes opaque by Week 1 just as melting transitions appear (Figure 23). The 

sequenced films remain mostly transparent until approximately Week 7 of hydrolysis. 

 

Figure 21. Differential scanning calorimetry thermograms for Poly SyLM(LGLGL) (left) and Poly 

SyLM(L3G2) (right) at each time point during hydrolysis. 
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Figure 22. Scanning electron microscopy images (secondary ion detection, 10 kEv) of polymer films over the 

course of hydrolysis. (A) Poly SyLM(LGLGL) at Week 7, ~50% loss of Mn, 100x. (B) Poly SyLM(L3G2) at 

Week 4, ~50% loss of Mn, 100x. (C) Poly SyLM(LGLGL) at Week 7, 1,000x. (D) Poly SyLM(L3G2) at Week 4, 

1,000x. (E) Poly SyLM(LGLGL) at Week 10, 3,000x. (F) Poly SyLM(L3G2) at Week 6, 3,000x. Note the 

presence of residual buffer salt crystals in SEM-D. 

3.3.7  Film Characteristics  

The surface features of the thick films were imaged by scanning electron microscopy. Low 

magnification images (100x) showed the sequenced polymer maintained its native surface 
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uniformity throughout degradation and underwent clean fractures. The controlled random, 

however, exhibited immediate changes in surface appearance upon hydrolysis and degraded non-

uniformly with the development of large voids and micron-sized pores (Figure 22). The bulk 

portions of films remaining at the end of hydrolysis were flakey and soft, differing from the small, 

dense particles left for the sequenced copolymer films (Figure 23). The brittle fracture pattern 

observed for the precisely sequenced copolymer can be explained by the increasing order of the 

chains during aging.191 This explanation correlates well with the increased enthalpic relaxation 

observed in the thermograms. 

 

Figure 23. Photographs of copolymer thick films over the course of hydrolysis. 

3.4 Discussion 

Although we have established previously and have observed in this study that hydrolysis 

behaviors are extremely sensitive to sequence, we note that not all polymer properties are as 

sequence-dependent. Specifically, for PLGAs we have found that the pre-hydrolysis bulk and 

thermal properties are largely independent of monomer sequencing. 113, 139  For instance, while one 

might expect that the highly ordered structure of a precise polymer could affect the Tg or 

crystallinity, we have generally observed that polyesters of identical composition but different 

sequencing display differences in Tg that are so small as to be difficult to differentiate from those 

that could be attributed to minor variations in molecular weight, thermal history, and plasticization 
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due to humidity.35, 185 Moreover, despite the high degree of order in the backbone, the periodically 

sequenced copolymers are often poorly crystalline or amorphous. It is not surprising, therefore, 

that sequence errors do not result in significant differences in degree of crystallinity. 

In contrast with the thermal properties, we have found that the course of hydrolysis is 

extremely sequence dependent as are the properties of the partially degraded copolymers at each 

time point. We have shown in our prior studies on related PLGAs that the hydrolytic degradation 

can be correlated with differences in bond cleavage rates of the monomers, which in turn affect 

the predominant mechanism of degradation.35, 36 Bond cleavage in polymer backbones generally 

proceeds by two mechanisms – intrachain scission, in which a bond is broken in the middle of a 

chain, and end-chain scission, which most commonly involves back-biting by a reactive end-

group.192 Though both mechanisms act concurrently, the prevalence of one mechanism over the 

other results in distinctive molecular weight and mass loss profiles.190 In a primarily chain-end 

degradation mechanism, molecular weight decreases linearly with accompanying small increases 

in dispersity. As small molecule byproducts are eliminated, the mass decreases gradually. 

However, when even a small degree of intrachain scission occurs, rapid molecular weight loss and 

large increases in dispersity result. Additionally, the fraction of small-chain oligomers that may be 

eliminated from the polymer matrix rapidly increases, causing a faster mass loss than would be 

observed for a sample in which chain-end degradation dominates. 

We have previously shown, for example, that a simply alternating copolymer, (LG)n, which 

we name Poly LG, exhibits chain-end hydrolysis as its primary mechanism, whereas the random 

analog of the same composition, PDLGA-50, shows significant intrachain cleavage during 

hydrolysis. This change can be logically correlated with the known kinetic differences in the 

reactivity with water of the various linkages: G-G > G-L, L-G > L-L.36   In PDLGA-50, the fast-
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cleaving G-G linkages appear to lead to significant intrachain scission.  That being said, it was not 

clear that G-G cleavage rates were the only factor that affected the hydrolysis profile. A major goal 

of the current study was, therefore, to isolate short-range monomer connectivity kinetics from other 

possible contributions, like stereochemistry and micro- or nano-phase separation that could occur 

in the random copolymer, given the likely presence of longer L-rich and G-rich regions in the 

statistical chains. 

Despite their relatively high degree of homology, differences during hydrolysis between 

Poly SyLM(LGLGL) and Poly SyLM(L3G2) mimic the scission patterns observed for Poly LG 

and PDLGA-50. Based on the rapid increase in dispersity, more rapid mass loss, and the 

development of low temperature melting transitions, it is clear that the controlled random 

copolymer produces a larger fraction of small chain oligomers and that the degradation involves 

significant intrachain scission.1 For the sequenced copolymer in this work, the lesser and more 

gradual increase in dispersity and the more gradual mass loss suggest that less intrachain scission 

occurs during hydrolysis.  

We also observe a strong effect of the monomer scrambling in the structure of the films 

during hydrolysis. In particular, the pore pattern that is observed in the SEM images of the 

controlled random polymer is consistent with the proposed predominance of intrachain scission 

cleaving G-G linkages to produce a heterogeneous pattern.  Interestingly, however, PDLGA-50, 

which also comprises L- and G-rich regions, does not exhibit an analogous pore structure during 

degradation but instead plasticizes extensively to give a visually unstructured surface at the 1-10 

μm scale.2 We hypothesize that this difference is a result of the presence of the conformationally-

rigid and slower-degrading Sy-L-M linkages after every five monomer units, which limits the 

population and frequency of hydrolytically-susceptible G-G linkages locally within the chain. 
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Moreover, when combined with the randomly-occurring L-rich segments, the range of differences 

in hydrolysis kinetics between regions is accentuated relative to the fully random PLGA. We note 

that the porous degradation structure observed for the controlled random copolymer could prove 

useful for applications in which mechanical properties of a scaffolding need to be preserved as 

long as possible during degradation.   

Having previously identified the effectiveness of G-G linkages in altering the hydrolysis 

behaviors of PLGAs, we originally sought to investigate the magnitude of general sequence 

sensitivity as a sequenced PLGA becomes slightly randomized.  In this study we have observed 

that PLGA-inspired polyesters are incredibly sensitive to the precision of short-range monomer 

order, having found that hydrolysis behaviors are changed dramatically by only a small degree of 

sequence scrambling. The synthetic method we employed effectively capped single monomer 

repetitions to five units. Therefore, the preparation of a precisely-sequenced and a controlled-

random analog represents only a slight shift in the sequenced/randomized continuum (Figure 13, 

bottom curve). 

3.5 Conclusion 

To address the tolerance of properties to short range sequence scrambling, we used ED-

ROMP to prepare a precisely sequenced polyester comprising lactic, glycolic, and syringic acids 

along with a copolymer with identical monomer composition but a slightly scrambled monomer 

sequence. Hydrolysis behaviors were monitored over time to reveal drastic contrasts despite a 

relatively small difference in precision sequencing. Molecular weight loss was accelerated within 

the controlled random copolymer and dispersity measurements were consistent with an increased 
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rate of intrachain scission versus the precisely sequenced copolymer. Microscopic pores and larger 

voids developed within the controlled random copolymer, whereas the precisely sequenced 

copolymer retained its native surface features to a larger degree throughout the course of 

degradation. 

Lastly, while there exist many comonomer systems to prepare materials with targeted 

applications, sequence remains an exciting tool for expanding the functional capacity of any given 

set of comonomers. While synthesis continues to be a bottleneck in the preparation of sequenced 

materials, semi-sequencing may be used to avoid overly-laborious syntheses. We are continuing 

our efforts in understanding how sequence errors affect behavior and in identifying properties that 

depend on sequence but can tolerate error. 

 

3.6 Experimental Section 

3.6.1   General Information 

All experiments were carried out in oven-dried glassware under N2 using standard Schlenk 

line techniques. N,N’-dicyclohexylcarbodiimide (DCC) was purchased from Oakwood Chemical 

and used without further purification.  Palladium, 10wt% (dry basis) on carbon (Pd/C) was 

purchased from Sigma Aldrich. Methylene chloride (CH2Cl2, Fisher) and ethyl acetate (EtOAc, 

Sigma Aldrich) were purified by a Solvent Dispensing System by J. C. Meyer (neutral alumina 

columns). Anhydrous, inhibitor-free tetrahydrofuran (THF) and Grubb’s 2nd generation catalyst 

were purchased from Sigma Aldrich. Syringic acid was purchased from Sigma Aldrich and used 
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with no further purification. Column chromatography was performed using Sorbent Technologies 

60 Å, 40-63 μm standard grade silica. 

1H (300, 400, 500 MHz) and 13C were obtained using Bruker spectrometers and are 

reported as δ values in ppm relative to the reported solvent (CDCl3 referenced to 7.26 and 77.16). 

Splitting patterns are abbreviated as follows: singlet (s), doublet (d), triplet (t), quartet (q), 

multiplet (m), broad (br), and combinations thereof. HRMS data were obtained on a LC/Q-TOF 

instrument. Molecular weights and dispersities were obtained on a TOSOH HLC-8320GPC 

EcoSEC equipped with TSK-3000H and TSK-4000H columns and tetrahydrofuran as mobile 

phase, relative to polystyrene standards (2.5, 9, 30, 50, 90 kDa). 

3.6.2   Experimental Procedures 

The preparation of dimers Bn-LL, Bn-GL, Bn-GG, Bn-LG, LL-Si, GL-Si, GG-Si, and 

LG-Si were previously reported by our group. The detailed synthesis of Cyc-SyLMLGLGL was 

previously reported.188 
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Bn-XXXX-Si, X = 3:2 L:G 

Bn-LL (2.12 g, 8.40 mmol), Bn-GL (1.00 g, 4.20 mmol), Bn-LG (1.00 g, 4.20 mmol), Bn-

GG (3.36 g, 4.20 mmol), LL-Si (3.36 g, 8.40 mmol), GL-Si (1.62 g, 4.20 mmol), LG-Si (1.62 g, 

4.20 mmol), and GG-Si (1.56 g, 4.20 mmol) were dissolved in 500 mL DCM. DPTS (1.00 g, 3.40 

mmol) was added and allowed to dissolve before the addition of DCC (4.76 g, 23.1 mmol). The 

reaction was stoppered and allowed to stir at RT overnight. The solution was filtered, concentrated 

in vacuo, and purified by column chromatography using 5% ethyl acetate in hexanes. Product 

eluted in fractions 3-12 (250 mL fractions). 1H NMR displayed the anticipated 3:2 L:G ratio, 10.03 

g yield (65%). 

 

 

 

 

 

(L3G2)-TBDPS (Tetramer Mixture) 

 

13C-NMR (400 MHz, CDCl3)  

δ (ppm) + Assignment  

 

 
  16.58      L (CH3) 

  16.66      L(CH3) 

  16.91      L (CH3) 

  17.02     L (CH3) 

  19.23     TBDPS (C) 

  26.82     TBDPS (CH3)   

  60.42      G (CH2) 

  60.99      G (CH2) 

  64.28      L (CH) 

  68.50      L (CH) 

  69.07      L (CH) 

  69.34      L (CH) 

106.65      Arene         

    127.73      Arene 

    128.12     Arene 

    128.42     Arene 

    128.61     Arene 

    132.96      Arene 

    133.40      Arene 

    135.75      Arene 

    135.92      Arene 

    152.09      Arene 

    166.19     G (CO) 

    166.30     G (CO)    

    169.25     L (CO)  

    170.06     L (CO)        

    175.65     L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.09 

   1.30-1.65 

s 

m 

   9  

   9 

TBDPS (tBu) 

L (CH3) 

4.25-5.25 

5.50 – 5.80 

7.35 

m 

m 

m 

 

   9  

      6 

      4 

L (CH), G (CH2), Bn 

     TBDPS 

                    TBDPS 
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XXXX-Si, X = 3:2 L:G 

Bn-XXXX-Si (8.50 g, 13.7 mmol) was dissolved in 140 mL ethyl acetate in a Schlenk 

flask to prepare a 0.1 M solution. Pd/C (0.850 g, 10% by mass) was added, and two balloons of H2 

(g) were passed through the flask. A third balloon was attached to serve as a source of excess H2 

(g). The reaction was stirred at RT overnight. The solution was then filtered through a thick pad 

of celite and concentrated to provide the pure product, 8.5 g yield (90%). 

 

 

 

 

 

 

 

 

(L3G2)-TBDPS (Tetramer Mixture) 

 

13C-NMR (400 MHz, CDCl3)  

δ (ppm) + Assignment  

 

 
  16.58      L (CH3) 

  16.66      L(CH3) 

  16.91      L (CH3) 

  17.02     L (CH3) 

  19.23     TBDPS (C) 

  26.82     TBDPS (CH3)   

  60.42      G (CH2) 

  60.99      G (CH2) 

  64.28      L (CH) 

  68.50      L (CH) 

  69.07      L (CH) 

  69.34      L (CH) 

106.65      Arene         

    127.73      Arene 

    132.96      Arene 

    133.40      Arene 

    135.75      Arene 

    135.92      Arene 

    152.09      Arene 

    166.19     G (CO) 

    166.30     G (CO)    

    169.25     L (CO)  

    170.06     L (CO)        

    175.65     L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.09 

   1.30-1.65 

s 

m 

   9  

   9 

TBDPS (tBu) 

L (CH3) 

4.25-5.25 

5.50 – 5.80 

7.35 

m 

m 

m 

 

   6  

      6 

      4 

L (CH), G (CH2) 

     TBDPS 

                    TBDPS 
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Bn-L3G2-Si 

Bn-L (1.31 g, 7.32 mmol (0.60 eq.), Bn-G (0.815 g, 4.88 mmol, 0.4 eq.), and XXXX-Si 

(8.5 g, 12.2 mmol) were dissolved in 125 mL DCM. DPTS (0.718 g, 2.44 mmol) was added and 

allowed to dissolve before the addition of DCC (2.75 g, 13.4 mmol). The reaction was stoppered 

and allowed to stir at RT overnight. The solution was filtered, concentrated in vacuo, and purified 

by column chromatography using 5% ethyl acetate in hexanes. Product eluted in fractions 2-7 (250 

mL fractions). 1H NMR displayed the anticipated 3:2 L:G ratio, 9.01 g yield (85%). 

 

 

 

 

 

Bn-(L3G2)-TBDPS (Pentamer Mixture) 

 

13C-NMR (400 MHz, CDCl3)  

δ (ppm) + Assignment  

 

 
  16.58      L (CH3) 

  16.66      L(CH3) 

  16.91      L (CH3) 

  17.02     L (CH3) 

  19.23     TBDPS (C) 

  26.82     TBDPS (CH3)   

  60.42      G (CH2) 

  60.99      G (CH2) 

  64.28      L (CH) 

  67.01      Bn (CH2) 

  68.50      L (CH) 

  69.07      L (CH) 

  69.34      L (CH) 

106.65      Arene         

    127.73      Arene 

    128.12     Arene 

    128.42     Arene 

    128.61     Arene 

    129.44      Arene 

    132.96      Arene 

    133.40      Arene 

    135.75      Arene 

    135.92      Arene 

    152.09      Arene 

    166.19     G (CO) 

    166.30     G (CO)    

    169.25     L (CO)   

    169.82     L (CO)         

    170.06     L (CO)        

    175.65     L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.09 

   1.30-1.65 

s 

m 

   9  

   9 

TBDPS (tBu) 

L (CH3) 

4.25-5.25 

5.50 – 5.80 

7.35 

m 

m 

m 

 

   9  

     11 

      4 

L (CH), G (CH2), Bn (CH2) 

     TBDPS, Bn 

                    TBDPS 
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L3G2-Si 

Bn-L3G2-Si (9.01 g, 10.4 mmol) was dissolved in 100 mL ethyl acetate in a Schlenk flask 

to prepare a 0.1 M solution. Pd/C (0.901 g, 10% by mass) was added, and two balloons of H2 (g) 

were passed through the flask. A third balloon was attached to serve as a source of excess H2 (g). 

The reaction was stirred at RT overnight. The solution was then filtered through a thick pad of 

celite and concentrated to provide the pure product, 6.05 g yield (88%). 

 

 

 

 

 

 

 

 

 

(L3G2)-TBDPS (Pentamer Mixture) 

 

13C-NMR (400 MHz, CDCl3)  

δ (ppm) + Assignment  

 

 
  16.58      L (CH3) 

  16.66      L(CH3) 

  16.91      L (CH3) 

  17.02     L (CH3) 

  19.23     TBDPS (C) 

  26.82     TBDPS (CH3)   

  60.42      G (CH2) 

  60.99      G (CH2) 

  64.28      L (CH) 

  68.50      L (CH) 

  69.07      L (CH) 

  69.34      L (CH) 

106.65      Arene         

    127.73      Arene 

    129.44      Arene 

    132.96      Arene 

    133.40      Arene 

    135.75      Arene 

    135.92      Arene 

    152.09      Arene 

    166.19     G (CO) 

    166.30     G (CO)    

    169.25     L (CO)   

    169.82     L (CO)         

    170.06     L (CO)        

    175.65     L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.09 

   1.30-1.65 

s 

m 

   9  

   9 

TBDPS (tBu) 

L (CH3) 

4.25-5.25 

5.50 – 5.80 

7.35 

m 

m 

m 

 

    7 

      6 

      4 

L (CH) and G (CH2) region 

     TBDPS 

                    TBDPS 
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Bn-SyLM(L3G2)-Si 

Bn-SyLM (2.00 g, 4.22 mmol) , and L3G2-Si (2.37 g, 4.01 mmol) were dissolved in 40 

mL DCM. DPTS (0.237 g, 1.1 mmol) was added and allowed to dissolve before the addition of 

DCC (0.912 g,  5.78 mmol). The reaction was stoppered and allowed to stir at RT overnight. The 

solution was filtered, concentrated in vacuo, and purified by column chromatography using 10% 

ethyl acetate in hexanes. Product eluted in fractions 7-15 (250 mL fractions). 1H NMR spectrum 

displayed the anticipated 3:2 L:G ratio, 3.70 g yield (85%). 

 

 

 

 

Bn-SyLM(L3G2)-TBDPS (Mixture) 

 

13C-NMR (400 MHz, CDCl3)  

δ (ppm) + Assignment  

 

 
  16.58      L (CH3) 

  16.66      L(CH3) 

  16.91      L (CH3) 

  17.02     L (CH3) 

  19.23     TBDPS (C) 

  26.82     TBDPS (CH3) 

  31.69      b 

  37.77      d 

  56.46      Sy (OCH3) 

  60.42      G (CH2) 

  60.99      G (CH2) 

  64.28      L (CH) 

  68.50      L (CH) 

  69.07      L (CH) 

  69.34      L (CH) 

  69.57      a 

106.65      Arene         

124.51      c         

    69.57        a 

    106.65      Arene         

    124.51      c         

    127.73      Arene 

    129.44      Arene 

    133.38      c 

    132.96      Arene 

    133.40      Arene 

    135.75      Arene 

    135.92      Arene 

    152.05      Arene 

    152.09      Arene 

    166.08     Sy (CO) 

    166.19     G (CO) 

    166.30     G (CO)     

    167.90     M (CO)  

    169.25     L (CO)   

    169.82     L (CO)         

    170.06     L (CO)        

    175.65     L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.09 

   1.30-1.65 

s 

m 

9  

  12 

TBDPS (tBu) 

L (CH3) 

2.35 m     2                       b 

3.16 

3.87 

4.15 

5.38 

4.40 – 5.50 

5.50 – 5.80 

7.35 

7.65 

m 

s 

m 

s 

 

m 

m 

m 

   2 

   6 

   2 

   2 

   7 

   2 

      13 

       4 

                      d 

Sy (OCH3) 

a 

Bn CH2 

L (CH) and G (CH2) region 

c 

Sy (arene) + TBDPS + Bn 

                    TBDPS 
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SyLM(L3G2)-Si 

A 0.60 M solution of Bn-SyLM(L3G2-Si) (3.70 g, 3.40 mmol) was prepared in DCM. A 

0.60 M solution of palladium (II) acetate (0.034 g, 0.153 mmol), triethylamine (66 μL, 0.459 

mmol), and triethylsilane (758 μL, 4.76 mmol) was prepared and allowed to stir for 30 min. The 

solution of Bn-SyLM(L3G2)-Si was then added dropwise over the course of 5 min. The reaction 

was allowed to stir at RT overnight. The solution was quenched with 20 mL saturated aqueous 

ammonium chloride solution and the organic layer was extracted 3x with DCM. The organics were 

dried with magnesium sulfate, filtered, and concentrated in vacuo to yield the crude product as a 

yellow oil. The product was purified by column chromatography using 10% ethyl acetate in 

hexanes to yield pure product as a white solid (2.26 g, 70%). 1H NMR spectrum displayed a slight 

alteration of L:G ratio to 3:1.94. 

 

 

SyLM(L3G2)-TBDPS (Mixture) 

 

13C-NMR (400 MHz, CDCl3)  

δ (ppm) + Assignment  

 

 
  16.58      L (CH3) 

  16.66      L(CH3) 

  16.91      L (CH3) 

  17.02     L (CH3) 

  19.23     TBDPS (C) 

  26.82     TBDPS (CH3) 

  31.69      b 

  37.77      d 

  56.46      Sy (OCH3) 

  60.42      G (CH2) 

  60.99      G (CH2) 

  64.28      L (CH) 

  68.50      L (CH) 

  69.07      L (CH) 

  69.34      L (CH) 

  69.57      a 

106.65      Arene         

124.51      c         

    69.57        a 

    106.65      Arene         

    124.51      c         

    127.73      Arene 

    129.44      Arene 

    133.38      c 

    152.09     Arene 

    166.08     Sy (CO) 

    166.19     G (CO) 

    166.30     G (CO)     

    167.90     M (CO)  

    169.25     L (CO)   

    169.82     L (CO)         

    170.06     L (CO)        

    175.65     L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.09 

   1.30-1.65 

s 

m 

9  

  12 

TBDPS (tBu) 

L (CH3) 

2.35 m     2                       b 

3.16 

3.87 

4.15 

4.40 – 5.50 

5.50 – 5.80 

7.35 

m 

s 

m 

m 

 

m 

   2 

   6 

   2 

   7 

   2 

   2 

                      d 

Sy (OCH3) 

a 

L (CH) and G (CH2) region 

c 

Sy (arene) 
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SyLM(L3G2) 

SyLM(L3G2)-Si (2.26 g, 2.38 mmol) was dissolved in 25 mL THF to prepare a 0.1 M 

solution. The flask was cooled to 0 ℃. TBAF (3.57 mL as a 1.0 M solution in THF, 3.57 mmol) 

was added to a vial and acetic acid (0.25 mL, 4.04 mmol) was added. The vial was vortexed briefly 

and this solution was added steadily to the solution of starting material. The reaction was warmed 

to RT over the course of 1 hr and the reaction was quenched with 20 mL brine. The organics were 

extracted 3x with ethyl acetate, were dried with magnesium sulfate, filtered, and concentrated in 

vacuo to provide the crude product as a yellow oil. The product was purified by column 

chromatography (25% ethyl acetate in hexanes increased gradually to 90% ethyl acetate in 

hexanes). The product was a white solid (1.05 g, 60%). 1H NMR spectrum displayed an altered 

L:G ratio of 3:1.88. 

 

 

 

SyLM(L3G2) (Mixture) 

 

13C-NMR (400 MHz, CDCl3)  

δ (ppm) + Assignment  

 

 
  16.58      L (CH3) 

  16.66      L(CH3) 

  16.91      L (CH3) 

  17.02     L (CH3) 

  31.69      b 

  37.77      d 

  56.43      Sy (OCH3) 

  60.42      G (CH2) 

  60.97      G (CH2) 

  64.32      L (CH) 

  68.50      L (CH) 

  69.07      L (CH) 

  69.33      L (CH) 

  69.57      a 

106.65      Arene         

124.51      c         

    127.73      Arene 

    129.44      Arene 

    132.38      c 

    152.09     Arene 

    165.08      Sy (CO) 

    166.19    G (CO) 

    166.30    G (CO)     

    167.90       M (CO)  

    169.25    L (CO)   

    169.82    L (CO)         

    170.06   L (CO)        

    175.65    L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

     1.30-1.65 m    12 L (CH3) 

2.35 m     2                       b 

3.16 

3.80 

4.15 

4.40 – 5.50 

5.50 – 5.80 

7.35 

m 

s 

m 

m 

 

m 

   2 

   6 

   2 

   7 

   2 

   2 

                      d 

Sy (OCH3) 

a 

L (CH) and G (CH2) region 

c 

Sy (arene) 
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Cyc-SyLM(L3G2) 

SyLM(L3G2) (1.05 g, 1.42 mmol) was dissolved in 25 mL dichloroethane and injected to 

a solution of DCC (0.510 g, 2.80 mmol) and DPTS (0.132 g, 0.450 mmol) in 225 mL 

dichloroethane at 60 oC over a span of 16 hrs. The solution was allowed to stir for an additional 

24 hrs before being filtered and concentrated to obtain the crude product. A column loaded with 

15% ethyl acetate in hexanes was used to purify the product (0.824 g, 88%), a white solid. 1H 

NMR spectrum displayed no alteration in L:G ratio, 3:1.88. 

 

 

 

 

 

Cyc-SyLM(L3G2) (Mixture) 

 

13C-NMR (400 MHz, CDCl3) 
HRMS 

(ESI) 

δ (ppm) + Assignment  

Calc 

Mass 

[M+H]+ 

(amu) 

655.12 

669.15 

683.17 

697.20  

711.22 

725.25 

amu 

 

Found 

(amu) 

669.14 

683.13 

697.20 

711.20 

725.21 

 

 

  16.58      L (CH3) 

  16.66      L(CH3) 

  16.91      L (CH3) 

  17.02     L (CH3) 

  31.69      b 

  37.77      d 

  56.43      Sy (OCH3) 

  60.42      G (CH2) 

  60.97      G (CH2) 

  64.32      L (CH) 

  68.50      L (CH) 

  69.07      L (CH) 

  69.33      L (CH) 

  69.57      a 

106.65      Arene         

124.51      c         

    127.73      Arene 

    129.44      Arene 

    132.38      c 

    152.09     Arene 

    165.08      Sy (CO) 

    166.19    G (CO) 

    166.30    G (CO)     

    167.90       M (CO)  

    169.25    L (CO)   

    169.82    L (CO)         

    170.06   L (CO)        

    175.65    L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

     1.30-1.65 m    12 L (CH3) 

2.35 m     2                       b 

3.16 

3.80 

4.15 

4.40 – 5.50 

5.50 – 5.80 

7.35 

m 

s 

m 

m 

 

m 

   2 

   6 

   2 

   7 

   2 

   2 

                      d 

Sy (OCH3) 

a 

L (CH) and G (CH2) region 

c 

Sy (arene) 
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Poly SyLMLGLGL and Poly SyLM(L3G2) 

The polymerizations were performed in 20 mL vials with dry DCM obtained from the 

solvent system. The solvent was sparged with nitrogen for 10 min prior to use. Grubbs II was 

weighed (7.38 mg for sequenced and 9.63 mg for random, 1.50 mol% each) and taken up in 1/2 of 

the required volume of DCM for each reaction (0.403 g sequenced monomer, 0.526 g random 

monomer, 0.414 mL for sequenced and 0.504 for the random). The same volume of methylene 

chloride was used to dissolve each respective monomer before the catalyst solution was added 

(final volume for sequenced: 0.828 mL and 1.08 mL for random, 0.7 M solutions). The vials were 

purged with nitrogen and sealed. Within 20 min, both solutions became very viscous. The reactions 

were left for 4 hrs before quenching with 0.05 mL of ethyl vinyl ether. The vials were then 

concentrated in vacuo and placed in a vacuum chamber overnight. NMR spectra and SEC traces 

were collected on the following day. The sequenced copolymer showed small amounts of cyclic 

species. The polymers were reprecipitated in 600 mL methanol (in an ice bath) and allowed to stir 

for a half hour before filtering. 

Solution Casting of Thick Polymer Films 

The polymers (200 mg) were dissolved in 2.000 mL of methylene chloride to make a 100 

mg/mL solution using a 100-1000 uL micropipettor. On 1.25 cm glass microscope cover slides, 
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115 uL of this solution was cast onto each (with a 10-200 uL micropipettor), very carefully to 

create a convex droplet that covered the entire surface. The best films were prepared by first 

coating the perimeter of the slide and then filling in the middle. The solution was allowed to dry 

on the slides for 3 hrs before being placed in a vacuum chamber.  After 2 days, those films that 

contained bubbles were removed from the glass slides using a razor blade and re-dissolved to 

prepare a 100 mg/mL solution. The procedure was repeated on these 8. Films used for the 

hydrolysis study contained no bubbles, tears, or noticeable defects. The films were tan and 

transparent. 

Film thicknesses were measured on representative films cut through the center using 

optical profilometry. A Bruker Contour Elite I optical profilometer was used. Samples were sliced 

to create a step indicative of film thickness and then analyzed. 

 

Hydrolysis Study 

Polymer films, removed from glass slides, were placed in scintillation vials followed by 

the addition of 15 mL 10x phosphate buffer solution, pH = 7.4 The vials were capped and placed 

in an incubator set at 37 ℃. The films were placed on a rotating platform with a slow speed of 8 

rpm to promote gentle mixing and to prevent localized concentration of acidic monomer around 

the films. The pH of the buffer solution was monitored over time and showed no distinguishable 

change. When timepoints were collected, the appropriate films were removed from the incubator, 

removed from the buffer solution, and blotted dry with a paper towel. Photographs were taken of 

each film at this point. The films were then rinsed with deionized water, blotted dry again and 

placed in new vials. Liquid N2 was poured over the films and the films were lyophilized for several 

hrs. The masses of dried films were then collected using an analytical balance and recordings were 
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documented when readings stabilized for at least 15 s. A ¼ pie slice of each film was used for SEC 

analysis (~3 mg) and DSC analysis. 
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4.0  The Consequences of Accumulating Critical Monomer Errors on the Hydrolysis 

Behaviors of Degradable Sequenced Polyesters 

 

4.1 Overview 

The work described in this chapter is to be submitted for publication in the Royal Society 

of Chemistry’s journal Polymer Chemistry as a communication entitled “The Consequences of 

Accumulating Critical Monomer Errors on the Hydrolysis Behaviors of Degradable Sequenced 

Polyesters.” Jordan H. Swisher is listed as a contributing author on this publication for his 

assistance in the preparation of starting materials, experimental design, and scientific discussions. 

In this chapter, precise quantities of a critical sequence error are doped into a sequenced, primarily 

alternating polyester and the degree to which hydrolysis behaviors are affected by this distinct and 

potent sequence-error is quantified. The degradation rate proved tolerant to substitutions up to 1% 

of the monomers but accelerated significantly when the error population was larger. 

4.2 Introduction 

Despite the known sensitivity to sequence mutations of biological polymers, little is known 

about the effects of errors in sequenced synthetic copolymers (Figure 24). The degradation 
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behaviors of copolyesters, for example, are known to depend on monomer-by-monomer order, yet 

the contribution of isolated monomer substitutions on hydrolysis behaviors has not been studied.  

We have developed a synthetic method in which precise quantities of a critical sequence 

error are doped into a sequenced polyester and studied how hydrolysis behaviors are affected by 

this distinct and potent sequence-error dopant. Sensitivity was found to be significant with 

degradation rates increasing with monomer substitution rates as low as 1%.    

Single monomer substitution errors in natural biomacromolecules are known to affect 

function, but synthetic polymer chemists are far behind Nature in synthesizing sequence-controlled 

polymers (SCPs) to understand the severity to which small populations of monomer sequence 

errors may dominate a material’s performance.193 An impressive body of work exists in the study 

of how single site mutations in proteins and foldamers affect structure and function,194 yet studies 

of this type relating to synthetic copolymers remain scarce in the literature. In addition to 

characterizing the negative consequences of error introduction, such studies could also broaden 

the range of function for a given library of monomers through deliberate error doping with a 

property-dominating segment. 

Several instances have been reported in which extremely small populations of a sequence 

alteration dominates properties. The extent to which a minor sequence variation may affect 

properties is studied most regularly in the scope of solution-phase properties, particularly  in 

polymer folding,21, 69-71 aggregation,22, 72-78 and molecular recognition.79-82 In the bulk phase, this 

phenomenon is less studied, but notable examples include the work of Winey and co-workers who 

determined that small alterations in sidechain spacing can affect morphological order in 

ionomers,83-86 Jannasch and co-workers who described the sensitivity of proton conductivity to 

small deviations in monomer spacing,87 and Segalman and co-workers who described the 
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dependence of surface structure and hydration of polypeptoids on the positioning of discrete 

sequences within a chain.88 

Our group has established that a wide range of hydrolysis behaviours of poly(lactic-co-

glycolic acid)s (PLGAs) are highly sequence-dependent, including degradation rates, guest 

molecule release, internal pH, and water uptake of devices made from this material.35-37 We have 

not, however, probed the effects of isolated and accumulating errors on the behaviour of these 

materials. It is important to note that in bioengineering, bioresorbable polyesters such as PLGAs 

are rich in application, serving as drug delivery vehicles, cell scaffolds, degradable sutures, and 

osteofixation devices. The necessity of functional variation for this class of material is limited only 

by the diversity of biological systems.2-4, 7, 9, 10, 101 In this endeavour we hope to establish design 

factors in the engineering of tailored bioresorbable polyesters. 

 

Figure 24. Sequence tolerance pathways as a function of errors in a sequence-controlled polymer. 
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4.3 Results and Discussion 

 

For the current studies, we have employed entropy-driven ring-opening metathesis 

polymerization (ED-ROMP) for the synthesis of the sequenced materials. In prior studies, we have 

prepared periodic copolymers by step-growth coupling of pre-formed sequenced oligomers. ED-

ROMP, which involves the ring-opening of an unstrained macromonomer that includes a 

sequenced segment, offers important benefits in terms of molecular weight control, 

reproducibility, dispersity minimization, and scalability.188 Although ED-ROMP polymers 

necessarily include linker segments in addition to the sequenced portion, these benefits are crucial 

to characterizing often subtle property changes connected with introduction of errors. 

 

Figure 25. (Top) 1H NMR spectra of G-methylene, L-methyne, and M-olefin protons of Cyc-SyLMLGLGL 

(top) and Cyc-SyLMLGGGL (bottom) with HRMS spectrum. 

 

In our prior studies on PLGAS, the most dramatic deviation in behaviour during hydrolysis 

was observed when random-sequence PLGA and the alternating sequence prepared by our group, 
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which we named Poly LG, were compared. We identified that glycolic-glycolic (G-G) linkages 

were a key factor in determining the hydrolytic profile of PLGAs and similar copolymers, but we 

wished to more precisely quantify this sequence tolerance. In the current study we will address 

this question by preparing copolymers that consist of a repeating unit bearing a metathesis-active 

unit (M), a syringic acid unit to elevate Tg (Sy), and a PLGA pentamer. To introduce errors we 

vary the proportion of macromonomers that include a perfectly sequenced LGLGL segment and 

one that includes the dopant LGGGL segment, i.e., the errormer (Figure 25). 

 

Scheme 8. Polymerization of mixtures of macrocycles to prepare a sequenced polyester with varying 

errormer dopant. 

 

The macrocyclic monomers (Scheme 8) were prepared using previously reported methods 

that include sequential ester couplings, orthogonal protections, and deprotections.139, 185 Benzyl 

(Bn) protected oligomer Bn-SyLM was coupled to either silyl-protected LGLGL-Si or LGGGL-

Si (Si = TBDPS). Sequential benzyl and silyl deprotections yielded the respective open-chain 

hydroxy-acid oligomers that were ring-closed under dilute lactonization conditions to yield the 

cyclic macromonomers. Prior to polymerization, the macromonomers were combined in 
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dichloromethane to prepare mixtures containing 0, 2.5, 5, 10, and 20 mol% of LGGGL error 

dopant. The mixtures were subjected to ED-ROMP with 1.50 mol% Grubbs second generation 

catalyst (Table 1). 

Table 2. Error-doped polymer molecular weight data. 

Polymer M
n
 (kDa) M

w
 (kDa) Ð 

LGLGL 54 66 1.22 
LGGGL-2.5 54 66 1.22 
LGGGL-5 50 61 1.23 

LGGGL-10 50 61 1.24 
LGGGL-20 49 60 1.24 

 

The errormer mole percentages correspond to an average of 0, 3.2, 6.3, 12.6, 25.2 

substitution errors per chain, where average degree of polymerization is 530 (50 kDa). The five 

copolymers are named by their error content, e.g. LGLGL contains only the base alternating 

sequence and LGGGL-5 contains 5 mol% errormer. Due to the unsymmetric design of the 

macrocyclic monomers, the resulting copolymers contain statistical head-tail disorder at each 

olefin connectivity as evidenced by the olefin region in the 1H NMR spectra. More importantly, 

however, the monomer-by-monomer linkages were not affected by the polymerization.188 
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Figure 26. Sequence characterization of the five copolymers, including 1H NMR spectral region of the 

diastereotopic G methylene protons, 13C NMR spectra of the central L monomer in the base alternating 

sequence, MALDI-TOF spectra, and size exlclusion chromatographs. 

 

Typically, the degree of sequence fidelity of PLGA-like copolymers can be quantified in 

the 4.5-5.0 ppm region in 1H NMR spectra, where the signal of the incredibly sensitive, 

diastereotopic G-methylene protons appears (Figure 26). Additionally, the 13C spectra showed a 

gradual decrease in the sharpness and intensity of the central L carbonyl carbon in the LGLGL 

segment. MALDI-TOF mass spectra of the copolymers was consistent with the degree of error 

incorporation targeted. In particular, low molecular weight dimers showed a clear statistical 

distribution of errors. Although it is challenging to use mass spectrometry for quantification, in  

this case the dimeric species are sufficiently similar in composition that their representation in the 

spectrum should correlate well with the representation in the original sample. Extrapolation of 
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these mass data paired with the 1H NMR spectra indicated that the error dopant was randomly and 

quantitatively incorporated during the polymerizations. 

 

Figure 27. Cartoon depiction of the preparation of macromonomer solution mixtures, solution casting, and 

photographs of films before and after delamination from aluminum bases. 

 

Thick polymer films of 7.5 mm diameter were prepared by solution casting 28 μL of a 100 

mg/mL solution onto a circular aluminium base (Figure 27). The solution was air dried for three 

hrs followed by further drying in a vacuum chamber for 72 hrs. Each film was easily removed 

from the base to undergo hydrolysis. In our prior work involving the determination of bulk phase 

sequence/property relationships with limited sample mass, we found that solution casting of thick 

polymer films was both efficient and reproducible.112 
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Figure 28. Optical profilometry step-contours of sliced films prepared from each of the five copolymers. 

 

Each film, 60 μm thick (Figure 28) and weighing ~3 mg, was placed in a dram vial with 2 

mL of 10x phosphate buffer solution (PBS, pH = 7.4) and placed in an incubator at 37 ℃ on a 

rotating platform (8 rpm). Each week for ten weeks, three films of each sample were removed for 

SEC analysis and the reported molecular weights are an average of these three samples. The 

copolymers degraded uniformly with extremely little variation in molecular weights in a given set 

of three. Over time, as can be seen in Figure 29A, the copolymers behave similarly until 10% error 

incorporation. LGGGL-10 degraded identically to the others until week 7; thereafter, a more rapid 

degradation was observed. LGGGL-20 degraded more rapidly beginning after week 2. 

The site of polyester chain cleavage may dramatically affect the rate of molecular weight 

loss. When significant intrachain scission occurs, molecular weight drops rapidly. When the 

primary cleavage mechanism is end-chain scission, however, molecular weight decreases 
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gradually as short segments near chain ends are cleaved and eliminated. We previously observed 

that the alternating LG sequence is resistant to significant amounts of intrachain scission.36 We 

found that G-G linkages increased the prevalence of intrachain scission events that lead to an 

accelerated molecular weight loss.190, 192, 195 The extent of this enhancement, which is studied 

herein, indicates that the base alternating sequence in this copolyester system is able to withstand 

an average of 6.3 monomer substitution errors per chain of 530 monomers before significant 

intrachain scission occurs and, therefore, degradation rates are affected. 

 

Figure 29. (Top) Molecular weight loss during hydrolysis. (Bottom) Photographs of films  at given time points 

during hydrolysis. X denotes particles too small to photograph. 
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When significant degradation occurred, the films became brittle and fractured neatly into 

pieces (Figure 29B). It became difficult to remove the films from vials without damaging them. 

The extent of this fracturing seemed to depend on error content. Above 10% error-doping, the film 

masses and particle size decreased quickly after initial fracturing.  Fractures were also observed in 

the SEM images of each film. Additionally, high magnification images (1,000x) showed an 

increase in surface roughening as more error was introduced (Figure 30).  

 

 

Figure 30. Scanning electron microscopy images of thick films at varying time points in hydrolysis. 
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4.4 Conclusions 

We have embedded varying quantities of a glycolic acid monomer sequence error to disrupt 

a primarily alternating base sequence within degradable polyesters and subjected the polymers to 

hydrolysis. Hydrolysis rates and surface features were monitored over time. Molecular weight loss 

was largely unaffected up to the incorporation of 10 mol% cyclic macromonomer, which translates 

to an average of 6.3 monomer sequence errors per chain of ~530 monomers or approximately 1%.  

We anticipate that the knowledge gained from the current study can aid in the engineering 

of PLGA-type polymers with specific properties.   One approach would be to exploit potent error 

dopants to tune one property with a minimal impact on another.   We could, for example, tune 

degradation times by adding a small number of G-G linkage errors without dramatically affecting 

other properties like swelling or loading capacities.  We are continuing our investigations into 

semi-sequencing techniques to manipulate behaviours. 
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4.5 Experimental Section 

4.5.1  Experimental Procedures 

 

 

 

Bn-GGL-Si  

Bn-G (5.12 g, 30.8 mmol) and GL-Si (11.4 g, 31.9 mmol) were dissolved in 290 mL DCM. 

DPTS (1.71 g, 5.8 mmol) was added and allowed to dissolve before the addition of DCC (6.58 g, 

31.9 mmol). The reaction was stoppered and allowed to stir at RT overnight. The solution was 

filtered, concentrated in vacuo, and purified by column chromatography using 5% ethyl acetate in 

hexanes. Product eluted in fractions 5-11 (250 mL fractions). 10.3 g (66%) 

  

Bn-GGL-Si 

 

13C-NMR (400 MHz, CDCl3) HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

534.21 amu 
 

Calc. [M+Na+]+ 

557.20 amu 

 

Found [M+Na+]+ 

557.19766 amu 
 

Composition 

C30H34O7Si 

           19.90       TBDPS (C) 

           21.92        L1 (CH3) 

           27.47       TBDPS (CH3) 

           60.89        G (CH2) 

           61.71        G (CH2) 

           67.94        Bn (CH2) 

           69.34        L1 (CH) 

         127.79        Arene 

         127.82        Arene 

         128.29        Arene 

         128.34        Arene 

         129.99        Arene 

         133.58        Arene 

         133.61        Arene 

         135.28        Arene 

         136.07        Arene 

         167.59        G1, G2 (CO) 

         173.62        L (CO) 

 

1H-NMR (500 MHz, CDCl3) 

δ (ppm) Mult. (J)     Int. Assignment 

1.11 s          9 TBDPS - tBu 

1.42 d (6.5)          3 L1 (CH3) 

4.40 q (6.5)          1 L1 (CH) 

4.53 d (16)          1 G 

4.73 d (16)          1 G 

4.71 

5.20 

s 

s 

         2 

         2       

G 

Bn (CH2) 

      7.37 

7.65 

m 

m 

       11     

         4 

TBDPS – o, p + Bn 

TBDPS - m 
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GGL-Si 

Bn-GGL-Si (10.3 g, 19.3 mmol) was dissolved in 190 mL ethyl acetate in a Schlenk flask 

to prepare a 0.1 M solution. Pd/C (1.03 g, 10% by mass) was added, and two balloons of H2 (g) 

were passed through the flask. A third balloon was attached to serve as a source of excess H2 (g). 

The reaction was stirred at RT overnight. The solution was then filtered over a thick pad of celite 

and concentrated to provide the pure product, 7.3 g yield (85%). 

 

 

  

GGL-Si 

 

13C-NMR (400 MHz, CDCl3) HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

444.16 amu 
 

Calc. [M+Na+]+ 

467.15 amu 

 

Found [M+Na+]+ 

467.14973 amu 
 

Composition 

C23H28O7Si 

           19.38        TBDPS (C) 

           21.40        TBDPS (CH3) 

           21.93        L1 (CH3) 

           60.32        G (CH2) 

           61.34        G (CH2) 

           68.81        L (CH) 

         127.79        Arene 

         127.82        Arene 

         129.99        Arene 

         133.58        Arene 

         133.61        Arene 

         135.28        Arene 

         136.07        Arene 

         167.00        G (CO) 

         171.65       G (CO) 

         173.23        L (CO) 

 

1H-NMR (500 MHz, CDCl3) 

δ (ppm) Mult. (J)     Int. Assignment 

1.09 s          9 TBDPS - tBu 

1.42 d (6.5)          3 L1 (CH3) 

4.40 q (6.5)          1 L1 (CH) 

4.53 d (16)          1 G 

4.73 d (16)          1 G 

4.71       s          2       G 

      7.37 

7.65 

m 

m 

         6     

         4 

TBDPS – o, p 

TBDPS - m 
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Bn-GGGL-Si 

Bn-G (1.91 g, 11.5 mmol and GGL-Si ( 4.64 g, 10.4 mmol) were dissolved in 104 mL 

DCM. DPTS (0.612 g, 2.1 mmol) was added and allowed to dissolve before the addition of DCC 

(2.37 g,  11.5 mmol). The reaction was stoppered and allowed to stir at RT overnight. The solution 

was filtered, concentrated in vacuo, and purified by column chromatography using 5-10% ethyl 

acetate in hexanes. Product eluted in fractions 4-9 (250 mL fractions), 3.31 g, 59%. 

 

 

 

 

  

Bn-GGGL-Si 

 

13C-NMR (400 MHz, CDCl3) HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

N/A 
 

Calc. [M-H]- 

N/A 

 

Found 

N/A 
 

Composition 

N/A 

           19.38        TBDPS (C) 

           21.40        TBDPS (CH3) 

           60.32        G (CH2) 

           60.81        G (CH2) 

           61.34        G (CH2) 

           67.49         Bn (CH2) 

           68.81        L (CH) 

         127.79        Arene 

         127.82        Arene 

         128.59        Arene 

         128.79        Arene 

         128.83        Arene 

         130.00        Arene 

         133.58        Arene 

         133.61        Arene 

         135.28        Arene 

         136.07        Arene 

         166.70        G (CO) 

         166.96        G (CO) 

         166.97        G (CO) 

         173.11        L (CO) 

 

1H-NMR (500 MHz, CDCl3) 

δ (ppm) Mult. (J)     Int. Assignment 

1.10 s          9 TBDPS - tBu 

1.43 d (6.5)          3 L1 (CH3) 

4.38 q (6.5)          1 L1 (CH) 

4.53 d (16)          1 G 

4.73 d (16)          1 G 

4.77 

4.79 

4.81 

5.20 

dd (16) 

s 

dd 

dd 

         4 

         2  

         2  

         2       

G 

G1 

G 

Bn 

      7.37 

7.65 

m 

m 

       11     

         4 

TBDPS – o, p + Bn 

TBDPS - m 
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GGGL-Si 

Bn-GGGL-Si (3.31 g, 5.59 mmol) was dissolved in 55 mL ethyl acetate in a Schlenk flask 

to prepare a 0.1 M solution. Pd/C (0.330 g, 10% by mass) was added, and two balloons of H2 (g) 

were passed through the flask. A third balloon was attached to serve as a source of excess H2 (g). 

The reaction was stirred at RT overnight. The solution was then filtered through a thick pad of 

celite and concentrated to provide the pure product, 2.60 g yield (93%). 

 

 

 

 

 

  

GGGL-Si 

 

13C-NMR (400 MHz, CDCl3) HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

502.17 amu 
 

Calc. [M-H]- 

501.16 amu 

 

Found 

[M-H]- 

501.15657 amu 
 

Composition 

C25H30O9Si 

           19.38        TBDPS (C) 

           26.95        TBDPS (CH3) 

           60.63        G (CH2) 

           60.72        G (CH2) 

           60.76        G (CH2) 

           68.82        L (CH) 

         127.79        Arene 

         130.00        Arene 

         133.58        Arene 

         133.61        Arene 

         135.28        Arene 

         136.07        Arene 

         166.63        G (CO) 

         167.03        G (CO) 

         171.24      G (CO)       

         173.12        L (CO) 

 

1H-NMR (400 MHz, CDCl3) 

δ (ppm) Mult. (J)     Int. Assignment 

1.09 s          9 TBDPS - tBu 

1.41 d (6.5)          3 L1 (CH3) 

4.38 q (6.5)          1 L1 (CH) 

4.53 d (16)          1 G 

4.73 d (16)          1 G 

4.77 

4.79 

4.81 

dd (16) 

s 

dd 

 

         4 

         2  

         2  

          

G 

G1 

G 

 

      7.37 

7.65 

m 

m 

         6 

         4 

TBDPS – o, p 

TBDPS - m 
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Bn-LGGGL-Si 

Bn-L (1.02 g, 5.69 mmol) and GGGL-Si (2.37 g, 4.01 mmol) were dissolved in 50 mL 

DCM. DPTS ( 0.305 g, 1.04 mmol) was added and allowed to dissolve before the addition of DCC 

( 1.17 g,  5.17 mmol). The reaction was stoppered and allowed to stir at RT overnight. The solution 

was filtered, concentrated in vacuo, and purified by column chromatography using 10% ethyl 

acetate in hexanes. Product eluted in fractions 10-18 (250 mL fractions). 2.90 g yield (84%). 

 

 

 

 

  

Bn-LGGGL-Si 

 

13C-NMR (400 MHz, CDCl3) HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

664.23 amu 
 

Calc. [M+NH4]+ 

682.26 amu 

 

Found 

[M+NH4]+ 

682.26891 amu 
 

Composition 

C35H40O11Si 

           16.94        L (CH3) 

           19.38        TBDPS (C) 

           21.40        L (CH3) 

           26.95        TBDPS (CH3) 

           60.33        G (CH2) 

           60.77        G (CH2) 

           61.09        G (CH2) 

           67.43        L (CH) 

           68.82        L (CH) 

           69.75        Bn (CH2) 

         127.78        Arene 

         127.83        Arene 

         128.34        Arene 

         128.67        Arene 

         129.99        Arene 

         133.14        Arene 

         133.61        Arene 

         135.28        Arene 

         135.90        Arene 

         166.53        G (CO) 

         166.62        G (CO) 

         166.96        G (CO) 

         169.89        L (CO) 

         173.12        L (CO) 

 

1H-NMR (400 MHz, CDCl3) 

δ (ppm) Mult. (J)     Int. Assignment 

1.09 s          9 TBDPS - tBu 

1.41 d (6.5)          3 L2 (CH3) 

1.56 d (6.5)          3 L1 (CH3) 

4.38 q (6.5)          1 L2 (CH) 

4.63 d (16)          1 G3 

4.70 dd (16)          1 G3 

4.79 

5.18 

5.26 

dd (16) 

d 

m 

         4 

         2 

         2 

G1, G2 

Bn 

L1 , L2 (CH) 

7.37 

7.65 

m 

m 

       11       

         4 

TBDPS – o, p + Bn 

TBDPS - m 
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LGGGL-Si 

Bn-LGGGL-Si (2.90 g, 4.36 mmol) was dissolved in 45 mL ethyl acetate in a Schlenk 

flask to prepare a 0.1 M solution. Pd/C (0.290 g, 10% by mass) was added, and two balloons of H2 

(g) were passed through the flask. A third balloon was attached to serve as a source of excess H2 

(g). The reaction was stirred at RT overnight. The solution was then filtered over a thick pad of 

celite and concentrated to provide the pure product, 2.33 g yield (Quantitative Yield). 

 

  

LGGGL-Si 

 

13C-NMR (400 MHz, CDCl3) HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

574.19 amu 
 

Calc. [M+NH4]+ 

592.22 amu 

 

Found 

[M+NH4]+ 

592.21976 amu 
 

Composition 

C28H34O11Si 

           16.94        L (CH3) 

           19.38        TBDPS (C) 

           21.40        L (CH3) 

           26.95        TBDPS (CH3) 

           60.33        G (CH2) 

           60.77        G (CH2) 

           61.09        G (CH2) 

           67.43        L (CH) 

           68.82        L (CH) 

         127.78        Arene 

         129.99        Arene 

         133.61        Arene 

         135.28        Arene 

         166.53        G (CO) 

         166.62        G (CO) 

         166.96        G (CO) 

         169.89        L (CO) 

         173.12        L (CO) 

 

1H-NMR (400 MHz, CDCl3) 

δ (ppm) Mult. (J)     Int. Assignment 

1.09 s          9 TBDPS - tBu 

1.41 d (6.5)          3 L2 (CH3) 

1.56 d (6.5)          3 L1 (CH3) 

4.38 q (6.5)          1 L2 (CH) 

4.63 d (16)          1 G3 

4.70 dd (16)          1 G3 

4.79 

5.26 

dd (16) 

m 

         4 

         2 

G1, G2 

L1 , L2 (CH) 

7.37 

7.65 

m 

m 

         6 

         4 

TBDPS – o, p 

TBDPS - m 
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Bn-SyLMLGGGL-Si 

Bn-SyLM (0.725 g, 1.53 mmol) and LGGGL-Si (0.966 g, 1.68 mmol) were dissolved in 

16 mL DCM. DPTS (0.090 g, 0.31 mmol) was added and allowed to dissolve before the addition 

of DCC (0.378 g, 1.68 mmol). The reaction was stoppered and allowed to stir at RT overnight. 

The solution was filtered, concentrated in vacuo, and purified by column chromatography using 

10% ethyl acetate in hexanes. Product eluted in fractions 10-18 (250 mL fractions), 0.947 g yield, 

60%. 

 

 

Bn-SyLMLGGGL-Si 

 
 

13C-NMR (400 MHz, CDCl3) 
HRMS 

(ESI) 

δ (ppm) + Assignment Calc. Mass 

1028.35 amu 

 

Calc Mass 

[M+H+]+ 

1029.2379 

amu 

 

Found 

1029.35679 

amu 
 

Composition 

C53H60O19Si 

  16.80      L (CH3) 

  17.16      L (CH3) 

  19.23      TBDPS (C) 

  21.30      L (CH3) 

  26.80      TBDPS (CH3) 

  31.90      e 

  37.67      b 

  56.44      Sy (CH3) 

  60.33      G (CH2) 

  60.78      G (CH2) 

  61.08      G (CH2) 

  64.52      L (CH) 

  67.06      b 

  68.39      L (CH) 

  68.60      L (CH) 

  69.48      f 

106.48      Arene         

124.53      c       

127.63      Arene      

 

    127.69      Arene 

    128.36      Arene 

    128.66      Arene 

    129.46      Arene 

    129.85      Arene 

    132.13      d 

    132.96      Arene 

    133.40      Arene 

    135.75      Arene 

    135.92      Arene 

    152.05      Arene 

    165.91       Sy (CO) 

    166.52    G (CO) 

    166.63    G (CO) 

    166.97    G (CO)     

    168.12      M (CO)   

    169.90    L (CO)         

    170.86    L (CO)        

    173.12    L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.09 s    9 TBDPS (tBu) 

1.41 d (6.4)    3 L3 (CH3) 

     1.48 d (6.4)    3 L2 

     1.68 d (6.4)     3                 L1 (CH3) 

2.38 q (6.8)     2                       e 

3.13 m    2                       b 

3.85 

4.15 

4.37 

4.50 

4.63 

4.70 

s 

m 

q (6.4) 

d (16) 

d (16) 

m 

   6 

   2 

   1 

   1 

   1 

   4 

                 Sy (CH3) 

f 

L3 (CH) 

G3 

G3 

                 G1, G2 

     5.12 

     5.37 

     5.45  

     5.60 

     7.40 

     7.65               

q (6.4) 

s 

q (6.4) 

m 

m 

m 

      1 

   2 

   1 

   2 

   13 

   4 

  

                 L2 (CH) 

Bn (CH2) 

L1 (CH) 

d , e 

Sy + TBDPS o,p + Bn 

TBDPS meta 
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SyLMLGGGL-Si 

A 0.60 M solution of Bn-SyLMLGGGL-Si (0.947 g, 0.92 mmol) was prepared in DCM. 

A 0.60 M solution of palladium (II) acetate (0.0093 g, 0.041 mmol), triethylamine (16 μL, 0.0124 

mmol), and triethylsilane (205 μL, 1.29 mmol) was prepared and allowed to stir for 30 min. The 

solution of Bn-SyLMLGGGL-Si was then added dropwise over the course of five min. The 

reaction was allowed to stir at RT overnight. The solution was quenched with 10 mL saturated 

aqueous ammonium chloride solution and the organic layer was extracted 3x with DCM. The 

organics were dried with magnesium sulfate, filtered, and concentrated in vacuo to yield the crude 

product as a yellow oil. The product was purified by column chromatography using 10% ethyl 

acetate in hexanes to yield pure product as a white solid (0.332 g, 38%). 

SyLMLGGGL-Si 

 
 

13C-NMR (400 MHz, CDCl3) 
HRMS 

(ESI) 

δ (ppm) + Assignment Calc. Mass 

938.30 amu 

 

Calc Mass 

[M+H+]+ 

939.31 amu 

 

Found 

939.31042 

amu 
 

Composition 

C46H54O19Si 

  16.80      L (CH3) 

  17.16      L (CH3) 

  19.23      TBDPS (C) 

  21.30      L (CH3) 

  26.80      TBDPS (CH3) 

  31.90      e 

  37.67      b 

  56.44      Sy (CH3) 

  60.33      G (CH2) 

  60.78      G (CH2) 

  61.08      G (CH2) 

  64.52      L (CH) 

  67.06      b 

  68.39      L (CH) 

  68.60      L (CH) 

  69.48      f 

106.48      Arene         

124.53      c       

127.63      Arene      

 

    127.69      Arene 

    129.46      Arene 

    129.85      Arene 

    132.13      d 

    132.96      Arene 

    133.40      Arene 

    135.75      Arene 

    135.92      Arene 

    152.05      Arene 

    165.91       Sy (CO) 

    166.52    G (CO) 

    166.63    G (CO) 

    166.97    G (CO)     

    168.12      M (CO)   

    169.90    L (CO)         

    170.86    L (CO)        

    173.12    L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.09 s    9 TBDPS (tBu) 

1.41 d (6.4)    3 L3 (CH3) 

     1.48 d (6.4)    3 L2 

     1.68 d (6.4)     3                 L1 (CH3) 

2.38 q (6.8)     2                       e 

3.13 m    2                       b 

3.85 

4.15 

4.37 

4.50 

4.63 

4.70 

s 

m 

q (6.4) 

d (16) 

d (16) 

m 

   6 

   2 

   1 

   1 

   1 

   4 

                 Sy (CH3) 

f 

L3 (CH) 

G3 

G3 

                 G1, G2 

     5.12 

     5.45  

     5.60 

     7.40 

     7.65               

q (6.4) 

q (6.4) 

m 

m 

m 

      1 

   1 

   2 

   8 

   4 

  

                 L2 (CH) 

L1 (CH) 

d , e 

Sy + TBDPS o,p 

TBDPS meta 
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SyLMLGGGL 

SyLMLGGGL-Si (0.332 g, 0.331 mmol) was dissolved in 3.3 mL THF to prepare a 0.1 

M solution. The flask was cooled to 0 ℃. TBAF (0.50 mL as a 1.0 M solution in THF, 0.50 mmol) 

was added to a vial and acetic acid (35 μL, 0.60 mmol) was added. The vial was vortexed briefly 

and this solution was added steadily to the solution of starting material. The reaction was warmed 

to RT over the course of 1 h and the reaction was quenched with 5 mL brine. The organics were 

extracted 3x with ethyl acetate, were dried with magnesium sulfate, filtered, and concentrated in 

vacuo to provide the crude product as a yellow oil. The product was purified by column 

chromatography (25% ethyl acetate in hexanes increased gradually to 90% ethyl acetate in 

hexanes). The product was a white solid, 0.151 g, 65%. 

 

SyLMLGGGL 

 
 

13C-NMR (400 MHz, CDCl3) HRMS (ESI) 

δ (ppm) + Assignment Calc. Mass 

700.19 amu 

 

Calc Mass 

[M+H+]+ 

701.197 amu 

 

Found 

701.19355amu 
 

Composition 

C30H36O19 

  16.80      L (CH3) 

  17.16      L (CH3) 

  19.23      TBDPS 

(C) 

  21.30      L (CH3) 

  26.80      TBDPS 

(CH3) 

  31.90      e 

  37.67      b 

  56.44      Sy 

(CH3) 

  60.33      G (CH2) 

  60.78      G (CH2) 

  61.08      G (CH2) 

  64.52      L (CH) 

  67.06      b 

  68.39      L (CH) 

  68.60      L (CH) 

  69.48      f 

107.12      Arene         

124.53      c       

127.63      Arene      

 

    129.46      Arene 

    132.13      d 

    152.33      Arene 

    165.91       Sy (CO) 

    166.52   G (CO) 

    166.54   G (CO) 

    166.76   G (CO)     

    168.21      M (CO)   

    169.90    L (CO)         

    170.90    L (CO)        

    175.11    L (CO)     

1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.41 m    6 L2, L3 (CH3) 

     1.68 d (6.4)     3   L1 (CH3) 

     2.38 q (6.8)     2                       e 

     3.17 m    2                       b 

3.88 

4.15 

4.41 

4.80 

s 

m 

q (6.4) 

m 

   6 

   2 

   1 

   6 

                 Sy (CH3) 

f 

L3 (CH) 

                 G1, G2, G3 

     5.12 

     5.45  

     5.60 

     7.37 

q (6.4) 

q (6.4) 

m 

s 

        1 

    1 

    2 

    2 

 

                 L2 (CH) 

L1 (CH) 

d , e 

Sy 
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Cyc-SyLMLGGGL 

SyLM(L3G2) (0.113 g, 0.16 mmol) was dissolved in 2.5 mL dichloroethane and injected 

to a solution of DCC (0.066 g, 0.32 mmol) and DPTS (0.023 g, 0.08 mmol) in 2.5 mL 

dichloroethane at 60 oC over a span of 16 hrs. The solution was allowed to stir for an additional 

24 hrs before being filtered and concentrated to obtain the crude product. A column loaded with 

15% ethyl acetate in hexanes was used to purify the product (0.070 g, 64%), a white solid. 

 

 

Cyc-SyLMLGGGL 

 
 

13C-NMR (400 MHz, CDCl3) 
HRMS 

(ESI) 

δ (ppm) + Assignment Calc. Mass 

682.17 amu 

 

Calc Mass 

[M+H+]+ 

683.18 amu 

 

Found 

683.18207 

amu 
 

Composition 

C30H34O18 

  16.80      L (CH3) 

  17.16      L (CH3) 

  19.23      TBDPS (C) 

  21.30      L (CH3) 

  26.80      TBDPS (CH3) 

  31.90      e 

  37.67      b 

  56.44      Sy (CH3) 

  60.33      G (CH2) 

  60.78      G (CH2) 

  61.08      G (CH2) 

  64.52      L (CH) 

  67.06      b 

  68.39      L (CH) 

  68.60      L (CH) 

  69.48      f 

107.12      Arene         

124.53      c       

127.63      Arene      

 

    129.46      Arene 

    132.13      d 

    152.33      Arene 

    165.91       Sy (CO) 

    166.52   G (CO) 

    166.54   G (CO) 

    166.76   G (CO)     

    168.21      M (CO)   

    169.90    L (CO)         

    170.90    L (CO)        

    175.11    L (CO)     
1H-NMR (400 MHz, CDCl3) 

δ (ppm)    Mult. (J)  Int.     Assignment 

1.39 d (6.4)    3 L (CH3) 

     1.68 m     6 L (CH3) 

     2.35 q (6.8)     2                     e 

     3.17 m    2                     b 

3.86 

4.15 

4.80 

s 

m 

m 

   6 

   2 

   6 

              Sy (CH3) 

f 

             G1, G2, G3 

     5.10 

     5.45  

     5.50 

     5.60 

     7.36 

q (6.4) 

q (6.4) 

q (6.4) 

m 

s 

       1 

   1 

   1 

   2 

   2 

 

              L2 (CH) 

L1 (CH) 

L3 (CH) 

d , e 

Sy 
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Polymerizations to prepare LGLGL, LGGGL-2.5, LGGGL-5, LGGGL-10, and LGGGL-

20 

Each monomer was dissolved in chloroform to prepare a 100 mg/mL solution. Each 

solution was pipetted using a micropipettor into a dram vial to prepare five 1,500 μL solution 

mixtures according to Table 3. The solutions were concentrated in vacuo to produce the solid 

mixtures ready for polymerization. 

Table 3. Preparation of Errormer Mixtures. 

Polymer 
Volume of Base Sequence 

Solution (μL) 

Volume of Errormer 

Solution (μL) 
Error Mol % 

LGLGL 1500 0 0 

LGGGL-2.5 1462 37 2.5 

LGGGL-5 1425 75 5 

LGGGL-10 1350 150 10 

LGGGL-20 1200 300 20 

 

The polymerizations were performed with dry DCM obtained from a solvent system. A 

stock solution of Grubbs II was prepared and the appropriate volume was pipetted into each vial 

such that the reaction concentration was 0.7 M and 1.50 mol% catalyst was used. The vials were 

purged with nitrogen and sealed. Within 20 min, both solutions became very viscous. The reactions 

were left to react for 2 hrs before quenching with 0.05 mL of ethyl vinyl ether. The solutions were 

then concentrated in vacuo and the contents of the vials were placed in a vacuum chamber 

overnight. NMR spectra and SEC traces were collected on the following day. The polymers were 

reprecipitated in 500 mL cold methanol and allowed to stir for a half hour before filtering.  
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Solution Casting of Thick Polymer Films 

The polymers were dissolved in methylene chloride to make 100 mg/mL solutions using a 

100-1000 uL micropipettor. On the bottom of flat differential scanning calorimetry pans, 28 uL of 

this solution was cast onto each (with a 10-200 uL micropipettor), very carefully to create a convex 

droplet that covered the entire surface. The best films were prepared by first coating the perimeter 

of the slide and then filling in the middle. The solution was allowed to dry on the slides for 3 hrs 

before being placed in a vacuum chamber.  After 2 days, those films that contained bubbles were 

removed from the glass slides using a razor blade and re-dissolved to prepare a 100 mg/mL 

solution. Films used for the hydrolysis study contained no bubbles, tears, or noticeable defects. 

The films were tan and transparent. 

Film thicknesses were measured on representative films cut through the center using 

optical profilometry. A Bruker Contour Elite I optical profilometer was used. Samples were sliced 

to create a step indicative of film thickness and then analyzed.  
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Hydrolysis Study 

Polymer films, removed from glass slides, were placed in dram vials followed by the 

addition of 2 mL of 10x phosphate buffer solution, pH = 7.4.  The vials were capped and placed 

in an incubator set at 37 ℃. The films were placed on a rotating platform with a slow speed of 8 

rpm to promote gentle mixing and to prevent localized concentration of acidic monomer around 

the films. The pH of the buffer solution was monitored over time and showed no distinguishable 

change. When timepoints were collected, the appropriate films were removed from the incubator, 

removed from the buffer solution, and blotted dry with a paper towel. Photographs were taken of 

each film at this point. The films were then rinsed with deionized water, blotted dry again and 

placed in new vials. Liquid N2 was poured over the films and the films were lyophilized for several 

hrs. A full film was used for SEC analysis (~3 mg) and DSC analysis on weeks 2, 4, 6, 8, and 10.  
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5.0 Prospectus 

As researchers develop methods to prepare SCPs on scales conducive to establishing 

sequence/bulk property relationships and identify monomer systems whose properties are 

dramatically affected by sequence, the field of sequence control can necessarily evolve to 

investigate the degrees to which synthetic demands can be lowered while retaining a property 

response. For copolymers like those discussed within this thesis, i.e. bioresorbable PLGA-like 

copolymers, the meaning of “scalable” is undeniably different to a synthetic chemist versus a 

researcher in applied biological engineering, and, therefore, laborious step-wise synthesis must be 

truncated for these sequenced copolymers to realize true application. 

When sequence tolerance is established, it is most likely that application-level scalability 

will be accomplished by catalyst development to controllably polymerize simple monomers and/or 

semi-sequencing methodologies. Indeed, researchers interested in developing coordination-

insertion catalysts have made strides in preparing stereo-sequenced PLAs, including isotactic 

(SSSS), syndiotactic (RSRS), heterotactic (RRSS), and a continuum between any one of these and 

atactic linkages.34, 50-56, 151, 154, 196, 197 Currently, we are actively investigating the polymerization of 

an LG cyclic dimer, methyl glycolide, using catalysts such as these. The combination of the large-

scale synthesis of methyl glycolide paired with regioselective ring-opening polymerization has yet 

to be realized, and with the former finally realized we are hopeful that copolymers of varying 

monomer alternation may be prepared with molecular weight control. 

As mentioned previously, the development of polymerization techniques that require fewer 

synthetic steps to monomer as well as tunable sequence outcomes can be realized through semi-

sequencing. Our group is currently investigating flow chemistry as an effective technique in this 
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effort, in which key monomer spacings may be altered by adjustments in various flow rates. As 

this synthetic methodology evolves, the effects of broader long-range monomer sequencing will 

be studied while securing an elevated degree of scalability in the preparation of sequenced 

copolyesters. 
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Appendix A: Experimental Spectra and Supporting Data for Chapter 2 
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Mass spectrum of Trans-Eg(LLCM)2. 
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Mass spectrum of Cyc-LMLGLGLG. 
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Mass spectrum of Cyc-SyLMLGLGL. 
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Mass spectrum of Cis-Eg(LGLM)2. 
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Figure 31. SEC trace of Poly SyLMLGLGL. Mn = 36, Mw = 44, Ð = 1.2, relative to polystyrene standards. 

 

Figure 32. SEC trace of Poly SyLMLGLGL. Mn = 44, Mw = 51 , Ð = 1.2, relative to polystyrene standards. 
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Appendix B: Experimental Spectra and Supporting Data for Chapter 3 

 

Scanning Electron Microscopy Imaging 

 

 

Figure 33. Low magnification (100x) images of Poly SyLM(LGLGL) and Poly SyLM(L3G2) at the six time 

points over the course of hydrolysis. 
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Figure 34. High magnification (1000x) of Poly SyLM(L3G2) (left) after three weeks of hydrolysis and Poly 

SyLM(LGLGL) (right) after five weeks of hydrolysis. 

 

 

Figure 35. High magnification (3000x) of the porous structure developed within Poly SyLM(L3G2) at Week 5 

of hydrolysis. 
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Experimental Spectra 
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The following 1H NMR spectra were collected on lyophilized samples at the given time 

point during the hydrolysis study (Where S = Sequenced, R = Controlled Random, and the number 

corresponds to the time point, e.g. S1 = the first sequenced sample collected at Week 2 during 

hydrolysis and R1 = the first random sample collected at Week 1 during hydrolysis).  
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Initial DSC Thermograms 

Poly SyLM(L3G2) 

 

 

Poly SyLM(LGLGL) 

 

 

 

 

 

 

 

 



 206 

Representative SEC Traces Over the Course of Hydrolysis 
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Figure 36. EDX characterization of residual buffer salt crystals on the degraded films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 208 

Appendix C: Experimental Spectra and Supporting Data for Chapter 4 

 

Scanning Electron Microscopy Imaging 

 

Figure 37. Scanning electron microscopy images (100x) of the films over the course of hydrolysis. 
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Figure 38. Scanning electron microscopy images (100x) of the films over the course of hydrolysis. 
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The detailed synthesis of Cyc-SyLMLGLGL was previously reported.188 

 

 

 

Scheme 9. Synthetic steps toward LGGGL-Si. 

 

 

Scheme 10. Steglich esterification to Bn-SyLMLGGGL-Si. 
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Scheme 11. Benzyl and silyl deprotections to yield SyLMLGGGL and subsequent macrolactonization 

reaction to prepare Cyc-SyLMLGGGL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1:SiEt
3
H, NEt

3
, PdOAc, 0.3 M DCM70% 

2:TBAF, AcOH, 0.1 M THF50% 

3:DCC, DPTS, 0.03 M, 16 hr. addition of SM, 60
o
C,65% 
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Experimental Spectra 
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