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ABSTRACT

Stereochemistry can significantly affect the chemical and physical properties of synthetic polymers. Compared
to the structural precision of natural biomacromolecules (e.g. proteins and nucleic acids) that are chiral and
enantiopure, fully controlling the stereochemistry of synthetic polymers is considerably more challenging.
However, the development of next generation polymer materials will require increasing levels of
microstructural control and an in-depth understanding of structure-property relationships. Herein, we
assemble an unprecedented library of enantiopure oligomers, specifically indene-maleimide-indene trimers,
with identical primary structure but different stereochemistry through a novel highly stereoselective radical
addition process. Full characterization of these unique trimers reveals that the structural rigidity and molecular
compactness are responsible for their unique physical properties, including crystallization, glass transition
temperature and optical activity. This strategy provides an innovative means to build oligomeric blocks for

synthetic polymers and tailor their physical properties.



INTRODUCTION

One of the ‘signatures of life’ is that the building blocks of natural biopolymers (e.g. L-amino acids and
D-sugars) are homochiral,! which illustrates the critical importance of stereochemistry in regulating their
structures, properties and functions.?* For instance, the double helix structure of DNA, which is governed by
supramolecular hydrogen bonding, requires D-form deoxyribose sugar units within the component phosphate
backbones. The impact of stereochemistry on physical properties are well-known in natural rubber and gutta-
percha as two isomers (cis and trans) of high molecular weight polyisoprene, with natural rubber being elastic
but gutta-percha being hard and brittle. In synthetic polymers, stereochemistry has also been recognized to
significantly affect the physical properties since the discovery of synthetic isotactic polypropylene in 1955.°
For instance, isotactic polystyrene is semicrystalline (with 60% crystallinity and 7m = 250 °C) and has
improved mechanical properties relative to amorphous atactic polystyrene.®

Recent advances in polymer synthesis have largely focused on controlling sequence and chain length.”’
These resulting monodisperse and sequence-defined oligomers/polymers possess intriguing properties that are
comparable to natural biomacromolecules.* !7- 28 However, while natural biomacromolecules are chiral and
enantiopure, synthetic oligomers/polymers are usually much less structurally precise. Fully controlling the
absolute stereochemistry is the ultimate goal of macromolecular synthesis, as it would enable access to vastly
more synthetic materials with interesting properties that could surpass natural polymers. While
stereochemistry is known to significantly influence macroscopic properties, detailed investigations on
stereostructure-property relationships are rare because of the lack of effective synthetic methodologies to
access such control.!” With conventional polymers, diastereocontrol (also known as tacticity control) can
usually be regulated by asymmetric or stereoselective polymerization in a chain-growth manner (e.g.
coordination, ionic or radical polymerization), mostly in the presence of chiral catalysts or other additives.?*-
3% Monodisperse oligomers/polymers can be obtained by chromatography separation of such tactic

polymers.>>3¢ However, approaches for the synthesis of enantiocontrolled polymers with defined chain length



are relatively limited, with perhaps the only well-known example being solid-phase peptide or oligonucleotide

synthesis. Other methods have involved direct condensation of chiral monomers through iterative growth!?-2

3741 and successive monomer addition*? in solution or on solid support, which indicates limited cases of
success. Additionally, the chiral monomers have been confined to a,w-heterodifunctional monomers such as
lactic acid and similar structures as amino acids, which mostly requires tedious manipulation of protection
and deprotection on functional groups during synthesis. Therefore, it is of paramount importance to develop
innovative methodologies for the robust synthesis from broad monomer scope (e.g. vinyl monomers) to
increase stereostructural diversity of such enantiopure macromolecules. The investigation of structure-
property relationship would enable access to next generation of polymer materials.

Recently, we developed a methodology of photoinduced-reversible addition-fragmentation chain transfer
single unit monomer insertion (RAFT SUMI) to iteratively insert two cyclic electron-donor/acceptor vinyl
monomers, indene and maleimide, into a trithiocarbonate to prepare sequence-defined oligomers.*** A
simplified process as depicted in Figure 1a starts with radical generation (Re) from a RAFT agent (R-SCSZ)
through visible light catalysis. This transient radical subsequently undergoes a single unit monomer addition
to form an adduct radical followed by carbon-thiocarbonylthio coupling to generate the SUMI product.
Crucially, the insertion of cyclic monomers proceeds in a highly trans-selective manner within monomer units
along the backbone due to steric hindrance. This stereoselectivity inspires us to further control the absolute
stereochemistry (enantiocontrol) of oligomers as natural biomacromolecules do, which is considered as an
extreme challenge in radical chemistry.** With this in mind, in this study we drew inspiration from the use of
chiral monomers in nature, introducing asymmetric substituents within cyclic vinyl monomers (indene) to
induce stereoselective radical addition to precisely prepare enantiopure oligomers with diverse stereochemical

configurations. These enantiopure oligomers present divergent physical properties that correlate to their

unique stereochemical structures.
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Figure 1. Stereodivergent synthesis of enantiopure isomeric trimers through a highly stereoselective

photoinduced reversible addition-fragmentation chain transfer single unit monomer insertion (photo-RAFT

SUMI) process. a) Successive photo-RAFT SUMI process and its simplified mechanism including photo-

activation, radical addition, and termination by carbon-thiocarbonylthio radical coupling. For clarity, the

RAFT processes are not specified. b) Three-step synthesis and stereochemistry of eight enantiopure trimers

investigated in this study. The yield means the isolated yield of the SUMI product for each step.



RESULTS AND DISCUSSION

1. Stereodivergent synthesis of enantiopure oligomers

A chiral analogue of indene that possesses an alkyl substitute on the 5-position, S-Melnd and R-Melnd,
was synthesized (Figure 1b) from their respective propionic acids followed by Friedel-Craft acylation,*
NaBHs reduction*’ and elimination reactions.*® Each chiral monomer can be stereoselectively inserted into a
trithiocarbonate (2-cyanopropan-2-yl butyl trithiocarbonate, CPBTC), which leads to the highly
diastereoselective adduct with a trans-trans configuration only, instead of the three other possible
configurations (trans-cis (ii), cis-trans (iii) and cis-cis (iv) as depicted in Figure 2a). This is attributed to the
proximity of the methyl substituent in S-Melnd to the double-bond, which effectively prevents cis addition of
an incoming radical to the 1-position carbon and allows the formation of the trans adduct radical exclusively.
Subsequently, a selective trans coupling of thiocarbonylthio radical with the adduct radical occurs to form
SUMI product CPBTC-Melndis) (denoted as CP-S).*

Both NMR spectroscopy and quantum chemical calculations unambiguously establish the trans-trans
stereochemistry of the product CP-S. In 'H NMR spectrum for the reaction mixture of CPBTC with S-Melnd
(Supplementary Figure 1), signals corresponding to a single diastereomer (assigned to CP-S) are observed.
Meanwhile, density functional theory calculations clearly reveal that the trans-trans configuration of a CP-S
model possesses the lowest Gibbs free energy by at least 17 kJ/mol compared with the other three
configurations (Figure 2a). Similarly, CPBTC-Melnd) (denoted as CP-R) was synthesized using R-Melnd
to react with CPBTC, generating only the frans-trans configuration. Significantly, chiral HPLC analysis
(Supplementary Figure 2) demonstrated enantiomeric excess (ee) values > 99% for both enantiopure mono-

adducts indicating no racemization during the reaction, highlighting the robustness of this synthetic method.
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Figure 2. Stereoselectivity of the radical addition steps during a photo-RAFT SUMI process. a) Density
functional theory calculations of the relative Gibbs free energies (298 K, DMSO) of four possible
stereoisomeric SUMI adducts and their transition states from the insertion reaction of S-Melnd into a RAFT
agent. The butyl tail in CPBTC was truncated to a methyl substituent to simplicity. b) Two stereo-
configurations (threo and erythro) of CPBTC-Melnds)-HEMI (left) and the relative Gibbs free energy

difference for the respective transition states of HEMI insertion into a CP-S radical (right).

The synthesized CP-S (or CP-R) was then employed as a chiral macro-RAFT agent for further chain-



growth by inserting a maleimide monomer, N-hydroxylethyl maleimide (HEMI) (Figure 1b). Since HEMI is
a symmetric monomer, both threo and erythro structures can be formed during radical addition (Figure 2b).
Fortunately, as the macro-RAFT, CP-S, is enantiopure, the threo and erythro additions of HEMI only resulted
in a mixture of two enantiopure diastereomers in the crude product that had a molar ratio of 1.88:1 confirmed
by 'H NMR analysis (Supplementary Figure 3). Density functional theory calculations of the respective
transition states showed that the threo structure is more stable than the erythro (by 1.2 kJ/mol, Figure 2b).
This energy difference results in a theoretically predicted molar ratio for the two configurations of 1.6:1, in
good agreement with the experimental result. The crude mixture of these two diastereomers can be efficiently
separated by column chromatography due to their distinct R values (Supplementary Figure 4), affording the
enantiopure dimers CPBTC-Melnds)-HEMI) (CP-S-1) and CPBTC-Melnds-HEMI2) (CP-S-2) (the
denotation of “1” implies the first fraction collected in column chromatography and “2” for the second
fraction), with a combined isolated yield of 86%. By calculating weight ratio of the two fractions (1.7:1), we
confirmed that CP-S-1 is assigned to the threo structure and CP-S-2 is the erythro structure. An analogous
reaction harnessing R-Melnd allows the synthesis of CPBTC-Melndx)-HEMI(1) (CP-R-1) and CPBTC-
Melndz)-HEMI(2) (CP-R-2). 'H and '*C NMR analysis for these four purified dimers demonstrated excellent
diastereomer excess (de) values (>99%) and purity (Supplementary Section 5.2). Additionally, the specific
optical rotation ([a]2’) for these two pairs of enantiomers gave almost the same but opposite values,
respectively (Supplementary Table 3).

Next, the synthesis of eight enantiopure trimers was accomplished by inserting S- or R-Melnd monomer
into these four enantiopure dimers (Figure 1b). Taking the synthesis of CPBTC-Melnds-HEMI(1)-Melndz)
(CP-S-1-R) as an example, the dimer CP-S-1 reached nearly 100% conversion after 70 h irradiation. Only
one group of proton signals was observed in 'H NMR spectrum of the crude product (Supplementary Figure
5), indicating similar diastereoselectivity to the first SUMI step. The 'H and '*C NMR and ESI-MS analyses

verify the chemical structure and high purity (>99%) of the final product CP-S-1-R after purification (Figure



3 and Supplementary Information, Section 5.2). The other seven enantiopure trimers could be synthesized
under analogous conditions. Comparing the '"H NMR spectra of the four pairs of diastereomeric trimers clearly
shows diverging chemical shifts (e.g., Hl to H6 in Figure 3a), which is indicative of how their

stereoconfiguration influences the resulting chemical environments.
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Figure 3. a) Comparison of '"H NMR spectrum (J 1.9-6.3 ppm) among four enantiopure trimers CP-S-1-R,
CP-§-1-§, CP-S-2-R and CP-S-2-S, showing significant differences in chemical shifts of corresponding

protons (1 to 6) in the four trimers. b) ESI-MS analysis of CP-S-1-R.

2. 3D models of enantiopure oligomers and their structural information

The stereostructures of eight synthetic trimers were confirmed by 2D NOESY NMR analysis that can
accurately determine solution-phase molecular structures, particularly for peptides and nucleic acids, based
on the interproton distance geometry.**>* Interproton distances can be obtained from the NOE cross-peak

volumes. After the cross-peak volumes were calibrated, a table containing interproton distance constraints (<
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2.5 A, 25-45 A, and 4.5-5 A) was created for each trimer (Supplementary Figures 6-9). The full set of
interproton distances were used to create constraints to generate a 3D molecular model (Figure 4), which
provides access to the absolute stereochemical structures of the molecules consistent with our designations.
This analysis also confirmed: (1) the stereochemistry of the original chiral monomer is preserved over the
whole course of synthesis (i.e. no racemization occurred); (2) the trans-trans addition of each Melnd monomer
was unambiguously verified; (3) the threo and erythro configurations of HEMI units in the trimers agree with

the NMR and computational results in Figure 2b.
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Figure 4. Capped stick 3D models of CP-R-1-S, CP-R-2-S, CP-R-1-R and CP-R-2-R established from 2D
NOESY NMR analysis. C atom: grey; H: white; O: red; N: blue. Note: For clarity, the double bonds and CN
triple bond are displayed as single bonds in the models. The 3D models were generated from the distance
geometry simulation using interproton distances derived from NOESY spectra as constraints. More details are

provided in the Supplementary Information.
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These 3D models also provide detailed structural information, such as torsion angles and backbone
lengths (the backbone is constituted by six chiral carbons in three monomer units). For instance, CP-R-1-S
shows all anticlockwise torsions of the dihedral angles observed through CP side, whereas CP-R-2-S gives
mixed torsions with both clockwise and anticlockwise. The backbone length of CP-R-1-S is much longer than
CP-R-2-S (5.659 vs 5.161A). Given the fact that the side chains of all monomer units in the CP-R-1-S and
CP-R-2-§ are the same, the different torsions and backbone lengths can be ascribed to distinct backbone
stereochemistry (threo vs erythro) caused by two different connections of HEMI units in the molecules. The
torsion angles and backbone lengths suggest the erythro configuration (CP-R-2-S) adopts a more twisted and
compact molecular conformation than threo (CP-R-1-S). Similar behavior was observed for CP-R-1-R and
CP-R-2-R. Meanwhile, despite CP-R-1-S and CP-R-1-R being identical with respect to the first two units,
the introduction of a divergent third unit (S-Melnd vs R-Melnd) significantly affected steric hindrance within
the backbone, which can be observed from the respective torsion angles. Although such distortion has not
much influence on the overall backbone lengths (5.659 A vs 5.708 A), these two trimers possess different
stereochemistry in both their side chains and backbones. Bearing these general structural characteristics in
mind, we sought to understand how the stereochemistry of these trimers influenced their physical properties

including crystallization, thermal transitions (glass transition temperature, 7¢) and optical properties.

3. Physical properties of synthetic enantiopure oligomers

Firstly, we investigated crystallization and 7y of these trimers in their bulk states using differential
scanning calorimetry (DSC) (Figure 5 and Supplementary Figure 10). As shown in Figure 5a, all four
diastereomeric trimer pairs displayed typical polymeric characteristics with evident glass transitions in the
range of 30~45 °C, despite their relatively low molecular weight (635 g/mol). However interestingly, only
CP-R-1-S exhibited a cold crystallization transition’! from 62 to 101 °C and an endothermic melting transition

at 123 °C. The other three trimers did not show any transitions beyond 7¢ in both heating and cooling cycles.
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This implies that CP-R-1-S is crystalline, while the other isomers adopt amorphous structures within their
bulk solids. Additionally, by calculating the enthalpy changes of cold crystallization and melting for CP-R-1-
S solid powder and its pure crystal (Supplementary Figure 11), we found that the initial CP-R-1-S powder is
a semicrystalline oligomer composed of 41.7 wt% crystalline phase. The corresponding enantiomer, CP-S-1-
R presented almost the same result (Supplementary Figure 10) with 39.7 wt% crystalline phase in its initial

solid powder.
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Figure 5. Thermal properties and crystallization behavior of enantiopure trimers. a) DSC curves of trimers
CP-R-1-S, CP-R-2-S, CP-R-1-R and CP-R-2-R from 15 °C to 145 °C. b) Optical images (top) of CP-R-1-S
crystals and CP-R-2-§ oil droplets in recrystallization experiments, and SEM image (bottom) of CP-R-1-S
crystals. ¢) Capped stick presentation of X-ray crystal structures of CP-S-1-R (left) and CP-R-1-S (right). For

clarity, the double bonds and -CN triple bonds are displayed as single bonds.
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This crystallization behavior was also verified by implementing two-solvent recrystallization of the
trimers in various solvents (Supplementary Tables 1 and 2). CP-R-1-S (and CP-S-1-R) formed needle-like
fine crystals visualized by scanning electron microscopy (Figure Sb and Supplementary Figures 12-13),
whereas other trimers precipitated in all tested solvents as oil droplets (Figure 5b and Supplementary Figure
14). DSC analysis on the collected crystals showed the presence of a melting transition at 123.0 °C (7m) and
the absence of glass transitions (Supplementary, Figure 11), characteristic features of crystallization in small
molecules. Taking advantage of this behavior, single crystals of CP-R-1-S (and CP-S-1-R) were collected for
X-ray diffraction (XRD) spectroscopy. The stereochemistry of the trimers was thus unambiguously validated
(Figure 5c and Supplementary Figure 15), showing the mirror images between CP-R-1-§ and CP-S-1-R.
Additionally, XRD results perfectly match the 3D models generated from 2D NOESY analysis
(Supplementary Figure 16). The tendency of CP-R-2-S not to crystallize can be attributed to its more compact
conformational structure, as discussed previously. Although CP-R-1-R has a comparable backbone length to
CP-R-1-§, it is more difficult to crystallize possibly due to its non-uniform structure.

Another intriguing feature illustrated in Figure Sa is the diverse 7y values of these oligomers, which
highlights the remarkable impact of stereochemistry. Despite the rather low molecular weight of these
oligomers (635 g/mol), there is an approximately 10 °C difference between the lowest (CP-R-2-S, 32.6 °C)
and the highest 7 values (CP-R-1-R, 41.6 °C). Comparing CP-R-1-§ and CP-R-2-§, which have the same
side chain but different backbone stereochemistry, CP-R-1-§ has a higher 7 than CP-R-2-S (37.9 °C vs 32.6
°C). Similarly, CP-R-1-R has a higher 7 than CP-R-2-R (41.6 °C vs 39.2 °C). These differences can be
explained through their rigid molecular structures and unique stereochemical configurations.

The Tg of a polymer is affected by various molecular parameters including monomer structure and chain
stiffness,>>® which can greatly influence the efficiency of molecular packing. Dense packing of polymer

chains gives low free volume, decreased entropy and low translational mobility which is conducive to
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increasing Tg.% This type of packing generally requires uniform and straight chain conformations, which result
from the balance between the energetic cost for polymer chain bending and increased entropy.>>° That is,
twisted or non-uniform macromolecular conformations provides loose packing of polymer chains and a low
Tg. Building on this theory, CP-R-2-S and CP-R-2-R have more compact and twisted conformations than CP-
R-1-S and CP-R-1-R (Figure 4) which causes looser molecular packing and consequently lower Ty values.
We should note these 3D models were established from NMR data measured in solution, while the DSC
analysis is performed in bulk. However, given the relative rigidity of these trimer structures comprised of three
five member-ring monomers, difference in conformation between bulk and solution-phase should be relatively
minor. These results clearly show stereochemistry can lead to dramatic changes in thermal properties of the
bulk materials. The T difference between CP-R-1-§ and CP-R-1-R (or CP-R-2-§ and CP-R-2-R) is more
difficult to analyze because they possess different side chains in the third unit of monomers (S-Melnd vs R-
Melnd). This affects stereochemistry in the backbone and steric hindrance with the nearby side chains. It is
known that both the backbone and side chain of an oligomers/polymer can affect 7g, particularly for materials

which possess both stiff backbones and side chains.>

The optical activity of these trimers is also affected by the stereochemistry as observed by their diverse
specific rotations (Supplementary Table 3). For instance, although CP-S-1-R and CP-S-2-R have the same
monomer structures, the backbone stereochemistry of the second monomer unit is different, which afford these
two isomers distinct optical rotations (+2.7° vs -72°), demonstrating the backbone chirality has significant
contribution to the optical activity of the whole molecule. Varied temperature circular dichroism (VT-CD)
spectroscopy was also used to investigate optical properties based on the structural features of chiral molecules.
In these synthetic trimers, the trithiocarbonate moiety that has an intense visible light absorption peaking at
436 nm (Supplementary Figure 17a) is an ideal achiral chromophore for investigating their optical behaviors
under CD. As shown in Figure 6, the trithiocarbonate was successfully perturbed by the chiral trimers, leading

to high quality CD signals in the range of 380 nm to 520 nm. Each pair of enantiomers (e.g. CP-R-1-S and

14



CP-S-1-R in Figure 6a) shows exact mirror images in their CD spectra. However, the four pairs of
enantiomers presented distinct CD signal intensities and profiles, featuring their unique stereochemistry and
molecular chirality. The trimer CP-R-1-S has the highest intensity and monosignate CD band, and the other
two CP-R-2-§ and CP-R-2-R have the lowest intensities and bisignate bands. CP-R-2-R presents
characteristic positive couplet with a split CD spectrum, arising from the coupling interaction of
thiocarbonylthio with another proximate chromophore (e.g. phenyl group) due to its compact molecular
structure. As the temperature gradually increased from 273 K to 323 K, the CD signal intensity of CP-R-1-§
decreased (Figure 6a), suggesting increased mobility of the whole molecule. In contrast, CP-R-2-S remained
unchanged, which agrees with its rigid and compact structure as conveyed by its 3D model in Figure 4. This
conclusion can also be drawn from the CD signal changes in CP-R-1-R and CP-R-2-R (Figure 6b). With
increasing temperature, the decreasing CD intensities in CP-R-1-R is more evident than that in CP-R-2-R.
The exciton couplet in CP-R-2-R is slightly reduced but doesn’t disappear, suggesting the coupling between
chromophores is still strong due to molecular compactness. Additionally, the CD signals of the trimers are
fully reversible over the temperature investigated (273~323 K), indicative of the high thermal stability of all

molecules.
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Figure 6. Varied temperature circular dichroism (VT-CD) spectra of eight enantiopure trimers. a) Comparison
of CP-R-1-S, CP-S-1-R, CP-R-2-§, and CP-S-2-R while increasing temperatures from 273 K to 323 K. b)
Comparison of CP-R-1-R, CP-§-1-§, CP-R-2-R, and CP-S-2-S while increasing temperatures from 273 K to

323 K.

CONCLUSIONS

In this article, we synthesized a novel library of enantiopure trimers by using a chiral substituent in a cyclic
vinyl monomer to fully modulate their stereochemistry. Sequential highly diastereoselective radical addition
reactions have been accomplished in a photo-RAFT SUMI process, producing eight enantiopure trimers with
divergent stereochemistry. 2D NOESY analysis provides comprehensive structural information (molecular
size and uniformity), which can be used to rationalize the physical properties of these trimers. Thermal analysis
demonstrated that these trimers possess typical polymer characteristics with distinct glass transition

temperatures. Among them, CP-R-1-S/CP-S-1-R are semicrystalline oligomers featuring superior
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crystallization behavior, whereas the other isomers are amorphous. Given their inherent chirality, these trimers
presented diversified optical rotations and CD signals in solution. With the temperature variation, the trimers
of CP-R-2-S/CP-S-2-R and CP-R-2-R/CP-§-2-S displayed much less changes in CD than others due to their
relatively compact molecular conformations. These results demonstrate stereochemical structure-property
relationships for a novel class of monodisperse and optically active synthetic oligomers, illustrating how
physical properties can be tailored by manipulating stereochemistry. The synthetic strategy provides an
approach to precision oligomer synthesis through radical chain growth, but also for asymmetric
polymerization using cyclic vinyl monomer and chirality induction. Meanwhile, the synthesized enantiopure
oligomers can be used as building blocks to assemble enantiopure polymers with diverse structures and

tailored properties.
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