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ABSTRACT

Polymerizations based on olefin metathesis have enabled the synthesis of a large
variety of olefin-containing polymers. While numerous studies have shown that the
stereochemistry of the alkenes in the polymer backbone has a notable impact on the
physical properties of the polymer, the synthesis of stereodefined polymers via olefin
metathesis remains a great challenge. Most metathesis catalysts operate under
thermodynamic control, which generally favor E (trans) linkages with the main chain
connected on opposite sides of the alkenes. Therefore, the properties of polymers with
high-cis content are comparatively underexplored due to a scarcity of synthetic methods
to access these structures.

Within these polymers, poly(p-phenylene vinylene)s (PPVs), consisting of
alternating phenylene and vinylene groups in conjugation, are of special interest. Indeed,
the cis/trans configuration of the olefins in the PPV backbone significantly affect its
physical properties including optical behavior and solubility. Interestingly, one-way
photoisomerization can readily transform olefins in the PPVs backbone from the cis to the
trans configuration, rendering PPVs light-responsive. In chapter 1l and 111, we discuss a
unique strategy to access all-cis PPVs with living characteristics capitalizing on the
polymerization of paracyclophane diene monomers via stereoretentive ring-opening
metathesis polymerization (ROMP). Investigation of the kinetics of the polymerization
and its living characters is highlighted. Finally, applications to the synthesis of
photoresponsive diblock copolymers is presented with an eye towards the construction of

intricate, well-defined, and light-responsive polymeric architectures.



While stereoretentive ROMP is as a powerful tool to access cis polymer, the
monomer scope is mostly limited to highly strained structures, such as norbornenes and
paracyclophane dienes. Additionally, typical ROMP monomers, for example derived from
norbornene or cyclooctene, lead to polymers that are challenging to degrade. To overcome
these limitations, the development of stereoselective acyclic diene metathesis (ADMET)
polymerizations using two families of stereoselective Ru catalysts to deliver a variety of
cis polyalkenamers is presented in chapter IV and V. The influence of olefin geometry on
the thermal and mechanical properties of the synthesized polymers was investigated

through a variety of analytical techniques.
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NOMENCLATURE

Ac Acetyl

APCI Atmospheric-pressure chemical ionization
C Concentration

calc’d Calculated (for mass spectrometry analysis)
CeDs Deuterated benzene

CDCls Deuterated chloroform

CHCl3 Chloroform

CH:Cl Dichloromethane

Cy Cyclohexyl

DCC N,N'-Dicyclohexylcarbodiimide
DCM Dichloromethane

DIPP 2,6-Diisopropylphenyl

DLS Dynamic light scattering

DMAP 4-Dimethylaminopyridine

DMF Dimethylformamide

DMSO Dimethylsulfoxide

D Dispersity

DP Degree of polymerization

DSC Differential scanning calorimetry
ESI Electrospray ionization

Et Ethyl



Et,O

hv

HRMS

Me
Mes
Mn

Mw

"Bu
"Hex
NBS
NCS
NHC
NMR
OEH
Ph

PhMe

ppm

Ethyl ether

Light

High-resolution mass spectrometry
Isopropyl

Infrared

Rate constant

Ligand

Methyl

Mestyl

Number-average molar mass
Weight-average molar mass
Refractive index of the solvent
n-butyl

n-hexyl
N-Bromosuccinimide
N-Chlorosuccinimide
N-heterocyclic carbene
Nuclear magnetic resonance
2-ethylhexyloxy

Phenyl

Toluene

Parts per million

Xi



PPV
rt
PPV
RPM
SEC
TCB
Temp
TGA
THF
TLC
Tc

Td

Tm

Tf
TMS
Ts
UV-vis
Dp.

Nex

Poly(phenylene vinylene)
Room temperature
Poly(phenylene vinylene)
Revolutions per minute
Size exclusion chromatography
1,2,4-trichlorobenzene
Temperature
Thermogravimetric analysis
Tetrahydrofuran

Thin-layer chromatography
Crystallization temperature
Decomposition temperature
Melting temperature

Glass transition temperature
Triflate

Trimethylsilyl

Tosyl

Ultraviolet-visible
Fluorescence quantum yield
Excitation wavelength

Chemical shift
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CHAPTER |
INTRODUCTION

The spatial arrangement of repeating units in polymers strongly impacts their
physical properties. Controlling tacticity and cis/trans configurations along the polymer
chains is therefore crucial to embed soft materials with desirable properties.> However,
this remains an unmet challenge for most families of polymers, which hampers the precise
synthesis of well-defined polymers.

Tacticity refers to the regularity in the arrangement of the pendant groups in
repeating units within a polymer chain, more precisely of adjacent chiral centers. The
investigation of the influence of tacticity on polymer properties has been ongoing for
decades. Polypropylene (PP), for example, exhibits distinct thermal and mechanical
behaviors in its atactic (aPP) and isotactic (iPP) forms (Figure 1-1).° aPP is a soft,
amorphous, and rubbery material, while iPP is a hard thermoplastic with a high degree of
crystallinity and a melt transition.® Similarly, polystyrene (PS), another widely-used

plastic, showcases different properties based on its tacticity. aPS, the most common form

Tacticity cis/trans Configuration
polypropylene polyisoprene
isotactic atactic trans form cis form

Me

w W - _
Me Me Me Me Me Me -
Me

n
polystyrene | poly(p-phenylene vinylene) |

Figure I-1 Influence of stereochemistry on the properties of polymers.
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produced commercially, is amorphous, but IiPS showcases semi-crystalline
characteristics.’

Likewise, the configuration of repeating olefin also considerably influences the
properties of alkene-containing polymers. For example, cis-polyisoprene (natural rubber)
exhibits a flexible texture and is used as an elastic material found in latex gloves,®® while
trans-polyisoprene (gutta-percha) is relatively stiff and was once used in the
manufacturing of golf balls.!® Extensive catalyst optimization has enabled access to all-
trans and all-cis polyisoprene, and to polymers with compositions in between through
coordination-insertion polymerization.!! However, this method is mostly limited to 1,3-
diene monomers and exhibits poor functional group tolerance. Therefore, the need for
complementary methods that can control olefin configuration on various polymers is no
longer negligible. Alkene-containing conjugated polymer is another notable example,
such as poly(p-phenylene vinylene)s (PPVs), which have been found to exhibit significant
differences in electronic, optical, and physical properties based on their cis and trans
content.*®* Though the importance of alkene configuration is clearly apparent in these
examples, synthetic methods that provide control over cis/trans stereochemistry within
the polymer backbone remain scarce, and the impact of alkene orientation on polymer
properties is understudied compared to that of tacticity. Polymerizations based on olefin
metathesis are attractive to access alkene-containing polymers because of their tunability
and robustness. However, such polymerization typically favors the formation of E-
configurated alkenes through thermodynamic control. Indeed, the mechanism of olefin

metathesis, first proposed by Chauvin,** entails a [2+2] cycloaddition between a metal



alkylidene and an alkene, followed by a retro [2+2] cycloaddition of the resulting
metallocyclobutane to generate a new carbon-carbon double bond. The reversibility of
these steps tends to favor the formation of the most stable product (typically the E (trans)
form), regardless of potential differences in the free-energy landscape for each pathway.
This phenomenon makes it arduous to synthesize high-cis polymers through conventional
olefin-metathesis polymerizations. To overcome this limitation of olefin metathesis,
several Mo-, W- and Ru-based olefin metathesis catalysts have been successfully
developed to achieve stereoselectivity through a kinetic pathway, which leads to products
with predictable Z (cis) or E (trans) configuration.®® In particular, two families of Ru-
catalysts coined Z-selective (e.g. Ru-4) and stereoretentive (e.g. Ru-5 and Ru-6), first
reported by Gubbs'®'’ and by Hoveyda!®?° respectively, have exhibited great cis

selectivities toward olefin metathesis (Figure 1-2). Typical Ru-based catalysts bearing
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"‘O

Figure I-2 Typical (Ru-1-Ru-3) and stereoselective (Ru-4-Ru-6) Ru-based catalyst.
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two chloride ligands (Ru-1-3) favor trans products because of the formation of a
metallocyclobutane on the opposite side of the metal center from the NHC ligand (bottom-
bound pathway, intermediate I), where the R: and R substituents are prone to have anti
orientation that minimizes the dipole moment (Figure 1-3). To favor the cis configuration,
Grubbs?! and Hoveyda,?? respectively, shown that formation of intermediate 11 with the
metallacyclobutane on the equatorial plane is essential since the presence of a bulky NHC
ligand forces all the substituents away from it and favors cis selectivity. However, this
scenario is unfavored with typical Grubbs catalysts because of the large dipole moment
and significant electron repulsion between the halide anions. The replacement of the

chloride with a bidentate ligand (see 11, Figure 1-3) favors this so-called side-bound

i wX X—Ru—X
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favors E configuration
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electronic
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A

I
side-bound
(cis cycloadduct) favors Z configuration
Figure 1-3 Different olefin approach to the ruthenium alkylidene leading to diastereo-
meric ruthenacyclobutanes.



mechanism, which delivers the desired Z configuration. Indeed, the experimental and
computational results suggest that both of the cyclometalated structures (Z-selective)?! and
the dithiolate structure (stereoretentive)?® are prone to undergo side-bound pathway rather
than bottom-bound and deliver cis selectivity. While operating a similar mechanism, the
Z-selective and stereoretentive catalysts have distinct characteristics. The former delivers
the Z olefin irrespective of the stereochemistry of the starting olefin, while the latter retains
the stereochemistry of the olefin throughout the olefin metathesis process (Figure 1-4). In
the case of the Z-selective catalyst, the steric hindrance of the substituents on the NHC
ligand forces the metallacyclobutane substituents away from the NHC, favoring the Z
pathway over the E pathway (Figure 1-4, path 1).2! Conversely, stereoretentive catalysts

preserve the alkene configuration of the starting material during the metathesis process.
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Figure 1-4 Z-selective olefin metathesis (yellow box) versus stereoretentive olefin
metathesis (grey box).



This retention is primarily attributed to the side-bound mechanism originated by the cis-
chelating catechothiolate ligand and the different steric hindrance from the NHC to the
two a positions of the metallocyclobutane and to the S position. This “open pocket” above
/5 position is key to this stereoretention by allowing the substituents to point toward or
away from the NHC. When a cis olefin reacts with stereoretentive catalyst, the resulting
ruthenacycle is characterized by substituents pointing away from the NHC ligand (Figure
I-4, path 2). In contrast, when the catalyst reacts with a trans alkene, the resulting
metallocyclobutane intermediate exhibits one substituent positioned away from the NHC
ligand at the « position due to steric hindrance from the NHC. The substituent at the g
position, which is further from the NHC, is oriented toward this large ligand, leading to
the formation of a trans product (Figure 2, path 3). This model, proposed by Pederson and
Grubbs?? and supported by computational studies by Houk and LiuZ, contributes to the

understanding of the observed stereoretention.

Z-selective ROMP
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J >
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Figure 1-5 Examples of Z-selective ROMP of norbornene derivatives using
cyclometalated Ru catalysts (Ru-4a).



Despite early successes in the synthesis of small molecules with these catalysts,
polymerizations capitalizing on these catalysts remain uncommon comparatively to those
using typical Grubbs catalysts.™® It has been shown to deliver good cis selectivity in the
ROMP of norbornene derivatives using Ru-4a (Figure 1-5a).2* Hoveyda demonstrated
stereoretentive ROMP of norbornene and cyclooctadiene to afford high- to all-cis
polymers using a dithiolate Ru catalyst (Ru-5a) (Figure 1-6).® The Choi group later
disclosed a stereoretentive ROMP of norbornene and endo-tricyclo[4.2.2.02,5]deca-3,9-
diene derivatives using Ru-5b to access cis polymers. They observed a better sheer

resistance ability of cis polymer than that of trans one, demonstrating the dependence of
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Choi cis cis cis cis cis
X& Ru-5b X A < n
1 —_— Ru-5b
cis ll\/\ R j _Rush
R R
NB cis poly-NB D R R R
_______________________________________________________________________ cispoly:TD .
BnO OBn
CO,Me (0) ;
/ 7 OTIPS 0

BnO

73 OTIPS /

N 7
/
oTIPS _>_nBu OBn PN
(0] "Bu

Et oB
NB11 NB12 TD1 n TD2 §

Figure 1-6 Examples of stereoretentive ROMP using dithiolate Ru catalysts (Ru-5a and
Ru-5b).



polymer properties on the configuration of the repeating alkene (Figure 1-6).2° All these
examples demonstrate the versatility of these catalysts and their potential for the design of
soft materials with tailored properties.

To leverage the extraordinary selectivity and reactivity of these stereoselective Ru
catalysts, we aim to develop stereoselective olefin metathesis polymerizations for the
synthesis of complex polymers with precise stereochemistry and to investigate the impact
of stereochemistry on polymer properties. Ultimately, this innovative approach will
provide an efficient strategy to tailor polymer materials by controlling the cis and trans

content within the polymer backbone.



CHAPTER II
STEREORETENTIVE RING-OPENING METATHESIS POLYMERIZATION TO
ACCESS ALL-cis POLY (p-PHENYLENE VINYLENE)S WITH LIVING
CHARACTERISTICS”

I1.1 Introduction

Despite decades of study into the poly(p-phenylenevinylene) (PPV) family of
conjugated polymers (Figure 11-1a), methods for the precise control of each stilbenoid
olefin configuration remain scarce.?® Indeed, the cis or trans (Z or E) configuration of the
olefins dramatically affects the physical and chemical properties of the material. cis-Rich
PPVs are characterized by a twisted and coiled polymer chain, whereas trans-rich PPVs
possess a rodlike structure which increases z—x interactions and packing. As a result, cis
alkenes tend to decrease the effective conjugation length of the polymer but increase its
solubility.'>!3 PPV was used to make the first organic light-emitting diode (OLED)?’ and
was one of the components blended into the first “bulk heterojunction” solar cells.?® The
relative stability of PPV and its desirable semiconducting properties (i.e., band gap in the
visible range) have motivated numerous academic and industrial research groups to
explore its optoelectronic properties.?® This effort led to many robust syntheses of PPVs,
including controlled polymerizations, with high molar masses (Mn),3%3! but few allow

precise control over the configuration of the repeating olefins. Additionally, oneway®?

* Data, figures, and text in this chapter were adapted with permission from “Stereoretentive Ring-Opening
Metathesis Polymerization to Access All-cis Poly(p-phenylenevinylene)s with Living Characteristics.” By
Hsu, T.-W.; Kim, C.; Michaudel, Q. J. Am. Chem. Soc. 2020, 142, 11983-11987. Copyright © 2020
American Chemical Society.
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photochemical isomerization rapidly transforms cis into trans linkages. This clean
photoisomerization has been exploited by Katayama and co-workers to pattern PPVs,
capitalizing on the difference in solubility between cis and trans congeners,*® and by Choi
and co-workers to prepare semiconducting nanofibers via controlled self-assembly.3*% In
an effort to harness the full potential of PPVs as stimuli-responsive materials, we report
herein the synthesis of all-cis PPVs with living characteristics in homopolymers and block
copolymers. Syntheses of all-cis PPVs are far scarcer than those of all-trans PPVs. Indeed,
Wittig,*® Horner—Wadsworth—Emmons,*’ or Knoevenagel®® polycondensations either
lead to an uncontrolled cis/trans ratio or favor trans olefins. Radical or anionic
polymerization of p-quinodimethane during the Gilch process also favors the more stable
trans linkage.®*% In 2005, Katayama, Ozawa, and co-workers reported a stereospecific
Suzuki—Miyaura polymerization that affords all-cis PPVs with low molar mass, but
selectivities up to 99:1 using linear monomers with preinstalled Z-stereochemistry.3*% In
a different approach, Swager and co-workers synthesized all-cis PPVs via
postpolymerization reduction of poly(phenylene ethynylene)s (PPESs) with stoichiometric
titanium isopropoxide and isopropyl magnesium chloride (Figure 11-1b).*° Both routes
afforded impressive stereoselectivity, but are based on uncontrolled chain-growth
polymerization, which limits their applications. Our strategy to access all-cis PPVs with

living characteristics relied on the polymerization of [2.2] paracyclophane-1,9-diene
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» Stable conjugated polymer
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Figure 11-1. a) General structure of poly(p-phenylene vinylene)s (PPVs). b) The only two examples of
uncontrolled synthesis of all-cis PPVs. c¢) A stereoretentive ROMP strategy en route to all-cis PPVs
with living characteristics.

monomers (Figure I1-1c, 1a) via ringopening metathesis polymerization (ROMP). Early
studies from Turner demonstrated that these strained alkene monomers could undergo
efficient ROMP, leading to PPVs with alternating cis and trans linkages using Grubbs’
second generation catalyst (Ru-1b) (see Figure 2 for catalyst structures).**** The trans
alkenes are postulated to arise from isomerization driven by the catalyst during ROMP.

We hypothesized that either Z-selective (Ru-4a)** or stereoretentive (Ru-6)%%
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Figure 11-2. Paracyclophane diene monomers la—c and olefin metathesis catalysts used for the initial
screening.

metathesis catalysts could allow for the controlled preparation of all-cis PPVs with
predictable high My’s, low D’s, and little to no trans defects. While Z-selective catalyst
Ru-4a has been applied to polymerize a variety of norbornene derivatives,*
stereoretentive dithiolate-chelated Ru catalysts such as Ru-5 or Ru-6 have seldomly been
used for ROMP. Only norbornene,*®“® cyclooctadiene,'® and norbornadiene*® have been
polymerized with this new generation of catalysts that enables retention of the alkene
stereochemistry during metathesis.?>474® Importantly, perfect cis control in the ROMP
process was targeted since any postpolymerization isomerization would lead to all-trans

PPVs. 4951
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11.2 Results and Discussion
I1.2.1 Catalyst Screening for Selectivity

Olefin metathesis catalysts Ru-1b, Ru-2b, Ru-4a and Ru-6 were selected for the
initial screening, and [2.2] paracyclophane-1,9-diene monomers la—c were synthesized
using literature procedures (Figure 11-2).4>52 While monomers 1a and 1b successfully
polymerized with all catalysts, 1c only afforded small polymers with Ru-1b and Ru-2b,
and did not polymerize with Ru-4a, which was ascribed to increased steric hindrance
around the alkenes when both rings are substituted. In contrast to poly-1a, determination
of the stereoselectivity by *H NMR spectroscopy in poly-1b was complicated by the
overlap of the key signals (see the Experiment Detail section). The determination of
catalyst stereocontrol was therefore achieved by examining the ratio of cis and trans
linkages in polymers obtained with these catalysts and monomer la using *H NMR

spectroscopy (Figure 11-3).23 In THF at 60 °C, Grubbs’ second generation (Ru-1b)

65:35
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Figure 11-3. *H NMR comparison of p-PPV poly-1la synthesized with catalysts in THF at
60 °C in the dark for 24 h.
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afforded a p-PPV with a 59:41 ratio in favor of the trans alkenes. The deviation from the
expected 1:1 ratio might be due to thermal isomerization under these conditions.
Hoveyda—Grubbs’ second generation (Ru-2b) delivered a similar result with a ratio that
is even more skewed toward trans alkenes (65:35). As hypothesized, switching to the
commercially available Z-selective catalyst Ru-4a inversed that ratio, with 66% of the
olefins being cis-configured. To our delight, complete cis selectivity (>99:1) was observed
using stereoretentive catalyst Ru-6 synthesized by Materia Inc.>® Following ROMP with
Ru-6, no trans linkages could be detected in poly-1a within the limits of sensitivity of *H
NMR spectroscopy. The reaction conditions using Ru-6 were then optimized in order to
furnish PPVs with living characteristics using Ru-6. Polymerizations were kept in the dark
to avoid photoisomerization and were conducted in the glovebox because Ru-6 proved to
be sensitive to oxygen in solution. Maintaining a reaction temperature of 40 °C in THF
not only delivered exquisite control of the configuration of all alkenes in the backbone,
but also allowed for the preparation of PPVs with predictable Mn’s up to 13.1 kg/mol and
low P’s by varying the ratio of monomer 1a to catalyst Ru-6 (Table I1-1).

Table 11-1. ROMP of 1la Catalyzed by Ru-6

la:Ru-6 la M Mp®®
Entry? . .
ratio conversion (kg/mol) (kg/mol)
1 10:1 100% 4.6 5.4 1.43
2 20:1 100% 9.2 9.6 1.51
3 30:1 100% 13.8 14.3 1.52

41a (0.05 mmol) was polymerized with Ru-6 at 40 °C in THF in the dark and under
nitrogen for 4 h. My’s and P’s were determined by SEC (THF) using polystyrene
standards (RI detection).
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11.2.2 Kinetics Study of Stereoretentive ROMP

As expected for controlled polymerization, a linear relationship between My and

monomer conversion was observed by monitoring the polymerization of 1a, and dispersity

a) 10 1

M (kg/mol) =

v

b) 1
3.5-

3.0
2.5 4
2.0

1.5 1

In([M]/IM],)

1.0 1

0.5 4

o

20 40

conversion (%)

0

300 600 900
time (min)

1500

Figure 11-4. Polymerization of 1la with catalyst Ru-6: a) M, and D vs conversion. b)
Determination of the rate of propagation (R? = 0.99795). Kinetic studies were performed
at room temperature to slow down the propagation and to allow for the collection of data
points over a convenient length of time.
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values remained around 1.1 throughout the ROMP (Figure 11-4a). Notably, full conversion
can be reached without loss of control over the molar mass distribution. The living
character of the polymerization process was confirmed by a first-order consumption of
monomer la as illustrated by the linear association between In([Mo]/[Mi]) and time
(Figure 11-4b). The slope of this linear plot provided the apparent rate constant of

propagation, k,”?=0.00243 min~*. The rate of initiation was too high to be calculated by

NMR spectroscopy, since all of catalyst Ru-6 had reacted with 1a before the first spectrum
could be collected. This extremely fast initiation at room temperature is undoubtedly key
to the observed control over Mn and constitutes a notable difference with the Grubbs’

catalysts previously used with [2.2] paracyclophane-1,9-diene monomers.>*>°

11.2.3 Diblock Copolymer with All-cis PPV Segment via Chain Extension

By contrast to the prior syntheses of all-cis PPVs,**40 the living behavior of the
ROMP process enables functionalization of the chain-end of all-cis poly-1a, as well as
chain-extension to access multiblock copolymers. In order to investigate the
responsiveness of all-cis PPV poly-1a to light within intricate polymeric architecture,

block copolymers containing a block of 1a and a block of exo-norbornene-imide 2°6:°7

Ru-6 [Ru]
(5 mol%)Ph (2 equivg
—_—
THF 40°C,1.5h
OTNTTOrt, 2h ° N °©  R=n0ct
"Hex "Hex "Hex
2 all-cis poly-2 poly-all-cis-2-b-all-cis-1a

M, = 31.2 kg/mol, ® = 1.26
Figure 11-5. Synthesis of all-cis poly-2 and poly-all-cis-2-b-all-cis-1a via chain extension.
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were prepared. The excellent chain-end fidelity observed with the stereoretentive ROMP
allowed for the synthesis to start with either block (Figure 11-19-23). However, chain
extension of poly-2 with 1la helped increase the size of the PPV segment despite its
intrinsically low solubility (Figure I1-5). In line with the stereoretentive ROMP of
norbornene reported by Hoveyda and co-workers,'® only cis linkages were identified in

poly-2 by NMR spectroscopy.

11.2.4 Light-Responsive Behavior of All-cis PPV

With poly-all-cis-2-b-all-cis-1a in hand, photoisomerization of this construct was
investigated. Irradiation with UV light (365 nm) for 30 min triggered clean isomerization
of the PPV block from all-cis to all-trans as shown by *H NMR and UV—visible absorption
spectroscopies (Figure 11-6). Careful inspection of the *H NMR spectra showed that the
block based on 2 remained unchanged during the isomerization, which highlights the
mildness and blockselectivity of the process. Analysis of the particle size by dynamic light
scattering was complicated by potential aggregation of poly-all-cis-2-b-all-cis-1a. A
marked increase of the hydrodynamic radius was nonetheless observed after
photoisomerization consistent with a coil-to-rod transition (Figure 11-31). As expected, the
solubility of the resulting polymer was lower, as poly-all-cis-2-b-all-trans-1a started to
precipitate out of the THF solution during irradiation. In summary, we have demonstrated
that the exquisite stereoselectivity afforded by dithiolate-chelated Ru metathesis catalysts
is not limited to common norbornene-based monomers. Catalyst Ru-6 allows the efficient
and stereoretentive ROMP of unusual [2.2] paracyclophane-1,9-diene monomer 1a, which

provides access to well-defined and functionalizable all-cis PPVs. This approach does not
17



require the preparation of stereodefined linear alkenes or harsh conditions using
stoichiometric metal reagents and, thus, could deliver all-cis PPVs based on a variety of
paracyclophane-type monomers.>8¢° The optimized conditions allowed for a controlled
chain-growth process resulting in polymers with predicable My, and narrow B values. The
high-chain fidelity was harnessed to prepare block copolymers that can be isomerized with
UV light. We anticipate that the efficiency and practicality of the photoisomerization
combined with the universality of ROMP will allow the synthesis of all-cis PPVs
embedded in complex polymeric architectures and will allow one to exploit the full

potential of PPV as stimuli-responsive materials.

a) 10 ’

I\ —=— Before irradiation
% —— After irradiation
035 ] 3
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Figure 11-6. Photoisomerization poly-all-cis-2-b-all-cis-1a: a) UV-visible absorption
spectroscopy before and after UV light (365 nm) irradiation. b) *H-NMR spectra.
Characteristic peaks are indicated as follows: all-cis poly-1a block (red spheres), all-trans
poly-1a block (blue triangles), all-cis poly-2 block (green asterisk).
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11.3 Experimental Details
11.3.1 General Reagent Information

All reactions were carried out under an inert nitrogen atmosphere with dry solvents
under anhydrous conditions unless otherwise stated. Dry dichloromethane (DCM), diethyl
ether (Et.0), tetrahydrofuran (THF), toluene (PhMe) were obtained by passing the
previously degassed solvents through activated alumina columns. Synthesis of polymers
using stereoretentive ruthenium catalyst was carried out in a nitrogen-filled glove box
(SG1800/750TS-F, VIGOR). Reagents were purchased at the highest commercial quality
and used without further purification, unless otherwise stated. Yields refer to
chromatographically and spectroscopically (*H NMR) homogeneous material, unless
otherwise stated. Reactions were monitored by thin layer chromatography (TLC) carried
out on 250 um SiliCycle SiliaPlate™ silica plates (F254), using UV light as the visualizing
agent. Flash silica gel chromatography was performed using SiliCycle SiliaFlash®
Irregular Silica Gel (60 A, particle size 40-63 pm). Polymers were isolated after

precipitation using an Eppendorf 5804 centrifuge.

11.3.2 General Analytical Information

All polymer samples were analyzed using a Tosoh EcoSec HLC 8320GPC
system with a TSKgel SuperHM-M column and a TSKgel SuperH-RC column at a flow
rate of 0.40 mL/min at 40 °C. THF stabilized with BHT was used as the eluent and all
number-average molecular weights (My), weight-average molecular weights (Mw), and

dispersities (D) for polymers were calculated from refractive index and UV
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chromatograms against TSKgel polystyrene standards. NMR spectra were recorded on
Bruker Avance Neo 400 instruments and were calibrated using residual undeuterated
solvent as an internal reference (CHCIls @ 7.26 ppm *H-NMR, 77.16 ppm *C-NMR; THF
@ 3.58 ppm 'H-NMR). The following abbreviations were used to explain NMR peak
multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad.
UV/vis spectra were obtained by Shimadzu UV-2600 UV-visible spectrophotometer and
fluorescence spectra were obtained by Horiba FluorEssenceTM fluorescence
spectrometer. Dynamic light scattering (DLS) was performed using a Malvern Zetasizer
Nano ZS instrument. Atmospheric pressure chemical ionization mass spectrometry
(APCI-MS) experiment was performed using a Thermo Scientific Q Exactive Focus.
Sample was injected into a 10 pL loop and methanol was used as a mobile phase at a flow
rate of 300 uL/min. The Q Exactive Focus APCI source was operated in full MS in
positive mode. The mass resolution was tuned to 70000 FWHM at m/z 200. The
discharge current was set at 5 pA, and the sheath gas and auxiliary gas flow rates were set
to 30 and 0 arbitrary units, respectively and the auxiliary gas temperature was set to 250
°C. The transfer capillary temperature was held at 250 °C and the S-Lens RF level was set
at 50 v. Exactive Series 2.11 /Xcalibur 4.02.47 software was used for data acquisition and

processing.
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[1.3.3 Monomer Synthesis

Monomers la and 1b were synthesized according to literature procedures
(Scheme 11-2).>2 The preparation of monomer 1c was adapted from the synthesis of a
tetraoctyl analog (Scheme 11-2) and the exact structure of 1c was assigned by NMR

comparison to that of this analog.>?

Scheme 11-1 Synthesis of Monomers 1a and 1b

R a, R = -OC8H17
(CH20) ACOH R b, R =-CgH7
HBr (33% in AcOH
R 100°C, 4 h
R

74 % for 4a KOH, EtOH ,/Q\\
3aor3b 350, for ab 4aor 4b toluene IR L
L
Br HS rt, 72 h \\©/0
1. thiourea, THF 70 % for 6a
100°C. 5 h 63 % for 6b 6a or 6b
i » —
2. KOH, H,0 ot
110 °C, 14 h TBAF 65 9, for 8a
B ° SH THF 72 % for 8b
r 93 % 5 Tms|rt,4h
7
R 1. H,0,, AcOH, toluene R o
rt, 12 h |/®\|
M = s R e
@ 2. Cs,CO3, xylenes pr l\@/’
150 °C, 4 h
1aor1b 8a or 8b

36 % for 1a
53 % for 1b
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Scheme 11-2 Synthesis of Monomer 1c

Br. HS
Me 1. thiourea, THF
(CH,0),, AcOH ~ Me 70°C, 1h Me
= .
HBr (33% In ACOH) Me 2. KOH, HZO Me
Me 100 °C, 18 h 130°C,5h
o Br o SH
52 % e 95 % 9
| KOH, EtOH
toluene
rt, 90 h
64 %
Me 1. anthranilic acid, Isoamyl nitrite Me
1,4-dioxane, 105 °C, 3 h ,/@\\
=g E=
C_S 2. Hy0,, AcOH, toluene, rt, 20 h ‘\Q/’
Me 3. xylenes, 150 °C, 22 h Me
1c 21 % 6¢
0"0ct

was dissolved in EtOH (110 mL), then KOH (85 wt%, 15.8 g, 240 mmol, 2.4

1,4-Di(octyloxy)benzene 3a. p-Hydroquinone (11.0 g, 100 mmol, 1.0 equiv)

39"0ct equiv) was added to the mixture. After stirring the solution for 20 min at room
a

temperature, n-octyl bromide (41.5 mL, 240 mmol, 2.4 equiv) was slowly added into the
reaction mixture at room temperature. The solution was stirred overnight at 80 °C. The
reaction mixture was filtered through a filter paper and the residues were washed with
DCM (3 x 50 mL). The filtrate was concentrated in vacuo. The residues were dissolved in
DCM (100 mL) then the organic solution was washed with water (3 x 50 mL). The organic
phase was dried with MgSO4 and the solvent was removed in vacuo. The solid residues

were dissolved in the minimum amount of DCM and recrystallized by addition of MeOH.

Compound 3a was isolated as a white solid (29.5 g, 88.3 mmol, 88%).
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The spectroscopic data for this compound were identical to those reported in the
literature.
'H NMR (400 MHz, CDCls) § 6.82 (s, 4 H), 3.89 (t, J = 6.6 Hz, 4 H), 1.80-1.69 (m, 4 H),

1.49-1.38 (m, 4 H), 1.38-1.24 (m, 16 H), 0.88 (t, J = 6.9 Hz, 6 H) ppm.

"Ooct 1,4-Dioctylbenzene 3b. Magnesium powder (9.19 g, 378 mmol, 3.2 equiv) was
added in a flame-dried 250 mL 3-neck-round bottom flask adapted with

;:ct condenser. The whole glassware setup was placed under vacuum and then
backfilled with nitrogen. Under nitrogen, THF (120 mL) was added into the flask,
followed by dropwise addition of n-octyl bromide (63.6 mL, 368 mmol, 3.1 equiv) into
the reaction mixture. The reaction mixture was stirred at 50 °C for 2 h. 1,4-
dichlorobenzene (17.6 g, 120 mmol, 1.0 equiv) and 1,3-bis(diphenylphosphino)propane
nickel chloride (325 mg, 0.60 mmol, 5 mol%) were added into a 500 mL flask. The flask
was placed under vacuum and then backfilled with nitrogen. Under nitrogen, THF (240
mL) was added into the flask and cooled to 0 °C, then the generated Grignard reagent was
transferred via a canula into the reaction mixture at 0 °C. The reaction was stirred for 2 h
at 0 °C, then the reaction mixture was stirred at room temperature for 16 h. The reaction
was quenched with a saturated aq. NH4Cl at 0 °C. The solvent was removed in vacuo. The
residues were filtered through a filter paper and washed with diethyl ether (3 x 10 mL).

The filtrate was diluted with DCM (250 mL) and washed with water (3 x 100 mL). The

organic phase was dried over MgSO4 and the solvent was removed in vacuo. Compound
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3b was isolated after column chromatography (SiO2, hexanes) as a clear oil (32.6 g, 108
mmol, 90%).

The spectroscopic data for this compound were identical to those reported in the
literature.>2

IH NMR (400 MHz, CDCl3) 6 7.08 (s, 4 H), 2.56 (t, J = 7.8 Hz, 4 H), 1.59 (quin., J = 7.4

Hz, 4 H), 1.35-1.23 (m, 20 H), 0.88 (t, J = 6.9 Hz, 6 H) ppm.

0"Oct 1,4-Bis(bromomethyl)-2,5-di(octyloxy)benzene 4a. 1,4-

Br Di(octyloxy)benzene (16.7 g, 50.0 mmol, 1.0 equiv) and
0"Oct paraformaldehyde (6.00 g, 200 mmol, 4.0 equiv) were added to a
4a

round-bottom flask, then a solution of HBr (30 wt% in acetic acid, 30 mL) was added
slowly. A condenser was adapted onto the flask and the reaction mixture was stirred at
120 °C for 4 h. Once cooled to room temperature, the mixture was poured into water (250
mL) at 0 °C. The precipitated solid was filtered and washed with water several times. The
solid residues were then washed with MeOH (3 x 20 mL), and compound 4a was isolated
in as a white solid (19.21 g, 36.9 mmol, 74%).

The spectroscopic data for this compound were identical to those reported in the
literature.®2

IH NMR (400 MHz, CDCls) § 6.85 (s, 2 H), 4.52 (s, 4 H), 3.98 (t, J = 6.4 Hz, 4 H), 1.86—

1.75 (m, 4 H), 1.53-1.45 (m, 4 H), 1.40-1.26 (m, 16 H), 0.89 (t, J = 6.7 Hz, 6 H) ppm.
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"Oct 1,4-Bis(bromomethyl)-2,5-dioctylbenzene 4b. 1,4-
Br Dioctylbenzene (326 g, 108 mmol, 1.0 equiv) and

4"|;)ct paraformaldehyde (13.0 g, 432 mmol, 4.0 equiv) were placed in a
250 mL round-bottom flask, and then a solution of HBr (30 wt% in acetic acid, 75 mL)
was added to the reaction mixture slowly. A condenser was adapted onto the flask and the
reaction mixture was stirred at 120 °C for 5 days. Once cooled to room temperature, the
mixture was poured into water (250 mL) at 0 °C. The precipitated solid was filtered and
washed with water several times. The solid residues were dissolved in DCM (200 mL).
The DCM solution was extracted with saturated ag. NaHCO3 (3 x 100 mL), then the
organic layer was dried over MgSOs. The solvent was removed in vacuo. The residues
were dissolved in a minimum amount of DCM, then the product was recrystallized by
adding MeOH. Solvent was removed by filtration, and 4b was isolated as a white solid
(19.2 g, 39.2 mmol, 36%).
The spectroscopic data for this compound were identical to those reported in the
literature.>2

IH NMR (400 MHz, CDCls) § 7.14 (s, 2 H), 4.49 (s, 4 H), 2.66 (t, J = 8.0 Hz, 4 H), 1.63

(quin., J = 7.6 Hz, 4 H), 1.44-1.25 (m, 2 H), 0.89 (t, J = 6.8 Hz, 6 H) ppm.

\/©/\SH 1,4-Bis(thiolatomethyl)benzene 5. 1,4-bis(bromomethyl)benzene
HS

5 (15.0 g, 56.8 mmol, 1.0 equiv) and thiourea (10.4 g, 136 mmol, 2.4
equiv) were dissolved in EtOH (200 mL). The solution was stirred for 5 h at 80 °C. The

suspension was cooled to room temperature and the solvent was removed in vacuo.
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KOH (85 wt%, 15.0 g, 227 mmol, 4.0 equiv) and deoxygenated water (350 mL) were
added to the crude product. The reaction mixture was stirred at 105 °C for 14 h, then the
reaction was cooled to room temperature. The resulting solution was neutralized with aq.
H2S04 (50 % v/v), and then extracted with diethyl ether (3 x 100 mL). The combined
organic layers were washed with brine, and then dried over MgSOa4. The solvent was
removed in vacuo. The resulting solid was dissolved in a minimum amount of DCM and
recrystallized by slowly transferring into MeOH. 5 was isolated as as a white solid (8.95
g, 52.6 mmol, 93 %).

The spectroscopic data for this compound were identical to those reported in the
literature.>2

IH NMR (400 MHz, CDCls) & 7.28 (s, 4 H), 3.73 (d, J = 7.5 Hz, 4 H), 1.75 (t, J = 7.5 Hz,

2 H) ppm.

o"oct 4,7-Dioctyloxy-2,11-dithia[3,3]-paracyclophane 6a. Using two

S omoct S Syringe-pumps, a solution of 4a (10.41 g, 20.0 mmol, 1.0 equiv) in
6a toluene (190 mL) and a solution of 5 (3.41 g, 20.0 mmol, 1.0 equiv) in
toluene (190 mL) were added dropwise concomitantly into a solution of KOH (85 wt%,
3.96 g, 60.0 mmol, 3.0 equiv) in EtOH (950 mL) for a period of 72 h under nitrogen at
room temperature. After stirring for an additional 6 h, the volatiles were removed in vacuo,

and the residues were extracted with DCM (3 x 150 mL). The combined organic layers

were dried over MgSQOs4, and then the solvent was removed in vacuo. Column
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chromatography (SiO2, 80:20, hexanes:DCM) provided 6a as a clear oil (7.37 g, 13.9
mmol, 70%).

The spectroscopic data for this compound were identical to those reported in the
literature.®3

'H NMR (400 MHz, CDCl3) 6 6.96 (dd, J=7.9, 1.5 Hz, 2 H), 6.88 (dd, J = 7.9, 1.6 Hz, 2
H), 6.42 (s, 2 H), 4.27 (d, J = 18.7 Hz, 2 H), 3.80 (dt, J = 9.0, 6.5 Hz, 2 H), 3.68-3.72 (m,
6 H), 3.34 (d, J = 14.7 Hz, 2 H), 1.89-1.77 (m, 4 H), 1.62-1.51 (m, 4 H), 1.46-1.29 (m,

16 H), 0.91 (t, J = 6.9 Hz, 6 H) ppm.

noct 4,7-Dioctyl-2,11-dithia[3,3]-paracyclophane 6b. Using two syringe-

S ndct s pumps, a solution of 4b (9.75 g, 20.0 mmol, 1.0 equiv) in toluene (190

6b mL) and a solution of 5 (3.40 g, 20.0 mmol, 1.0 equiv) in toluene (190

mL) were added dropwise concomitantly into a solution of KOH (85 wt%, 3.96 g, 60.0

mmol, 3.0 equiv) in EtOH (950 mL) for a period of 72 h under nitrogen atmosphere at

room temperature. After stirring for an additional 6 h, the volatiles were removed in vacuo,

and the residue was extracted with DCM (3 x 150 mL). The combined organic layers were

dried over MgSQg, and then the solvent was removed in vacuo. Column chromatography
(Si02,90:10 hexanes:DCM) provided 6b as a clear oil (6.24 g, 12.6 mmol, 63%).

The spectroscopic data for this compound were identical to those reported in the

literature.>
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IH NMR (400 MHz, CDCls) 5 6.96 (dd, J = 7.9, 1.6 Hz, 2 H), 6.85 (dd, J = 8.0, 1.5 Hz, 2
H), 6.64 (s, 2 H), 3.92 (d, J = 14.7 Hz, 2 H), 3.80 (dd, J = 21.2, 15.1 Hz, 4 H), 3.62 (d, J
=14.7 Hz, 2 H), 2.71(ddd, J = 14.5, 9.0, 5.8 Hz, 2 H), 2.42 (ddd, J = 14.1, 9.4, 6.6 Hz, 2

H), 1.52-1.40 (m, 4 H), 1.37-1.24 (m, 20 H), 0.89 (t, J = 6.8 Hz, 6 H) ppm.

oTf  2-(trimethylsilyl)phenyl trifluoromethanesulfonate (7). Benzyne
©:TMS precursor 7 was prepared according to a procedure reported by Turner.>?
Bromophenol (6.7 mL, 63.5 mmol, 1.0 equiv) and HMDS (20 mL, 95.9 mmol, 1.5 equiv)
were dissolved in THF (20 mL). The reaction mixture was stirred for 4 h at 80 °C and
cooled to room temperature. The solvent and unreacted HMDS were removed in vacuo.
The resulting intermediate (2.45 g, 10 mmol, 1.0 equiv) was dissolved in THF (15 mL)
and the solution was cooled to —78 °C. n-BuLi (2.5 M in hexane, 4.8 mL, 12 mmol, 1.2
equiv) was added dropwise to the reaction mixture at —78 °C. After stirring for 40 min at
—78 °C, Tf,0 was added dropwise to the reaction mixture. After stirring for another 40
min at —78 °C, the reaction mixture was warmed to room temperature and stirred for an
additional 20 min. The reaction was quenched with cold saturated ag. NaHCOs3, and the
reaction mixture was extracted with ether (3 x 30 mL). The combined organic layers were
dried over MgSQOs, and the solvent was removed in vacuo. Column chromatography (SiOa,
hexanes) afforded 7 as a clear oil (2.50 g, 8.38 mmol, 84%).
The spectroscopic data for this compound were identical to those reported in the

literature.>
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'H NMR (400 MHz, CDCls) § 7.54 (dd, J = 7.5, 1.9 Hz, 1 H), 7.44 (ddd, J=8.3,7.3, 1.9

Hz, 1 H), 7.38-7.31 (m, 2 H), 0.37 (s, 9 H) ppm.

0"Oct Dithiaparacyclophane Isomers 8a. 6a (7.37 g, 13.9 mmol,
Ph
S 070ct s 1.0 equiv) and 2-(trimethylsilyl)phenyl
Ph
8a trifluoromethanesulfonate (7) (8.1 mL, 33.4 mmol, 2.4 equiv)

were dissolved in THF (250 mL). A solution of TBAF (1.0 M in THF, 42.0 mL, 42.0
mmol, 3.0 equiv) was added dropwise to the solution for a period of 4 h under nitrogen at
room temperature. After stirring for an additional hour at room temperature, the solvent
was removed in vacuo. Column chromatography (SiO2, 90:10 hexanes:DCM) afforded 8a
as a mixture of regio- and diastereoisomers (6.46 g, 9.49 mmol, 68%).

The spectroscopic data for this compound were identical to those reported in the
literature.®3

'H NMR (400 MHz, CDCls) characteristic peaks: § 7.57-7.51 (m), 7.47-7.37 (m), 7.32—
7.28 (M), 7.24-7.16 (m), 7.16-7.07 (m), 6.92-6.73 (M), 6.49-6.44 (m), 6.42-6.34 (m),
6.27 (s), 6.25 (s), 6.12 (s), 6.10 (s), 5.98 (s), 5.91 (d, J = 11.46 Hz), 5.73 (s), 5.52 (s), 5.41—
5.31 (m), 4.89-4.78 (m), 4.66-4.60 (m), 4.00-3.57 (M), 3.42 (dd, J = 13.9, 5.2 Hz), 3.17
(dd, J = 13.9, 10.1 Hz), 2.74 (dd, 13.8, 4.7 Hz), 2.65-2.54 (M), 2.44-2.24 (m), 1.96-1.72

(m), 1.59-1.47 (m), 1.48-1.27 (m), 0.94-0.87 (m) ppm.
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"Oct Dithiaparacyclophane Isomers S5b. 6b (6.24 g, 12.6 mmol,
Ph

S noct ~vs 1.0 equiv) and 2-(trimethylsilyl)phenyl
i 8b trifluoromethanesulfonate (7) (7.34 mL, 30.2 mmol, 2.4 equiv)
were dissolved in THF (250 mL). A solution of TBAF (1.0M in THF, 37.8 mL, 37.8 mmol,
3.0 equiv) was added dropwise to the solution for a period of 4 h under nitrogen at room
temperature. After stirring for an additional hour at room temperature, the solvent was
removed in vacuo. Column chromatography (SiO2,90:10 hexanes:DCM) afforded 6b as a
mixture of regio- and diastereoisomers (5.87 g, 9.05 mmol, 72%).

The spectroscopic data for this compound were identical to those reported in the
literature.>2

'H NMR (400 MHz, CDCls) characteristic peaks: § 7.57-7.38 (m), 7.25-7.17 (m), 7.15—
7.09 (m), 6.95-6.90 (M), 6.90-6.85 (M), 6.80-6.73 (M), 6.73-6.59 (M), 6.52-6.47 (m),
6.43-6.37 (M), 6.25 (S), 6.17 (s), 6.09 (t, J = 8.80 Hz), 5.92 (s), 5.07 (dd, J = 9.6, 4.1 Hz),
4.91 (dd, J = 9.1, 6.5 Hz), 4.79-4.67 (m), 3.92-3.82 (m), 3.75-3.62 (M), 3.44-3.35 (M),
3.15 (dd, J = 14.16, 4.38 Hz), 3.07-2.95 (m), 2.90-2.78 (m), 2.74-2.64 (M), 2.61-2.43

(m), 2.37-2.13 (), 1.51-1.14 (m), 0.93-0.84 (m) ppm.

o"oct Monomer 1a. Isomers 8a (6.43 g, 9.43 mmol, 1.0 equiv) were dissolved
m%‘ in a mixture of toluene (120 mL) and acetic acid (60 mL). The solution
was cooled to 0 °C and H20> (30 wt% aqueous solution, 2.4 mL) was
added dropwise into the reaction mixture over a period of 30 min. After stirring for an

additional 20 h at room temperature, the solution was diluted with DCM (200mL) and
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washed with brine (3 x 100mL). The organic layer was dried over MgSQ4, and the solvent
was removed in vacuo to obtain the crude intermediate as a pale yellow oil. The oxidized
intermediate was dissolved in xylenes (200 mL). Cs2COs (13.12 g, 40.3 mmol, 4.3 equiv)
was added to the reaction mixture. After stirring for 4 h at 150 °C, the solution was cooled
to room temperature, diluted with DCM (300 mL), and carefully washed with ag. HCI (1
M, 3 x 100 mL). The aqueous layer was extracted with DCM (300 mL) and the combined
organic layers were dried over MgSOs, and the solvent was removed in vacuo. Column
chromatography (SiO2, 80:20 hexanes:DCM) provided monomer la as a pale yellow
semisolid (1.57 g, 3.41 mmol, 36%).

The spectroscopic data for this compound were identical to those reported in the
literature.®3

IH NMR (400 MHz, CDCl3) § 7.11 (d, J = 10.2 Hz, 2 H), 6.90 (d, J = 10.2 Hz, 2 H), 6.81
(dd, J=8.1,1.1 Hz, 2 H), 6.48 (dd, J = 8.0, 1.2 Hz, 2 H), 5.78 (5, 2 H), 3.77 (ddt, J = 24.3,
9.3, 6.6 Hz, 4 H), 1.78-1.65 (m, 4 H), 1.51-1.39 (m, 4 H), 1.37-1.26 (m, 16 H), 0.89 (t, J

= 6.9 Hz, 6 H) ppm.

noct Monomer 1b. Isomers 8b (5.87 g, 9.05 mmol, 1.0 equiv) were dissolved
m in a mixture of toluene (120 mL) and acetic acid (60 mL). The solution
was cooled to 0 °C and H>O> (30 wt% aqueous solution, 2.3 mL) was
added dropwise into the reaction mixture over a period of 30 min. After stirring for an

additional 20 h at room temperature, the solution was diluted with DCM (200mL) and
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washed with brine (3 x 100mL). The organic layer was dried over MgSOs, and the solvent
was removed in vacuo to obtain the crude intermediate as a pale yellow oil.

The oxidized intermediate was dissolved in xylenes (200 mL). Cs,COs3 (11.7 g, 35.9 mmol,
4.0 equiv) was added to the reaction mixture. After stirring for 4 h at 150 °C, the solution
was cooled to room temperature, diluted with DCM (300 mL), and carefully washed with
aq. HCI (1 M, 3 x 100 mL). The aqueous layer was extracted with DCM (300 mL) and
the combined organic layer were dried over MgSOg, and the solvent was removed in
vacuo. Column chromatography (SiO2, hexanes) provided monomer 1b as a clear oil (2.05
g, 4.78 mmol, 53%).

The spectroscopic data for this compound were identical to those reported in the
literature.>2

'H NMR (400 MHz, CDCls) § 7.06 (dd, J=17.6, 10.4 Hz, 4 H), 6.71 (dd, J = 8.0, 1.7 Hz,
2 H), 6.42 (dd, J = 8.0, 1.6 Hz, 2 H), 6.10 (s, 2 H), 2.54 (dt, J = 13.8, 7.7 Hz, 2 H), 2.28—

2.17 (m, 2 H), 1.45-1.35 (m, 4 H), 1.31-1.22 (m, 20 H), 0.87 (t, J = 6.8 Hz, 6 H) ppm.

Me 1,4-Bis(bromomethyl)-2,5-dimethylbenzene 4c. p-xylene (6.2

Br Br mL, 50.0 mmol, 1.0 equiv) and paraformaldehyde (3.30 g, 110
Me mmol, 2.2 equiv) was added into a round-bottom flask, then a
4c

solution of HBr (30 wt% in acetic acid, 29 mL) was added into the reaction mixture. After
set-up condenser, the reaction mixture was refluxed for 18 h. After cooled to room
temperature, the reaction was poured into water (250 mL) at 0 °C. The generated solid

was filtered by washing with water. The solid residue was then recrystallized with DCM
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by using dry ice/acetone bath, and compound S1c was isolated as a white solid (7.62 g,
26.1 mmol, 52%).

The spectroscopic data for this compound were identical to those reported in the
literature.®*

IH NMR (400 MHz, CDCls) § 7.14 (s, 2 H), 4.47 (s, 4 H), 2.37 (s, 6 H) ppm.

HS 1,4-Bis(thiolatomethyl)-2,5-dimethylbenzene 9. 4c (3.21 ¢, 11.0
mmol, 1.0 equiv) and thiourea (2.01 g, 26.4 mmol, 2.4 equiv) were stirred

Me at 70 °C in THF (150 mL) for one hour. The suspension was cooled to

9 > room temperature and the solvent was removed in vacuo. KOH (85 wt%,
2.18 g, 33.0 mmol, 3.0 equiv) and deoxygenated water (110 mL) were added to the crude
product. The reaction mixture was stirred at 130 °C for 5 h, and then the reaction was
cooled to room temperature. The solution was neutralized with ag. H2SOa (50 % v/v), and
then extracted with DCM (3 x 100 mL). The combined organic layers were washed with
brine (100 mL), and then dried over MgSOa. The solvent was removed in vacuo to obtain
compound 9 as a white solid (2.07 g, 10.5 mmol, 95 %).
The spectroscopic data for this compound were identical to those reported in the

literature.%®

IH NMR (400 MHz, CDCls) & 7.03 (s, 2 H), 3.69 (d, J = 7.2 Hz, 4 H), 2.34 (s, 6 H) ppm.
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Me Dithiaparacyclophane isomers 6c. Using two syringe-pumps, a

e Mg S solution of 4c (2.84 g, 9.7 mmol, 1.0 equiv) in toluene (100 mL) and a

Me  solution of 9 (1.93 g, 9.7 mmol, 1.0 equiv) in toluene (100 mL) were

6¢

added dropwise concomitantly into a solution of KOH (85 wt%, 1.93 g, 29.2 mmol, 3.0
equiv) in EtOH (500 mL) for a period of 90 h under nitrogen at room temperature. After
stirring for an additional 6 h, the solvents were removed in vacuo. The residues were
dissolved in DCM (150 mL) and water (50 mL) was added. The organic layer was
separated and the aqueous layer was extracted with DCM (3 x 150 mL). The combined
organic layers were dried over MgSO4 and the solvent was removed in vacuo. Column
chromatography (SiO2, 80:20 to 50:50 hexanes:DCM) provided 6¢ as a mixture of isomers
(2.06 g, 6.3 mmol, 64%).

'H NMR (400 MHz, CDCls) characteristic peaks of the major isomer: & 6.83 (s, 4 H), 3.77

(d, J=14.8 Hz, 4 H), 3.63 (d, J = 14.8 Hz, 4 H), 2.21 (s, 12 H) ppm.

Me  Monomer 1c. The mixed isomers 6¢ (1.72 g, 5.24 mmol, 1.0 equiv) and

>
W anthranilic acid (2.51 g, 18.3 mmol, 3.5 equiv) were dissolved in 1,4-

Me  dioxane (130 mL). Isoamyl nitrite (4.2 mL, 31.4 mmol, 6.0 equiv) was

1c
added dropwise to the solution for a period of 15 min under nitrogen at 105 °C in the dark.
After stirring for an additional 3 h at 105 °C, the solvent was removed in vacuo. Column

chromatography (SiO2, 80:20 hexanes:DCM) provided a mixture of regio- and

diastereoisomers (1.07 g) that was used as is for the next steps.
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'H NMR (400 MHz, CDCls) selected peaks: & 7.44-7.35 (m), 7.30-7.18 (m), 7.18—
7.11(m), 4.84 (td, J = 9.7, 5.3 Hz), 3.44-3.30 (M), 2.15 (s), 2.10 (s), 2.05 (s), 1.99 (S) ppm.
The mixed isomers (1.02 g, 2.12 mmol, 1.0 equiv) were dissolved in a mixture of toluene
(30 mL) and acetic acid (15 mL), then the solution was cooled to 0 °C. H20, (30 wt%
aqueous solution, 0.50 mL) was added dropwise to the reaction mixture for a period of 30
min at 0 °C. The mixture was warmed to room temperature and stirred for an additional
20 h. The resulting solution was washed with brine (100 mL) and the aqueous layer was
extracted with DCM (100 mL). The combined organic layers were dried over MgSOas,
and the solvent was removed in vacuo to obtain the crude intermediate as a white solid.
The oxidized intermediate was dissolved in xylenes (50 mL). After stirring for 22 h at
150 °C, the solution was cooled to room temperature, diluted with DCM (150 mL), and
carefully washed with aq. HCI (1 M, 50 mL). The aqueous layer was extracted with DCM
(150 mL) and the combined organic layer were dried over MgSQa4, and the solvent was
removed in vacuo. The combined organic layers were dried over MgSOs, and the solvent
was removed in vacuo. Column chromatography (SiO2, hexanes) and recrystallization
provided the major isomer (> 90%), monomer 1c, as a white solid (293 mg, 1.12 mmol,
21%).

'H NMR (400 MHz, CDCl3) § 6.91 (s, 4 H), 6.39 (s, 4 H), 1.99 (s, 12 H) ppm.

13C NMR (101 MHz, CDCl3) § 137.8, 134.7, 134.5, 129.0, 19.3 ppm.

HRMS-ESTI: calc’d. for C2oH21 [M+H]* 261.1638, found 261.1633.
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11.3.4 Catalyst Screen to Obtain All-cis PPV with Perfect Stereoselectivity

In a nitrogen-filled glove box, the catalyst (2.5 mmol, 5 mol%, Ru-1b, Ru-
2b, Ru-4a or Ru-6) was weighed and transfer to a sample vial with a stir bar. The vial was
taken out of the glovebox. A deoxygenated solution of monomer la—c (50 mmol) in
anhydrous THF (1 mL) was transferred into the vial containing the catalyst (Ru-1b, Ru-
2b, Ru-4a or Ru-6). The mixture was placed into a preheated oil bath at 60 °C and stirred
for 24 h in the dark. Once cooled to room temperature, the reaction was quenched with
ethyl vinyl ether (0.1 mL) and stirred for an additional 30 min at room temperature. The

polymer was precipitated upon addition of methanol and the solid was isolated by

trans cis
Catalyst h |
}‘ J\UWL cis:trans = 41:59 M w M
Ru-1b
L A
Ru-2b cis:trans = 35.65 w
Ru-4a HULWM cis:trans = 66:33 M L

Ru-6 A I cis:trans >99:1 )L JJLL—"

80 70 60 50 40 30 20 10
ppm
Figure 11-7. *H NMR comparison of p-PPV poly-1a synthesized with catalysts in THF
at 60 °C in the dark for 24 h.
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centrifugation and decantation. The resulting polymer was dried under high vacuum. The
polymers were stored in vials wrapped with aluminum foil and kept away from light. *H
NMR analysis was used to determine the ratio of cis and trans alkenes within poly-la
(Figure 11-7). A similar analysis with poly-1b was hindered by the overlap of characteristic
peaks (Figure 11-8). Finally, only oligomers could be obtained with monomer 1c or no

polymers at all (Table 11-2).

transicis
a

n__

T T T T T T T T T T T T T T T
8.0 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 10
ppm

Figure 11-8. 'H NMR (400 MHz, CDCIs) spectrum of poly-1b using catalyst Ru-1b
showed an overlap between peaks characteristic of trans and cis configurations (protons
Ha).
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Table 11-2. ROMP Attempts of Monomer 1c with Catalysts Ru-1b, Ru-2b and Ru-4a

Catalyst temperature (°C) Mn (kg/mol) D
Ru-1b 60 1.2 1.68
Ru-2b 60 1.6 1.65
Ru-4a 60 — —
Mn’s and P’s were determined by SEC (THF) using polystyrene standards (RI
detection).

SEC analysis revealed that only oligomers were obtained with Ru-1b and Ru-2b and that
polymerization did not take place with Ru-4a.

Table 11-3. Solvent Screen for The Polymerization of 1a with Catalyst Ru-6

Solvent Mn®® (kg/mol) Mt (kg/mol) b cis:trans ratio
CHCIs 2.9 9.3 1.35 >09:1
THF 8.7 9.3 1.73 >90:1
chlorobenzene 3.3 9.3 1.68 >99:1
o-dichlorobenzene 3.3 9.3 1.59 >99:1

All reactions were conducted at 60 °C for 24 h. Mn’s and D’s were determined by SEC
(THF) using polystyrene standards (RI detection).
11.3.5 General Procedure for Stereoretentive ROMP with catalyst Ru-6

In a nitrogen-filled glove box, a solution of ruthenium catalyst Ru-6 (2.5mM)
in deoxygenated THF (1.0 mL) was added into a reaction vial containing monomer 1a or
2 (50 umol) and a stir bar. The vial was hermetically sealed with a cap and parafilm and
taken out of the glovebox. The mixture was stirred at room temperature for 5 minutes and
placed into a preheated oil bath at 40 °C for 2 h in the dark. Once cooled to room

temperature, the reaction was quenched with ethyl vinyl ether (0.1 mL) and stirred for an
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additional 30 min at room temperature. The solution was diluted to 1.5 mg/mL with THF,
filtered, and then injected to GPC instrument directly. The remaining polymer was
precipitated upon addition of methanol and the solid was isolated by centrifugation and
decantation. The resulting polymer was dried under high vacuum. The polymers were

stored in vials wrapped with aluminum foil and kept away from light.

Svnthesis of all-cis poly-1a

OR

—>
a’ THF, 40°C, 2 h

[1a]:[Ru-6] = 20:1
R ="Oct all-cis poly-1a

1a

All-cis poly-la:

IH NMR (400 MHz, CDCl3) § 7.20 (s, 4 H), 6.76 (s, 2 H), 6.64 (d, J= 12.3 Hz, 2 H), 6.50
(d, J=12.3 Hz, 2 H), 3.53 (t, J = 6.5 Hz, 4 H), 1.33-1.20 (m, 24 H), 0.87 (t, J = 6.6 Hz, 6
H) ppm.

13C NMR: (100 MHz, CDCls3) § 150.3, 136.4, 128.8, 126.4, 125.5, 114.1, 69.0, 32.0, 29.4,
29.4,29.3, 26.1, 22.8, 14.3 ppm.

The spectroscopic data for this polymer were identical to those reported by Ozawa and

coworkers.3?
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Figure 11-9. *H NMR (400 MHz, CDCls) spectrum of all-cis poly-1a.
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Figure 11-10. 3C NMR (101 MHz, CDCls) spectrum of all-cis poly-1a.
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Figure 11-11. a) Dependence of the molecular weight (Ms) of all-cis poly-1a on the ratio
la:Ru-6. b) GPC traces for three different ratios 1a:Ru-6 (THF, RI detection).

Synthesis of all-cis poly-2

Cis cis
Ru-6 Ph "
THF, rt,2 h
o N O [2]:[Ru-6] = 25:1 o N o
"Hex "Hex
2 all-cis poly-2

All-cis poly-2:

'H NMR (400 MHz, CDCls,) § 5.58-5.40 (m, 2 H), 3.47-3.37 (m, 2 H), 3.32-2.97 (m, 4
H), 2.27-2.05 (m, 1 H), 1.72-1.58 (m, 1 H), 1.58-1.45 (m, 2 H), 1.33-1.19 (m, 6 H), 0.92—
0.79 (m, 3 H) ppm.

13C NMR (100 MHz, CDCl3) § 178.4, 133.3, 52.6, 41.9, 39.0, 38.9, 31.5, 27.8, 26.7, 26.6,
22.7,14.2 ppm.

The peaks assignment for this polymer is in agreement with the literature.?
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Figure 11-12. 'H NMR (400 MHz, CDCls) spectrum of all-cis poly-2.
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Figure 11-13. COSY spectrum of all-cis poly-2.
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Figure 11-14. *C NMR (101 MHz, CDCls) spectrum of all-cis poly-2.
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Figure 11-15. HSQC spectrum of all-cis poly-2.
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Figure 11-16. GPC trace of all-cis poly-2.

11.3.6 Study of the Kinetics of the Stereoretentive ROMP Using Monomer 1a and Catalyst
Ru-6 (Figure 11-4)

In a nitrogen-filled glove box, a solution of ruthenium catalyst Ru-6 (0.6
mM) in deoxygenated THF (2.5 mL) was added into a reaction vial containing monomer
1a (38.4 umol) a stir bar. The mixture was stirred at room temperature and aliquots were
sampled from the reaction solution over time. Each aliquot was quenched with ethyl vinyl
ether (0.05 mL) and stirred for an additional 30 min at room temperature. The molecular
weight (My) and dispersity values (D) were determined by SEC analysis for each aliquot,

and the monomer conversion was monitored by *H NMR.
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The investigation of the rates of initiation and propagation

A solution of 1a (46.7 umol) and Ru-6 (0.9 mM) in dg-THF (1.5 mL) was prepared in a
nitrogen-filled glovebox and transferred into a J. Young tube kept at room temperature
without stirring. Activation of catalyst Ru-6 and conversion of 1a were monitored by *H
NMR. It was found that all catalyst Ru-6 was activated by the time the first NMR spectrum
could be collected (Figure 11-17). In order to determinate the rate of propagation, the ratio
of the dioctyloxy aromatic protons of monomer 1a (5.77 ppm in dg-THF) to the dioctyloxy
aromatic protons of polymer poly-1a (6.80 ppm in ds-THF) was measured to access the

conversion of 1a.

T k,PP[M,] (1
k™ = kplCe] 2
T [ ] 3 o t= 1446 min
TR A t= 845 min
SN A t= 633 min
LB D - t= 593 min
LS - t= 533 min
SR N -t t= 479 min
bt j || t= 424 min
e t= 354 min
e = ah b t= 307 min
e s Ak A orrmin
PR \ ’J" a M_ﬂ__. t= 241 min
TP A A oo
e ' t= 191 min
—— b A;’ 4 t= 132 min
i L) ! t= 118 min
A 14,"‘ . t= 103 min
L AL t= 72 min
W lﬁf' hL N t= 56 min
EVE L t= 32 min
o/ k 1 A t= 13 min
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Figure 11-17 Monitoring the polymerization of 1a with catalyst Ru-6 over time using *H
NMR (400 MHz, ds-THF) analysis.
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Figure 11-18. 'H NMR signals corresponding to the Ru-alkylidene proton for a) catalyst
Ru-6 before activation with 1a and b) catalyst Ru-6 after activation with 1a.

11.3.7 Synthesis of Block Copolymers

poly-all-cis-2-b-all-cis-1a

b RO
n m
2 § )
THFrt2h 40C15h
[2]:[Ru-6] = 25:1 Ru6] 50:1 (o) N (o} _ or
|

=n
t
nHex "Hex 0c "Hex

2 all-cis poly-2 poly-all-cis-2-b-all-cis-1a

poly-all-cis-2-b-all-cis-1a. In a nitrogen filled glove box, a solution of ruthenium catalyst
Ru-6 in deoxygenated THF (3 mM) was added into a reaction vial charged with monomer
2 and a stir bar. The reaction was stirred in the glovebox at room temperature for 2 h until
full monomer conversion was reached. The mixture was then transferred to another

reaction vial charged with monomer 1a and a stir bar. The vial was hermetically sealed
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with a cap and parafilm and taken out of the glovebox. The mixture was stirred at room
temperature for 5 min and placed into a preheated oil bath at 40 °C for 1.5 h in the dark.
Once cooled to room temperature, the reaction was quenched by ethyl vinyl ether (0.1 mL)
and stirred for an additional 30 min at room temperature. The solution was diluted to 1.5
mg/mL with THF, filtered, and then injected to GPC instrument directly. The remaining
polymer was precipitated upon addition of methanol and the solid was isolated by
centrifugation and decantation. The resulting polymer was dried under high vacuum. The
polymers were stored in vials wrapped with foil and kept away from light.

IH NMR (400 MHz, CDCl3) § 7.20 (s, 4 H), 6.76 (s, 2 H), 6.64 (d, J= 12.3 Hz, 2 H), 6.50
(d, J=12.3 Hz, 2 H), § 5.59-5.39 (m, 2 H), 3.53 (t, J = 6.5 Hz, 4 H), 3.47-3.37 (m, 2 H),
3.37-2.89 (M, 4 H), 2.34-2.02 (m, 1 H), 1.33-1.20 (m, 30 H), 0.90-0.82 (m, 9 H) ppm.
13C NMR (101 MHz, CDCls) & 178.5, 178.4, 178.2, 150.3, 136.4, 133.5, 129.6, 128.8,
126.4, 1255, 114.1, 69.0, 52.6, 52.4, 41.9, 41.6, 39.0, 38.9, 32.0, 31.5, 29.4, 29.4, 27.8,

26.7,26.6, 26.1, 22.8, 22.6, 14.2, 14.1 ppm.
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Figure 11-19. 'H NMR (400 MHz, CDCls) spectrum of poly-all-cis-2-b-all-cis-1a.
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Figure 11-21. GPC traces of all-cis poly-2 (blue) and poly-all-cis-2-b-all-cis-1a (red)
after chain extension.

poly-all-cis-1a-b-all-cis-2

RO b
Q% m
THF, 4o°c 2h O O 0150 °C,15h
[1a][Ru6] 15:1 [2]:[Ru-6] = 60:1 — or 0= >\ O
|

R ="Oct
all-cis poly-1a "Hex

poly-all-cis-1a-b-all-cis-2
poly-all-cis-2-b-all-cis-1a. In a nitrogen filled glove box, a solution of ruthenium catalyst
Ru-6 in deoxygenated THF (3 mM) was added into a reaction vial charged with monomer
la and a stir bar. The vial was hermetically sealed with a cap and parafilm and taken out
of the glovebox. The mixture was stirred at room temperature for 5 minutes and placed
into a preheated oil bath at 40 °C for 2 h in the dark. The vial was then taken into the
glovebox, and the mixture was transferred to another reaction vial charged with monomer
2 and a stir bar. The vial was hermetically sealed with a cap and parafilm and taken out of
the glovebox. The mixture was stirred at room temperature for 5 min and placed into a
preheated oil bath at 40 °C for 1.5 h in the dark. Once cooled to room temperature, the

reaction was quenched by ethyl vinyl ether (0.1 mL) and stirred for an additional 30 min
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at room temperature. The solution was diluted to 1.5 mg/mL with THF, filtered, and then
injected to GPC instrument directly. The remaining polymer was precipitated upon
addition of methanol and the solid was isolated by centrifugation and decantation. The
resulting polymer was dried under high vacuum. The polymers were stored in vials
wrapped with foil and kept away from light.

IH NMR (400 MHz, CDCl3) & 7.20 (s, 4 H), 6.76 (s, 2 H), 6.66 (d, J=12.3 Hz, 2 H), 6.52
(d, J=12.3 Hz, 2 H), 5 5.59-5.39 (m, 17 H), 3.53 (t, J = 6.5 Hz, 4H), 3.48-3.37 (m, 17H),
3.37-3.05 (M, 24 H), 3.02-2.89 (m, 10 H), 2.36-2.01 (m, 8 H), 1.33-1.20 (m, 86 H), 0.91—

0.81 (m, 37 H) ppm.
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Figure 11-23. GPC traces of all-cis poly-1a (green) and poly-all-cis-1a-b-all-cis-2
(orange) after chain extension.

Table 11-4. Molecular Weights and Dispersity Values for The Diblock Copolymers
Poly-all-cis-2-b-all-cis-1a and Poly-all-cis-1a-b-all-cis-2

1block 1% block diblok diblock
Block m Mntheo MpexP ) Mntheo M neXP b
copolymer (kg/mol)  (kg/mol) (kg/mol) (kg/mol)
2b-la 2550 6.3 6.3 1.16 203 31.2 1.26
la-b2 1560 7.0 73 1.13 218 195 1.17

Mn’s and P’s were determined by SEC (THF) using polystyrene standards (RI detection).
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11.3.8 cis to trans Photoisomerization

Solutions of homo- or diblock copolymers in THF (0.1 mg/mL) were
irradiated by using two 365 nm UV lamps at room temperature for 30 min. After
irradiation, aliquots were taken and diluted with THF to 0.2 pg/mL for UV measurement,

to 1 ug/mL for fluorescence measurement. No dilution was used for DLS measurement

(0.1 mg/mL).

236.%3w°
503 4s0a

B @ E

Figure 11-24. Set-up of photoisomerization experiments (two 365 nm UV lamps and air
flow for cooling).
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Homopolymer isomerization

All-cis poly-1a to all-trans poly-1a:

trans

hv (365 nm)

>
THF, rt, 30 min

R ="Oct

all-cis poly-1a all-frans poly-1a

T T T T r T T T T T T r T : T
8.0 75 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 1.0
ppm

Figure 11-25. 'H NMR (400 MHz, CDCls) spectra of a) all-cis poly-1a; b) all-trans
poly-1a after irradiation.
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Figure 11-26. a) UV spectra of all-cis poly-1a (red) and all-trans poly-1a (blue) after
irradiation. b) Fluorescence spectra of all-cis poly-1a (red) and all-trans poly-1a (blue)
after irradiation.
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Diblock copolymer isomerization

Poly-all-cis-2-b-all-cis-1a to poly-all-cis-2-b-all-trans-1a:

cis cis cis
Ph hv (365 nm) Ph
o N THF, rt, 30 min o
'I’H R ="Oct
ex
poly-all-cis-2-b-all-cis-1a poly-all-cis-2-b-all-trans-1a

a) A

A A

T T T T T T T T T T T T T T T
8.0 75 70 6.5 6.0 55 50 45 4.0 35 30 25 20 15 10
Ppm

Figure 11-27. *H NMR (400 MHz, CDCls) spectra of a) poly-all-cis-2-b-all-cis-1a; b)
poly-all-cis-2-b-all-trans-1a after irradiation.
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Figure 11-28. a) UV spectra of poly-all-cis-2-b-all-cis-1a (red) and poly-all-cis-2-b-all-
trans-1a (blue) after irradiation. b) Fluorescence spectra of poly-all-cis-2-b-all-cis-1a
(red) and poly-all-cis-2-b-all-trans-1a (blue) after irradiation.

Poly-all-cis-1a-b-all-cis-2 to Poly-all-trans-1a-b-all-cis-2:

hv (365 nm)

THF, rt, 30 min
R ="Oct

poly-all-cis-1a-b-all-cis-2 poly-all-trans-1a-b-all-cis-2
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Figure 11-29. 'H NMR (400 MHz, CDCls) spectra of a) poly-all-cis-1a-b-all-cis-2; b)
poly-all-trans-1a-b-all-cis-2 after irradiation.

1.0

v :

0.6

=
=

04

Emission

Absorbance
N
=

0.2

=
o
I

0.0 -

bl
o
1

T T T T T T T T T T T T
300 400 500 600 700 400 450 500 550 600 650 700
wavelength (nm) wavelength (nm)

Figure 11-30. a) UV spectra of poly-all-cis-1a-b-all-cis-2 (red) and poly-all-trans-1a-b-
all-cis-2 (blue) after irradiation. b) Fluorescence spectra of poly-all-cis-1a-b-all-cis-2
(red) and poly-all-trans-1a-b-all-cis-2 (blue) after irradiation.
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Homopolymer Diblock copolymer

Poly-1a Poly-2-b-1a
6,000 1,200
5,000 1,000
£ 4000 E w00
Q L]
& 3,000 g 600
g g
@ 2,000 ™ 400
N N

1,000 - 200
0

Before After Before After

Z-average (nm) Z-average (nm)

before after
Homopolymer
Poly1a 630 5504
Diblock copolymer
Poly-2-b-1a 407 1034

Figure 11-31. Dynamic light scattering (DLS) showed an increase of the polymeric
particle size after photoisomerization of the PPV block from all-cis to all-trans.
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11.3.9 NMR Spectra of Synthesized Intermediates and Monomers

ﬁ\
—

_J

0"Oct

O"Oct
3a

Figure 11-32. 'TH NMR (400 MHz, CDCls) spectrum of compound 3a.
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Figure 11-33. 'H NMR (400 MHz, CDCls) spectrum of compound 3b.
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Figure 11-34. 'TH NMR (400 MHz, CDCls) spectrum of compound 4a.
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Figure 11-35. 'H NMR (400 MHz, CDCls) spectrum of compound 4b.
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Figure 11-36. 'H NMR (400 MHz, CDCls) spectrum of compound 5.
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Figure 11-37. 'H NMR (400 MHz, CDCls) spectrum of compound 6a.
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Figure 11-38. 'H NMR (400 MHz, CDCls) spectrum of compound 6b.
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Figure 11-39. 'H NMR (400 MHz, CDCls) spectrum of compound 8a.
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Figure 11-40. 'H NMR (400 MHz, CDCls3) spectrum of compound 8b.
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Figure 11-41. 'H NMR (400 MHz, CDCls3) spectrum of monomer 1a.
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Figure 11-42. 'H NMR (400 MHz, CDCls) spectrum of monomer 1b.
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Figure 11-43. 'H NMR (400 MHz, CDCls) spectrum of compound 4c.
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Figure 11-44. 'H NMR (400 MHz, CDCls) spectrum of compound 9.
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Figure 11-45. 'H NMR (400 MHz, CDCls) spectrum of compound 6c.
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Figure 11-46. 'H NMR (400 MHz, CDCls) spectrum of monomer 1c.
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Figure 41. °C NMR (101 MHz, CDCls) spectrum of monomer 1c.
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CHAPTER 111
ALL-cis POLY(p-PHENYLENE VINYLENE)S WITH HIGH MOLAR MASSES AND
FAST PHOTOISOMERIZATION RATES OBTAINED THROUGH
STEREORETENTIVE RING-OPENING METATHESIS POLYMERIZATION OF
[2,2]PARACYCLOPHANE DIENES WITH VARIOUS ARYL SUBSTITUENTS"
I11.1 Introduction
Herein, we report the synthesis of all-cis poly(p-phenylene vinylene)s (PPVs) with
living characteristics and high degrees of polymerization (DP up to 236) and molar masses
(Mn up to 108.8 kg/mol) via stereoretentive ring-opening metathesis polymerization
(ROMP).182546 Characterization of the influence of the aryl substituents on the UV-visible
light absorption and emission, in addition to the photoisomerization Kinetics, is
disclosed. PPVs comprise a common family of conjugated polymers whose properties
have been studied in the context of light-emitting materials as well as photovoltaics.?"23:6
Characterized by alternating alkene and aryl rings, PPVs are stable to oxidation relative to
other conjugated polymers such as polyacetylenes.®” Their attractive semi-conducting
properties can be tuned through structural modification of either the aryl substituents or
the stereochemistry of the alkenes. The cis or trans (Z or E) configuration of these
stilbenoid double bonds indeed dictates several key parameters including chain

conformation, overall polymer morphology, and solubility.*?*® For example, prior studies

* Data, figures, and text in this chapter were adapted with permission from “All-cis Poly(p-phenylene
vinylene)s with High Molar Masses and Fast Photoisomerization Rates Obtained through Stereoretentive
Ring-opening Metathesis Polymerization of [2,2]Paracyclophane Dienes with Various Aryl Substituents”
by Hsu, T.-W.; Kempel, S. J.; Michaudel, Q. J. Polym. Sci. 2022, 60, 569-578. Copyright 2023 John Wiley
and Sons.
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showed that a predominance of cis junctions results in twisted and coiled polymer chains,
whereas trans-rich PPVs exhibit a rod-like structure with increased z—z interactions and
stronger packing between chains. This increased aggregation imbues trans-rich PPVs with
poorer solubility in organic solvents relative to its cis-rich congener. However, trans-rich
PPVs possess a longer effective conjugation length, leading to more narrow optical band

gaps compared to cis-rich PPVs.'® As a result, PPVs with the most desirable optical

"Oct
Ru-6 n
- WY
CgDg, 40 °C, dark
1b: R ="Oct — nOct
R poly-1b

DP = 24, M, = 10.2 kg/mol

W —_ * Slow polymerization and photoisomerization

Et

wl
1b, d 0
Ru-6 n
YA YA
CeDg, 40 °C, dark _)—"Bu

1d: R = 2-ethylhexyoxy
poly-1d
DP = 236, M,, = 108.8 kg/mol

» Excellent solubility - Rapid photoisomerization
* High and predictable M,,'s

Figure I11-1. Modifications of the monomer substituents allowed the synthesis of poly-
1d with predictable DPs up to 236 (M» = 108.8 kg/mol) and fast cis-to-trans isomerization
mediated by UV light.

properties are also the most challenging to process. Along with cis and trans alkene
content, the molar mass is another critical parameter for modulating the morphology of
PPV thin films.58®° Interestingly, cis junctions in PPVs can be isomerized upon
photochemical stimulation. This cis-to-trans isomerization therefore appears as an

attractive strategy to efficiently synthesize and process all-trans PPVs with high molar
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masses via the intermediacy of the all-cis congeners. Elegant demonstrations of the
feasibility of this approach have been reported by several groups with applications
including patterning and self-assembly of diblock copolymers.®33% While many methods
have been invented for the preparation of PPVs,2%% accessing such materials with
predictable, high molar masses, living chain ends, and perfect cis stereochemistry
throughout the macromolecule remains a grand challenge. Polycondensations such as
the Wittig,®® Horner-Wadsworth-Emmons,®” and Knoevenagel® methods as well as
radical and anionic routes like the Gilch protocol?®3%3! provide polymers with primarily

trans alkene linkages and little to no control over molar mass distribution. The scarce early
examples of approaches toward all-cis PPVs similarly did not afford control over this key
parameter: A stereoretentive Suzuki-Miyaura polycondensation reported by Ozawa and
coworkers formed all-cis PPV with a high dispersity and a low molar mass (M, = 4.7
kg/mol, P = 1.92),% while the cis-selective reduction of a poly(phenylene ethynylene)
(PPE) by Swager and coworkers delivered the PPV with a higher Mx(61 kg/mol) but with
a broad dispersity (P =4.0).“° Inspired by prior work on the ROMP of [2.2]para-
cyclophane diene monomers leading to PPVs with alternating cis and trans
alkenes,*-°559.70.71 \we |ater reported the synthesis of all-cis poly-1a using a stereoretentive
ROMP catalyst (Ru-6).%72 Owing to the living characteristics of this process, polymers
with predictable molar masses up to 13.1 kg/mol and narrow dispersities were obtained.
Additionally, excellent chain-end fidelity permitted the preparation of diblock

copolymers, whose PPV segment could be selectively isomerized with UV light.
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However, despite being more soluble than their all-trans counterparts, all-cis PPVs
were shown to aggregate in solution through dynamic light scattering over time. This
prompted us to study the influence of the aryl substituents of the [2.2]paracyclophane
diene monomer over the stereoretentive ROMP process, as well as their impact on optical
properties and solubility. To this end, [2.2]paracyclophane dienes 1b and 1d were
synthesized to serve as monomers. 1b was anticipated to showcase a similar steric
environment around the alkene as 1a, but different electronic features. Furthermore, the
polymerization of 1b with Grubbs' second generation catalyst was observed to be faster
than with alkoxide-substituted monomers and could be conducted at lower temperatures.*®
In contrast, 1d should have a very similar electronic behavior as 1a, but branched alkyl
chains have been shown to provide increased solubility when appended onto conjugated
polymers, relative to linear alkyl chains.”>"* This increased solubility might help mitigate
the loss of control at higher molar masses, which would allow the preparation of PPVs
with high molar masses. In this work, we disclose the stereoretentive ROMP of 1b and
1d, which afforded all-cis poly-1b and all-cis poly-1d (Figure 11I-1), both with good
control over M. Notably, all-cis poly-1d could be isolated with unprecedently high molar
masses, potentially due to an increase in solubility in organic solvents. Spectroscopical
characterization of these polymers and Kkinetics of the isomerization were also

investigated.
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I11.2 Results and Discussion
[11.2.1 Stereoretentive ROMP of [2.2]Paracyclophane Dienes 1b and 1d

1b and 1d were prepared following established synthetic routes,*>>? and subjected
to catalyst Ru-6 in various solvents at 40 °C and in the dark to avoid premature

isomerization of any cis double bonds (Table 1).

Table I11-1 Optimization of The Stereoretentive ROMP of 1b and 1d with Ru-6

R R
Catalyst Ru-6

<> [1]:[Ru-6] = 20:1 "
-
Q solvent , 40 °C, dark, time

1b: R ="Oct = R
1bd 1d: R = ng all-cis poly-1b,d
Ao~
Et
H theor exp
Entry? Monomer  Solvent Time conv. M M

(h) (%) (kg/mol) (kg/mol)
1 1b CeDs 48 >99 8.7 10.2 1.22
2 THF 48 >99 8.7 10.9 1.08
3 CHCl; 48 >99 8.7 11.5 1.15
4 1d CeDs 12 >99 9.3 10.9 1.05
5 THF 12 >99 9.3 11.9 1.11
6 CH:Cl; 12 >99 9.3 9.9 1.16

41b and 1d (0.050 mmol) were polymerized with Ru-6 at 40 °C in the dark and under
nitrogen. My’s and P’s were determined by SEC (THF) using polystyrene standards (RI
detection).

Polymerizations of 1b and 1d in Ce¢Ds, THF, and CH2ClI> all led to good agreement

between theoretical and experimental My's at full conversion as established by size
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exclusion chromatography (SEC). THF was found to provide the narrowest dispersity for
monomer 1b (P = 1.08, Table I1I-1, entry 2), but C¢Ds provided the smallest value for 1d
(P =1.08, Table I11-1, entry 4). All molar masses determined experimentally were slightly
higher than the expected values, which was ascribed to the difference in hydrodynamic
volume between PPVs and the polystyrene standards. For the purpose of monitoring the
polymerization via *H NMR, CsDs Was subsequently used for the remainder of this study.
Notably, in addition to the slightly broader distribution, 1b also required a considerably
longer reaction time to attain full conversion. While complete consumption of the
monomer took place within 12 h with 1d (Table Il1-1, entries 4-6), it took over 48 h with
1b (Table Il1I-1, entries 1-3). Interestingly, the slow formation of poly-1b compared to
alkoxy-substituted poly-1d with Ru-6 differs from previous reports with common Grubbs'
catalysts, which displayed the opposite reactivity trend with substituted
[2.2]paracyclophane dienes.*® In our previous report, polymers up to ~13 kg/mol (DP ~
30) could be prepared with monomer 1la with experimental My’s similar to the predicted
values and with narrow dispersities. ! Attempts to increase the DP of poly-1a by further

raising the monomer-to-catalyst ratio were met with moderate success.

Table 111-2 Synthesis of All-cis PPVs with Tunable Molar Masses

R R
Q Catalyst Ru-6 n
-
Q CgDg, 40 °C, dark, time
1a: R = 0"Oct — R
1a,bd 1b: R = "Oct all-cis poly-1a,b,d
1d: R = "By
Ao/ﬁ/
Et

85



: -6]° theor exp
Entry  Monomer  Time (h) [1]:[Ru-6]° Conv.  Mn vE

Ratio (%) (kg/mol)  (kg/mol)
1 la 12 20:1 >99 9.3 10.8 1.18
2 12 60:1 >99 27.7 34.5 1.32
3 24 100:1 >99 46.2 53.1¢ 1.75
4 48 200:1 >99 92.1 49.2°¢ 1.67
5 1b 48 20:1 >99 8.7 10.2 1.22
6 48 60:1 91 25.7 20.4 1.06
7 1d 12 20:1 >99 9.3 10.9 1.05
8 12 60:1 >99 27.7 34.7 1.18
9 24 100:1 >99 46.2 43.2 1.13
10 48 200:1 94 92.1 108.8 1.54

1a, 1b and 1d was polymerized with Ru-6 at 40 °C in C¢Ds in the dark and under nitrogen.
Mp’s and P’s were determined by SEC (THF) using polystyrene standards (RI
detection).’Concentration of Ru-6 was kept constant (C = 2.9 mM). °Poor solubility of
poly-1a precluded precise measurement of M, and D.

When the ratio of 1a to Ru-6 was increased to 60:1 or 100:1 (Table I11-2, entries
2 and 3), the dispersity rose to 1.32 and 1.75, respectively. At an even higher ratio (e.g.,
200:1, Table I11-2, entry 4), the measured M, was considerably smaller than the expected
value (49.2 vs. 92.1 kg/mol) with a B of 1.67. Of note, the investigation of the molar mass
distribution of poly-1a at high M, was complicated by its lack of solubility in organic
solvents including THF. The longer chains of the distribution were indeed likely lost
during the filtration process prior to SEC analysis. The slow polymerization rates observed
with 1b rendered the synthesis of poly-1b with high My’s challenging as well. When
targeting a DP of 60 with 1b, only 91% conversion was observed after 48 h (Table I11-2,

entry 6) in contrast to the polymerization of la that reached full conversion in 12 h in
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otherwise identical reaction conditions (Table 111-2, entry 2). Remarkably, switching from
n-octyloxy substituents in 1a to the branched 2-ethylhexyloxy side chains in 1d allowed
the polymerization to proceed in a living manner with a variety of monomer-to-catalyst
ratios. Manipulation of this ratio enabled the preparation of all-cis PPVs with a wide
window of molar masses. Ratios of 60:1 and 100:1 afforded polymers with My’s in close
agreement with theoretical values and narrow dispersities (P = 1.18 and 1.13, Table I11-2,
entries 8 and 9). All polymerizations reached full conversion except when targeting a DP
of 200, which stalled around 94% conversion (Table I11-2, entry 10) and displayed an
increased dispersity (P = 1.54). Nonetheless, these conditions delivered poly-1d with a
M of 108.8 kg/mol (DP = 236) thereby demonstrating that this method provides access to
PPVs of unparalleled lengths while maintaining living characteristics.?®% Further
optimization of the reaction conditions and/or monomer structure will likely be necessary
to further increase the size of PPVs while retaining control over the molar mass
distribution. As seen with other polymers,’®™* the increased branching of the 2-
ethylhexyloxy substituents likely decreased aggregation between chains relative to poly-
1a, which potentially helped in achieving the high degree of control observed at high molar
masses. The improvement in solubility can also be observed visually with all-cis poly-1d
(Mn =10.9 kg/mol) forming a clear solution (C = 1 mg/ml) compared to the turbid solution
obtained with all-cis poly-1a of similar molar mass (Mn = 9.8 kg/mol, C = 1 mg/ml)
(Figure 111-2).

The stereoselectivity of the ROMP of monomers 1b and 1d was investigated

through *H and *3C NMR spectroscopical analysis of the resulting polymers. NOESY and
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[0} E "OctO

all-cis poly-1a

Figure 111-2. All-cis poly-1d exhibits a significantly improved solubility over all-cis poly-
lain THF (C =1 mg/mL).

HSQC experiments were also recorded to unambiguously assign characteristic peaks
present in the spectra of both nuclei (Figures 111-15-22). Comparison of the NMR spectra
of synthesized poly-1b and poly-1d to the reported spectra of polymers with identical
composition but containing mixtures of cis and trans alkenes*>*? revealed an exquisite
control over the stereochemistry of the alkene linkages during the stereoretentive ROMP. "
Indeed, all-cis poly-1b and poly-1d were formed with no trans defects within the limits of
detection of *H NMR.

Finally, exhaustive isomerization of all cis olefins was performed using UV light
(365 nm, Figure 111-3), which allowed the isolation of all-trans congeners and subsequent
NMR comparison (Figure 111-4). H NMR spectra of all-trans poly-1b and poly-1c
showcased characteristic peaks (indicated with blue triangles in Figure 111-4) with higher

chemical shifts relative to the corresponding protons in all-cis poly-1b and poly-1d
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hv (365 nm)

rt, CDCl3, time
18 h for 1b: R = "Oct
all-cis poly-1b,d 2 hfor1d: R = /(o "By all-trans poly-1b,d
Et

Figure 111-3. UV light-promoted isomerization of all-cis poly-1b and poly-1d.

(indicated with red triangles). This trend is common for alkyl and alkoxy-substituted
PPVs.1® For example, the benzylic methylene protons at C5 in all-cis poly-1b result in a
multiplet at 2.48-2.38 ppm, upfield from the same protons in all-trans poly-1b (2.70-2.85
ppm) (Figure 111-4a). The aromatic protons at C1 and C4 and vinylic protons at C2 andC3
in all-cis poly-1b are found at 7.00-6.95 ppm and 6.75and 6.65 ppm, respectively, whereas
the aromatic and vinylic peaks of all-trans poly-1b are all above 7 ppm. Similarly, the
signal corresponding to the methylene protons at C5 is found at 3.40 ppm in all-cis poly-
1d and 3.98 ppm in trans poly-1d (Figure I11-4b). The aromatic and vinylic protons in all-
cis poly-1d are well resolved, giving four separate signals at 7.21, 6.75, 6.64, and 6.48
ppm corresponding to the protons at C4, C1, C2, and C3 respectively. On the other hand,
the same protons in all-trans poly-1d appear as two broad, overlapping signals at 7.53 and

7.15 ppm.
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Figure 111-4. a) *H NMR of all-cis (top) and all-trans (bottom) poly-1b. b) *H NMR of
all-cis (top) and all-trans (bottom) poly-1d. NMRs in Figure I11-4 were taken in a sealed
J-Young tube in degassed CDClz under N2 without purification in order to carefully

monitor the isomerization process.
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In addition to changes in *H NMR spectra, isomerization of PPVs led to an
apparent increase in molar masses measured by SEC caused by the larger hydrodynamic
radius of the all-trans congeners (Table 111-3), which is consistent with prior studies.** For
example, the molar mass of all-cis poly-1d was 11.3 kg/mol and that of all-trans poly-1d
was 23.6 kg/mol after photoisomerization (Table 111-3, entries 5 and 6).

Table 111-3 Molar Masses and Quantum Yields of All-cis and All-trans PPVs

Entry Polymer cis:trans Mn®® [kg/mol] D ®p
1 all-cis poly-1a >99:1 10.8 1.18 0.28
2 all-trans poly-1a <1:99 -a -3 0.53
3 all-cis poly-1b >90:1 9.4 1.14 0.32
4 all-trans poly-1b <1:99 15.2 1.20 0.58
5 all-cis poly-1d >09:1 11.3 1.11 0.33
6 all-trans poly-1d <1:99 23.6 1.33 0.53

4Mn and P values could not be determined by SEC due to the insolubility of all-trans poly-
lain THF.
[11.2.2 Optical Properties of Synthesized All-cis PPVs

The absorption and emission spectra of all-cis poly-1b and poly-1d were measured
in THF (Figure 111-5). As shown in Figure I11-5, the more electron-rich all-cis poly-1d
exhibited a red shifted absorption (Amax = 389 nm) relative to all-cis poly-1b (Amax = 334
nm). Furthermore, the emission spectra of both polymers depicted in Figure 111-5 reveal a
similar red shift when comparing all-cis poly-1b (Amax = 483 nm) and all-cis poly-1d (Amax
=517 nm). Upon full photoisomerization, both all-trans poly-1b and poly-1d displayed

strong red shifts in both absorption and luminescence as a consequence of the increased
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conjugation length observed in all-trans PPVs (Figure 111-5).>*® For poly-1b, the
maximum absorbance for the all-trans form was measured at 427 nm, while all-trans poly-

1d exhibited a similar red shift in absorbance (Amax = 469 nm) from the all-cis form.
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Figure I11-5. a) UV-visible and b) emission spectra of all-cis poly-1b (black curve, solid),
all-trans poly-1b (black curve, dotted), all-cis poly-1d (orange curve, solid), and all-trans
poly-1d (orange curve, dotted).

The complete isomerization of all-cis poly-1 to their all-trans counterparts also resulted in

a stark increase in quantum yields of photoluminescence (®p., Table 111-3). In order to use
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Figure 111-6. Photoisomerization of poly-1d monitored by UV-visible spectra.

these polymers for patterning® or self-assembly, fast isomerization of the cis alkenes is
desirable, which prompted us to investigate the rate of photoisomerization. The evolution
of the absorbance in the UV-visible range was monitored during the photoisomerization
of poly-1d (Figure 111-6). Fast isomerization took place within the first 10 min and
complete disappearance of the signal at 389 nm was observed after 60 min, indicating full
isomerization to the all-trans polymer.

In order to gain more insights on the kinetics of isomerization of all-cis poly-1b
and all-cis poly-1d, the photoisomerization process was monitored via *H NMR
spectroscopy in CDClIs (Figure I11-7a). As previously observed in THF, isomerization of
all-cis poly-1d also proceeded rapidly in CDCl3, reaching 95% conversion within 60 min
(C = 4 mg/ml). This rate of isomerization is similar to that of poly-1a (Figure 111-8).% In
contrast, all-cis poly-1b containing octyl substituents did not reach 80% isomerization of
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cis alkenes until 140 min. Interestingly, the photoisomerization of both poly-1b and poly-
1d was found to follow a first-order behavior (Figure 111-7b), which is consistent with the
kinetics of isomerization of PPVs induced by sonication,’® as well as with the kinetics
observed in photoisomerization of discrete stilbenoid and azobenzene groups.”’-"®

Remarkably, all-trans poly-1d (Mn = 10.9 kg/mol) was found to be soluble in a variety of
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Figure 111-7. a) Evolution of the cis content in poly-1b and poly-1d during the
isomerization process. b) The photoisomerization of poly-1b and poly-1d follows a first-
order behavior.
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organic solvents (THF, CsDe, CH2Cl2, and CDCIs), in contrast to all-trans poly-1a and

poly-1b of similar molar masses, which precipitated during isomerization.

111.3 Conclusion

We developed a synthesis of PPVs with living characteristics and unprecedented
molar masses (Mn’s up to108.8 kg/mol), capitalizing on the perfect stereocontrol afforded
by Ru-6 in the stereoretentive polymerization of [2,2] paracyclophane dienes. These high
DPs were likely attainable because of the increased solubility provided by both the cis
olefins and the 2-ethylhexyloxy side chains. This study provides another example of the
advantageous use of branched side-chains to increase the solubility of conjugated
polymers, relative to their linear counterparts.”* Indeed, poly-1a is markedly less soluble
than poly-1d despite having the same atomic composition. Additionally, all-cis poly-1d
could be fully isomerized to all-trans poly-1d in 2 h in THF or CDCls. On the other hand,
deleting the oxygen from the side chains with octyl monomer 1b resulted in lower rates of
both polymerization and photoisomerization relative to 1a and 1d. We anticipate that this
study should help the design of processable materials containing long all-trans PPVs
chains, whose length have been shown to critically impact the morphology of PPVs in thin

films.58:69
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111.4 Experimental Procedures and Data
I11. 4.1 General Reagent Information

Monomers 1b and 1d were synthesized according to literature procedures.*?>?
Reagents were purchased at the highest commercial quality and used directly without
further purification, unless otherwise stated. Dry dichloromethane (CH:Cl,), and
tetrahydrofuran (THF) were obtained by passing the previously degassed solvents through
activated alumina columns. CsDe and CDCIs was purchased from Cambridge Isotope
Laboratories, Inc. and degassed via “freeze-pump-thaw” before being placed in the
glovebox. The synthesis of polymers using the stereoretentive catalyst was conducted in
a nitrogen-filled glove box (SG1800/750TS-F, VIGOR). Polymers were isolated after

precipitation using an Eppendorf 5804 centrifuge.

111.4.2 General Analytical Information

'H and 3C NMR spectra were recorded on Bruker Avance Neo 400 and Bruker
Avance 500 instruments and were calibrated using residual undeuterated solvent as an
internal reference (CHCls @ 7.26 ppm *H-NMR, 77.16 ppm *C-NMR; CeHs @ 7.16 ppm
H-NMR). The following abbreviations were used to explain NMR peak multiplicities: s
=singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad.
All polymer samples were analyzed using a Tosoh EcoSec HLC 8320GPC system with a
TSKgel SuperHM-M column and a TSKgel SuperH-RC column at a flow rate of 0.40
mL/min at 40 °C. THF stabilized with BHT was used as the eluent and all number-average

molecular weights (Mn), weight-average molecular weights (Mw), and dispersities (D) for
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polymers were calculated from refractive index and UV chromatograms against TSKgel
polystyrene standards.

UV-vis spectra were recorded on a Shimadzu UV-2600 UV-visible spectrophotometer and
fluorescence spectra were recorded on a Horiba FluorEssenceTM fluorescence

spectrometer.

111.4.3 General Procedures

Solvent Screen for the Stereoretentive ROMP

In a nitrogen-filled glove box, a solution of ruthenium catalyst Ru-6 (0.0025 mmol, 8.3
mM) in deoxygenated solvent (0.3 mL) was added into a reaction vial containing monomer
1b or 1d (0.050 mmol) and a stir bar. The mixture was stirred outside of the glovebox at
room temperature for 5 min and placed into a preheated water bath at 40 °C in the dark for
48 h (1b) or 12 h (1d). Once cooled to room temperature, the reaction was quenched with
ethyl vinyl ether (0.05 mL) and stirred for an additional 10 min at that temperature. The
solution was diluted to ~4.0 mg/mL with THF, filtered, and then used for SEC analysis
directly. The remaining polymer was precipitated upon addition of methanol and the solid
was isolated by centrifugation and decantation. The resulting polymer was dried under
high vacuum. The polymers were stored in vials wrapped with aluminum foil and kept

away from light.
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[11.4.4 Polymerization of 1d Targeting Various DPs

In a nitrogen-filled glove box, a solution of ruthenium catalyst Ru-6 (1.0 mg,
0.0012 mmol, C = 2.9 mM) and monomer 1d in deoxygenated CsDs (0.4 mL) was added
into a J. Young NMR tube. The NMR tube was sealed with a screw cap and taken out of
the glove box where it was placed in a water bath set to 40 °C. The reaction progress was
monitored by *H NMR. Once full conversion was reached, the reaction was cooled to
room temperature and quenched with ethyl vinyl ether (0.05 mL) and stirred for an
additional 10 min at room temperature. The solution was diluted to ~4.0 mg/mL with THF,
filtered, and then used for SEC analysis directly. The remaining polymer was precipitated
upon addition of methanol and the solid was isolated by centrifugation and decantation.
The resulting polymer was dried under high vacuum. The polymers were stored in vials

wrapped with aluminum foil and kept away from light.

I11.4.5 UV-visible absorption spectroscopy of poly-1d during cis to trans
photoisomerization

A solution of all-cis poly-1d in THF (4 mg/mL) was irradiated using two 365 nm
UV lamps at room temperature. To monitor the absorbance of poly-1d over time, aliquots

were taken and diluted with THF to 0.2 pg/mL for UV measurement.
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Figure 111-8 Decrease in %cis alkenes in poly-la and poly-1d over time during

photoisomerization.

111.4.6 Kinetics Studies of cis to trans Photoisomerization via 'H NMR

Solutions of all-cis poly-1b and all-cis poly-1d in CDCls (4 mg/mL) were

irradiated using two 365 nm UV lamps at room temperature while the cis content was

monitored by *H NMR until full conversion.

111.4.7 Determination of Quantum Yield of Fluorescence for All-cis and All-trans Poly-1a,

Poly-1b, and Poly-1d

Quantum yields of fluorescence were measured in dilute solutions of all-cis poly-

1a, poly-1b, and poly-1d and all-trans poly-1a, poly-1b, and poly-1d in THF (n = 1.407)

against either fluorescein (Aex=470 nm) in ag. NaOH (C=0.1 M, ® =0.91, n = 1.33) for
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all-trans poly-1a and all-trans poly-1d or quinine sulfate (Aex = 370 nm for all-cis poly-
1a, all-cis poly-1d, and all-trans poly-1b; Aex = 340 nm for all-cis poly-1b) in ag. H2SO4
(C=0.1M, ®=0.52, n=1.33). All absorbance measurements were taken on a Shimadzu
UV-2502PC UV-vis spectrophotometer and kept below 0.03 to prevent reabsorption
during fluorescence. Fluorescence measurements were collected on a PT1 QuantaMaster
spectrofluorometer (slit width = 2.5 nm). Fluorescence quantum yields were calculated
based on the gradients (slope) of the plot of integrated emission versus absorbance at the

Jex Using the following the equation:®°

Gradient 1 n 1 2
q)sample = Dgrandara X ( - . ) X ( P ) 1)
Gradientstandard Nstandard
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111.4.8 Spectroscopic Data for Poly-1b and Poly-1d

All-cis poly-1b

IH NMR (500 MHz, CDCls) 6 7.00-6.95 (m, 6 H), 6.63 (d, J = 12.2 Hz, 2 H), 6.48 (d, J
=12.2 Hz, 2 H), 2.48-2.38 (m, 4 H), 1.39 (s, 4 H), 1.32-1.13 (m, 20 H), 0.85 (t, J = 6.9
Hz, 6 H) ppm.

13C NMR (126 MHz, CDCls3) § 138.2, 135.8, 135.6, 130.0, 130.2, 129.4, 128.7, 33.1, 31.9,
30.7, 29.5, 29.3, 22.7, 14.1 ppm.

All-trans poly-1b

IH NMR (500 MHz, CDCl3) & 7.55-7.25 (m, 7 H), 7.10-6.85 (m, 3 H), 2.85-2.50 (m, 4
H), 1.65-1.54 (m, 4 H). The spectroscopic data for this polymer were identical to those
reported in the literature.>?

All-cis poly-1d

IH NMR (500 MHz, CDCl3) § 7.21 (s, 4 H), 6.75 (s, 2 H), 6.65 (d, J = 12.3 Hz, 2 H), 6.49
(d, J=12.3 Hz, 2 H), 3.40 (d, J = 5.7 Hz, 4 H), 1.13-1.40 (m, 18 H), 0.86 (t, J = 7.2 Hz,
6 H), 0.80 (t, J = 7.2 Hz, 6 H) ppm.

13C NMR (126 MHz, CDCls3) 8 150.3, 136.4, 129.3, 128.7, 126.1, 125.3, 113.8, 71.2, 39.3,
30.5, 28.9, 23.9, 23.0, 14.1, 11.0 ppm.

All-trans poly-1d

IH NMR (500 MHz, CDCls) § 7.63-7.43 (m, 6 H), 7.24-7.00 (m, 4 H), 4.05-3.91 (m, 4
H), 1.90-1.80 (m, 2 H), 1.72-1.28 (m, 16 H), 1.05-0.92 (m, 12 H) ppm. The

spectroscopic data for this polymer were identical to those reported in the literature.*?
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111.4.9 Nuclear Magnetic Resonance Spectra
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Figure 111-15 *H NMR (500 MHz, CDClIs) spectrum of all-cis poly-1b.
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Figure 111-16 *3C NMR (126 MHz, CDClIs) spectrum of all-cis poly-1b.
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Figure 111-18 HSQC spectrum of all-cis poly-1b.
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Figure 111-21 NOESY spectrum of all-cis poly-1d.
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CHAPTER IV
STEREOCONTROLLED ACYCLIC DIENE METATHESIS POLYMERIZATION"

IV.1 Introduction

Perhaps best exemplified by the numerous modifications of the venerable Wittig
and Horner—Wadsworth—Emmons reactions, controlling the stereochemistry of alkenes in
organic molecules has motivated the development of a myriad of synthetic methods.5!
Indeed, the configuration of alkenes dramatically impacts the shape, properties and
reactivity of compounds. Interestingly, despite the importance of this structural parameter
on the thermal and mechanical properties of polymeric materials,® few polymerizations
allow the practitioner to precisely dictate the cis:trans ratio within macromolecules and
these processes are limited to a narrow scope of monomers.*82-8 Among the classic
examples illustrating the influence of alkene geometry over material properties, trans-
polyisoprene (gutta percha) is a hard, brittle semi-crystalline material, once used in the
manufacturing of golf balls,'® while the more amorphous cis-polyisoprene is an elastic
material found in latex gloves.®® Ring-opening metathesis polymerization (ROMP) and
acyclic diene metathesis (ADMET) polymerization are among the most powerful methods
to access unsaturated polymers but typically afford cis/trans mixtures or trans-rich
linkages dictated by the thermodynamic stability of the products.*® The recent introduction
of stereoselective Mo, W and Ru catalysts has paved the way for kinetic control of the

olefin metathesis process, overcoming the product preference for trans alkenes,*>18:2485-89

* Data, figures, and text in this chapter were adapted with permission from “Stereocontrolled acyclic diene
metathesis polymerization.” by Hsu, T.-W.; Kempel, S. J.; Felix Thayne, A. P.; Michaudel, Q. Nat. Chem.
2023, 15, 14-20. Copyright © 2022 Springer Nature.
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While careful catalyst design has afforded impressive cis selectivity in a variety of
transformations based on olefin metathesis, only a limited number of polymers have been
synthesized through stereoselective processes, all through ROMP. For example, dithiolate
Ru carbenes uniquely preserve the configuration of the starting olefin throughout the
metathesis process.?>?2%° Hoveyda and co-workers demonstrated that ROMP of
norbornene or cyclooctadiene with this family of stereoretentive catalysts leads to
exquisite cis selectivity along the polymer backbone.'® Choi and co-workers expanded the
scope of norbornene-type monomers for stereoretentive ROMP (ref.?) and reported that
the shear stability of the resulting all-cis polymers was greatly enhanced relative to that of
their all-trans counterparts. Later, we harnessed the reactivity of this family of catalysts
in combination with [2.2]paracyclophane diene monomers to synthesize all-cis poly(p-
phenylene vinylene)s (PPVs) with living characteristics and unusually high molar
masses.>? While these examples of stereoretentive ROMP afforded extremely precise
polymeric structures (narrow molar mass distributions, perfect cis stereoselectivity and so
on), the ROMP process typically requires highly strained monomers, thereby narrowing
the scope of accessible polymers. Further, these scarce examples only afforded strict cis
selectivity. In this Article, we report the implementation of stereoretentive olefin
metathesis into the ADMET process as a versatile method to access all-cis
polyalkenamers. Additionally, careful optimization of the reaction conditions provided
stereocontrol over the proportion of cis and trans alkenes throughout the polymer

backbone. Several families of alkene-containing polymers were synthesized with
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predictable cis:trans ratios from 20:80 to >99:1, providing a valuable strategy to tune the
thermal properties of several types of polymers.

One of the major advantages of ADMET over other polymerizations based on
olefin metathesis is the simplicity and ubiquity of the monomer structure characterized by
the presence of two terminal alkenes. These a,w-dienes are polymerized following a step-
growth mechanism, where removal of ethylene gas is the thermodynamic driving force
(Figure 1V-1a).9%? Pioneered by Wagener and co-workers,** ADMET polymerization has
been employed to synthesize an impressive variety of polymers including polyethylene
with precise alkyl branching,®* ionic polymers® and conjugated polymers, albeit with high
trans alkene content.®® Developing a stereoselective ADMET would therefore open the
door to a cornucopia of stereodefined polymers for a variety of applications, but several

pitfalls were identified at the outset of this work. Since ADMET polymerization relies on
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Aﬁ\'\CI\ M "SIII, I W SI/I I
CI'I ~—“Ph ; n “\ '/Ru_ —>-‘\s ‘Ru=—

L nH,C=CH;  trans-rich polymer 'Pro
unstable
stereoretentive Ru methylidene
catalyst
€) This work rt,2 h
. n/2 * Broad array of cis-
stereoretentive /—\ £is rich polymers
R ~ catalyst "R R N « cis content tunable
n \\/O/\\ 93->99% cis as a function of
R /_'z. temperature

R « Modular properties

cis or trans
3 J/(\O\/Mo\)/’ based on cis:trans
50-80 °C, 6-16 h -

28-70% cis

Figure IV-1. Design of stereocontrolled ADMET. a) Typical ADMET polymerizations
favor high trans alkene content. b) Dithiolate Ru catalysts lead to highly unstable Ru
methylidenes with terminal diene monomers. ¢) Design of a stereocontrolled ADMET
modulated by the reaction temperature.
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iterative couplings between terminal dienes that are neither cis nor trans, typical ADMET
monomers preclude the stereoretentive mechanism of dithiolate Ru catalysts.
Additionally, the Ru methylidene intermediate generated upon reaction of the dithiolate
carbene with a terminal alkene is known to readily decompose (Figure 1V-1b). This is
likely due to a 1,2-shift of the anionic sulfide ligand.®® Hoveyda and co-workers reported
an elegant strategy to circumvent the premature deactivation of the catalyst in the cross

metathesis of terminal alkenes through in situ methylene capping with gaseous cis-but-2-

m“\-RuLn m
removal of alkene
byproduct drives
equilibrium

P

.

.
.

/‘

L, Ru—~“
m =R
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butane Cl—Ru—CIl  vs Ru:" butane
(trans cycloadduct) g 7 R R \ I (cis cycloadduct)
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Figure 1V-2 Proposed stereoretentive ADMET cycle (the initial reaction between the Ru
precatalyst and the monomer was omitted for clarity) through side-bound approach with
dithiolate Ru catalysts instead of bottom-bound olefin approach with dichloro Ru
catalysts.
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ene.®” However, this approach is not compatible with ADMET, which requires constant
removal of volatile alkene by-products to drive the step-growth process. We envisioned
that synthesizing capped monomers with pre-installed cis geometry would obviate both
catalyst decomposition and the need for cis-but-2-ene, as well as allow the desired
stereoretention (Figure 1V-1c). While non-terminal dienes have previously been
polymerized using ADMET (ref.%®), the retention of alkene configuration of the monomer
was not observed with Grubbs’ second generation catalyst. The proposed mechanistic
cycle of a stereoretentive ADMET is outlined in Figure 1V-2. The [2 + 2] cycloaddition of
carbene intermediate | with a capped monomer or a growing polymer would afford
ruthenacyclobutane Il and subsequent cycloreversion would lead to the formation of
stabilized Ru ethylidene (R = Me) or propylidene (R = Et) intermediate 111. In contrast to
the bottom-bound approach typically observed with dichloro Ru carbenes, the dithiolate
ligand is known to enforce a side-bound approach of the monomer with the alkene
substituents pointing away from the bulky aryl groups of the N-heterocyclic carbene
(NHC) ligand (Figure 1V-2).%° Following cycloreversion, Ru-ethylidene/propylidene 111
would further react with another capped alkene (from a monomer or a growing polymer)
to form ruthenacycle 1V, whose cycloreversion would regenerate a reactive Ru carbene
(1) and expel volatile cis-but-2-ene (R = Me) or cis-hex-3-ene (R = Et). Removal of either

by-product would drive all equilibria towards a productive cycle.
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IV.2 Results and Discussion
IV.2.1 Development of a Stereocontrolled ADMET Process

Capitalizing on the inexpensive and readily available cis-hex-4-en-1-ol and cis-
oct-5-en-1-ol, a variety of monomers were synthesized in one or two steps in high yields
(see Figure 1V-3 and ‘General procedure A’ to ‘General Procedure E’ in the Experimental
Detail section).®1%2 These two groups of monomers (1013 and 14—17) were selected to
interrogate the tolerance of dithiolate catalysts to polar monomers containing Lewis basic
functional groups, as well as the effect of increasing the size of the capping group (Et
versus Me) on the polymerization.

As a benchmark of cis/trans selectivity, terminal diene 23 was polymerized under
standard ADMET conditions using Ru-l1a (Figure 1V-3) in 1,24-trichlorobenzene at
50°C under high vacuum (~100mtorr) for 16h. The resulting polymer, poly-10
(Mn=13.1kg/mol, D=2.61, where D is the dispersity), was isolated with 23% cis content
as established by *H NMR (Table IV-1, entry 1 and Figure 1V-11). As expected, the
polymerization of 23 with dithiolate catalysts Ru-6 and Ru-5b (Fig. 2b) did not afford
any polymers (Table IV-1, entries 2 and 3). Switching to methyl-capped monomer 10 did
not result in any increase of cis content with Ru-1a (Table 1VV-1, entries 4 and 5) nor with
Ru-1b (Table V-1, entry 6). Of note, increasing the temperature with Ru-1a allowed the
production of poly-3 with higher molar masses but did not significantly affect the cis

content. By contrast, methyl-capped monomer 10 in combination with Ru-6 afforded
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Figure 1V-3. Monomers and Ru catalysts. a) Readily accessible methyl- and ethyl-capped
cis,cis-monomers from commercially available reagents. b) Catalysts screened in
stereocontrolled ADMET.

poly-10 with 54% cis content (Table V-1, entry 7). Interestingly, when the reaction time

was decreased to 4 or 2 h, the molar masses of poly-10 did not significantly decrease
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(Mn=12.6 and 11.8 kg/mol, respectively), but the cis selectivity improved to 62 and 73%

(Table 1, entries 8 and 9), respectively.

Table 1V-1 Optimization of Stereoretentive ADMET with Dithiolate Ru Catalysts

cis or trans

(o]
Yy e Loy
3
o) R TCB, conditions,
3 100 mtorr
(o}

TCB = 1,2,4-trichlorobenzene

entry  monomer  [Ru] (mol%) Tem?fcr?ture T(lrr]r;e (kg/n:ol)a p’ (;I:)c
1 23 Ru-1a (5) 50 16 13.1 2.61 23
2 23 Ru-6 (5) 50 16 — — —
3 23 Ru-5b (5) 50 16 — — —
4 10 Ru-1a (5) 50 16 43 1.50 29
5 10 Ru-1a (5) 80 16 11.8 2.76 26
6 10 Ru-1b (5) 50 16 13.4 2.00 21
7 10 Ru-6 (5) 50 16 13.1 2.13 54
8 10 Ru-6 (5) 50 4 12.6 1.74 62
9 10 Ru-6 (5) 50 2 11.8 1.81 73
10 10 Ru-6 (0.5) 23 2 13.5 1.88 >99
11 10 Ru-5b (0.5) 23 2 13.0 1.75 >99
12 10(95%cis)  Ru-6(0.5) 23 2 7.7 1.63 >99

M, determined through size exclusion chromatography (SEC) in THF against
polystyrene standards (RI detection). °Mw/Mn. *Calculated using *H NMR analysis.

To our delight, running the polymerization at room temperature to further increase
kinetic control over the polymerization and at lower catalyst loading (0.5 mol%) afforded

perfect cis selectivity (Mn=13.5 kg/mol, B =1.88, Table IV-1, entry 10). The low catalyst
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loading permitted by the high reactivity of Ru-6 is promising for large-scale applications.
Notably, Ru-5b furnished an all-cis polymer of similar size (M= 13.0 kg/mol, ® =1.75)
when subjected to the same conditions (Table 1VV-1, entry 11). This is consistent with the
step-growth mechanism in Figure 1V-2 in which only the activation of the precatalyst
differs between Ru-6 and Ru-5b.

Finally, the tolerance to trans impurities in the monomer batch was probed. Indeed,

trans alkenes are known to react more slowly with stereoretentive dithiolate catalysts than

s )
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Figure 1V-4. Polymer scope of stereocontrolled ADMET. a) Polymers from methyl-
capped monomers (poly-10—poly-13). b) Polymers from ethyl-capped monomers (poly-
14-poly-17).
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the cis congeners due to the steric clash between one substituent of the ruthenacycle and
the NHC ligand.?? This would potentially allow the use of less expensive, stereochemically
impure monomers. Impressively, polymerization of 95% cis 10 led to poly-10 with >99%
cis content and a slightly diminished molar mass (Mn=7.7 kg/mol, ® =1.63, Table IV-1,
entry 12). This finding should open the door to the synthesis of a variety of monomers
through diverse synthetic routes (for example, hydrogenation of alkynes with Lindlar’s
catalyst, Wittig olefination and so on) without the need for perfect diastereoselectivities.
Under optimized conditions (Figure 1V-4), all-cis poly-11, poly-12 and poly-13 were also
obtained from monomers 11, 12 and 13, respectively, showing the excellent functional
group tolerance of stereoretentive ADMET (Figure 1V-4a). These ADMET conditions are
also milder compared to those of traditional ADMET processes that are generally
conducted at higher temperatures for several hours or even days. After determining
_H (\)_> HO - (A-oH Q 0
% >_©_< o Etl:l)iic/)HI:o M ! H(}_@_/{o,.,

80°C,2h OH-1 18
only cis diol recovered

..............................

99% cis poly-10 ! Y
(entry 10 in Table 1V-1) :

..............................

(o)
OW NaOH cis or trans (o) (o)
8 3/n - > OH >—©—<
o EtOH/H,0 HON /[ HO OH
80°C,2h OH-1 ° 18
0 cis and trans diol recovered
54% cis poly-10 CTTTTT T  Gisortrans %

(entry 7 in Table IV-1) '

no_olefin migration observed __

.............................

Figure 1V-5 Hydrolysis of poly-3 (99% cis from Table V-1, entry 10 and 54% cis from
Table IV-1, entry 7) indicates that olefin migration does not take place with Ru-6.
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suitable conditions for the polymerization of methyl-capped monomers, the ethyl-capped
monomers were found to only require moderate increases in reaction time (4 instead of
2 h) and catalyst loading (1-2 mol% instead of 0.5 mol%) to access similarly sized all-cis
polymers, poly-14—poly-17 (Figure IV-4b and Table IVV-6-9). The ability to use different
capping groups with similarly high cis selectivity should broaden the scope of monomers
for the stereoretentive ADMET. The lower cis-selectivity observed at 50 °C with Ru-6
prompted an investigation of temperature modulation as a means to dictate the content of
cis and trans olefins in polyalkenamers. Decreasing amounts of cis olefins (from ~70 to
~30%) were obtained when the ADMET polymerization was performed at 50 or 80 °C for
increased reaction times (6-16 h) (Figure 1VV-6 and Table 1V-2-9). Olefin isomerization
has been reported in ADMET processes with Ru metathesis catalysts containing an NHC
ligand such as Ru-1b. Several mechanisms have been postulated for this isomerization,

including those involving a Ru—H species and metal allyl complexes derived from

Polymerization conditions for varying cis/trans ratios

O
Ru-1a R RU-6
50 °C_80 °C R = Me or Et rt
100 mtorr Ru-6 100 mtorr
50°C-80°C
100 mtorr
trans cis or trans
ni2 ni2 — cis
trans-rich polyalkenamers varying cis/trans ratio all-cis polyalkenamers

|Increasing trans content 5 Increasing cis contentl

Figure 1V-6. Preparation of polyalkenamers with different cis/trans content via ADMET
using different reaction conditions.
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decomposed catalyst.193-1% Notably, these pathways generally lead to concomitant alkene
migration, which was indeed observed using Ru-1b (Figure 1V-12).

However, hydrolysis of poly-10 revealed that olefin migration does not take place
with stereoretentive Ru-6, neither at room temperature, nor at higher temperatures (Figure
IV-5). Hydrolytic degradation of cis-rich poly-10, poly-11, poly-12, poly-14, poly-15 and
poly-16 under basic conditions cleanly delivered the cis isomer of oct-4-ene-1,8-diol (OH-
1) or dec-5-ene-1,10-diol (OH-2). While the exact mechanism of isomerization remains
unclear, modulation of the cis/trans content without olefin migration was successfully
performed with all monomers, thereby providing access to a library of polyalkenamers
with tailored backbone geometries from single building blocks. Importantly, the lack of
olefin migration engenders more reproducible polymer properties.% All polymers were
soluble in several organic solvents including dichloromethane, chloroform and
tetrahydrofuran. This should facilitate the processability of these materials that are

structurally analogous to industrially relevant polymers.

IV.2.2 Study of the Influence of Alkene Stereochemistry over Thermal Behaviour of the
Macromolecules

The thermal properties of the synthesized polyalkenamers with varying cis/trans
ratios were analysed using thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) (see Figure I1V-7 for selected polymers and also ‘Thermal
Characterization’ in the Experimental Detail section). While the range of molar masses

(~7-25kg/mol) resulting from the ADMET step-growth process renders the
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deconvolution of the impact of olefin stereochemistry challenging in some cases,
comparison of polyalkenamers of similar sizes revealed enhanced stability with an
increase in cis content (Figure IV-7a—c). For poly-14 with 94% cis double bonds
(Mh=15.9 kg/mol), a decomposition temperature (Tqg) recorded at 5% mass loss was
observed at 361 °C compared to 357 °C for 62% cis (Mn=23.1/kg mol) and 330 °C for
31% cis (Mn=19.0 kg/mol) (Figure 1V-7a). The Tq of poly-15 decreased by 46 °C when
going from 99% cis to 16% cis for almost identical molar masses (Figure IV-7b). Poly-17
exhibited a Tq of 390 °C for the 93% cis polymer (Mn = 14.0 kg /mol) as opposed to 374 °C
for a 67% cis polymer (Mn=16.9kg/mol, Figure IV-7c). Analogously, all other

synthesized polyalkenamers had thermal stabilities that varied with cis content (Table
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Figure IV-7. Relationship between polymer stereochemistry and thermal properties. TGA
thermograms of a) poly-14, b) poly-15, and c) poly-17. DSC thermograms of d) poly-14,
e) poly-15, and f) poly-17.
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IV-10-17). DSC revealed a clear influence of cis-alkene content on thermal transitions as
shown in the thermograms in Figure I\V-7d—f. This is in line with reports by Buchard and

107 and Dove and Becker and co-workers.8%1% |n addition to small variations

co-workers
of glass transition temperature (Tg), striking differences in crystalline behaviour were
observed. For example, cis-rich poly-14, poly-15 and poly-17 appeared amorphous using
DSC, while the same polyalkenamers with a majority of trans olefins exhibited both a
melting (Tm) and a crystallization temperature (T¢). Poly-14 with only 31 and 21% cis
olefins showed T values of 67 and 86 °C, respectively (Figure IV-7d). The only sample
of poly-15 to present a Tm (38 °C) contained only 16% cis linkages (Figure IV-7e).
Meanwhile, all other samples of poly-15 had no observable thermal transitions. Poly-17
showcased the most diverse thermal profile as a function of alkene stereochemistry. No
thermal transitions could be detected with the 93 and 67% cis forms, but T and T, values
were measured for samples with decreased cis content (38 and 20%) (Figure 1V-7f). DSC
analysis of the two trans-rich poly-17 samples revealed sharp melting transitions with T
values of —6 °C (20% cis) and —19 °C (38% cis). Other synthesized polyalkenamers such
as poly-16 showed amorphous characteristics regardless of cis content with no thermal
transitions detected in the DSC (Figure 1V-29). While the nature of the polar groups and
the number of methylenes in the repeating unit clearly impact the phase transitions of the

polyalkenamers, controlling the geometry of alkenes throughout the backbone provides

an additional handle to tune the thermal properties of a variety of polymers.

126



V.3 Conclusion

Control over the molecular structure and physical properties of polyalkenamers—
including polyesters, polycarbonates, polysulfites and polyethers—has been achieved
through stereocontrolled ADMET. This method uses methyl- or ethyl-capped diene
monomers to impart both the stereochemical information and catalyst stability critical to
the polymerization process. Over 99% cis selectivity was achieved for a variety of
polymers including unsaturated polyesters, polycarbonates, polysulfites and polyethers,
which is a testament to the versatility of this method. The high reactivity of stereoselective
dithiolate Ru catalysts towards cis monomers led to a low catalyst loading (0.5 mol%),
rapid reaction at room temperature (2-4h) and tolerance towards trans monomer
impurities, which are all attractive features for large-scale implementation. Stereoretention
during the polymerization process was found to be sensitive to the reaction conditions.
This provided a functional handle to modulate the ratio of cis:trans alkene units within the
polymer backbone. This stereocontrol was harnessed to produce a variety of
polyalkenamers with predictable cis:trans ratios from 20:80 to >99:1 and to study the
influence of alkene geometry over the thermal properties of the macromolecules.
Increased thermal stability was generally correlated to increased cis olefin content and
thermal transitions such as Tq, Tm and T¢ were greatly affected by the stereochemistry of
the alkenes in the backbone. Of note, polyesters, polycarbonates and polysulfites were
prepared and exhibited tunable phase transition temperatures and efficient
depolymerization via hydrolysis. This process provides a practical and efficient handle to

control material properties for a large variety of olefin-containing polymers. Therefore,
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this method aligns well with the polymer field’s pursuit of precise macromolecular

structures for soft materials with designable properties and functionality.%®

V.4 Experimental Procedures and Data
IV.4.1 General Reagent Information

All reactions were carried out under an inert nitrogen atmosphere with dry solvents
under anhydrous conditions unless otherwise stated. Dry dichloromethane (DCM), diethyl
ether (Et0), tetrahydrofuran (THF), toluene (PhMe) were obtained by passing the
previously degassed solvents through activated alumina columns. Anhydrous 1,2,4-
trichlorobenzene (TCB) was purchased from Sigma Aldrich and used without further
purification and degassed via “freeze-pump-thaw” before being brought into a nitrogen-
filled glove box. Syntheses of polymers using stereoretentive ruthenium catalysts were
carried out in a nitrogen-filled glove box (SG1800/750TS-F, VIGOR). Reagents were
purchased at the highest commercial quality and used without further purification, unless
otherwise stated. For example, cis-hex-4-en-1-ol was purchased from TCI (>95% purity,
$8.17/g, 2022) and cis-oct-5-en-1-ol was purchased from Sigma Aldrich (> 97% purity,
$0.84/g, 2022). Yields refer to chromatographically and spectroscopically (*H NMR)
homogeneous material, unless otherwise stated. Reactions were monitored by thin layer
chromatography (TLC) carried out on 250 um SiliCycle SiliaPlate™ silica plates (F254),
using UV light as the visualizing agent and a solution of KMnO4 and heat as a developing

agent. Flash silica gel chromatography was performed using SiliCycle SiliaFlash®
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Irregular Silica Gel (60 A, particle size 40-063 pm). Polymers were isolated after

precipitation using an Eppendorf 5804 centrifuge.

IV.4.2 General Analytic Information

All polymer samples were analyzed using a Tosoh EcoSec HLC 8320GPC system
with a TSKgel SuperHM-M column and a TSKgel SuperH-RC column at a flow rate of
0.40 mL/min at 40 °C. THF stabilized with BHT was used as the eluent and all number-
average molecular weights (Mn), weight-average molecular weights (Mw), and dispersities
(D) for polymers were calculated from refractive index and UV chromatograms against
TSKgel polystyrene standards. NMR spectra were recorded on Bruker Avance Neo 400
instruments and were calibrated using residual undeuterated solvent as an internal
reference (CHCls @ 7.26 ppm 'H-NMR, 77.16 ppm C-NMR). The following
abbreviations were used to explain NMR peak multiplicities: s = singlet, d = doublet, dd
= doublet of doublets, t = triplet, g = quartet, p = pentet, m = multiplet, br = broad.
Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA 5500
Thermogravimetric Analyzer. Differential scanning calorimetry (DSC) was performed
using a TA instrument DSC 2500. FT-IR spectra were acquired using an Agilent Cary 630
FT-IR in the ATR mode. High-resolution mass spectra (HRMS) were recorded on an
Agilent LC/MSD TOF mass spectrometer by Atmospheric pressure chemical ionization

(APCI) or electrospray ionization (ESI).
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Thermogravimetric analysis (TGA)

Samples were weighed on to a platinum sample pan (2-3 mg). Samples were heated at 20
°C/min to 100 °C, followed by an isothermal period of 1 minute, and then heated at 10

°C/min to 600 °C under nitrogen.

Differential scanning calorimetry (DSC)

Samples (around 2-6 mg) were heated to 150-200 °C at 10 °C/min, followed by an
isothermal period of 5 minutes. The samples were then cooled to —70 °C at 10 °C/min,
followed by an isothermal period of 5 minutes. This process was repeated three times. For

poly-11 and poly-15, a slower heating rate of 5 °C/min was used.

IV.4.3 Monomer Synthesis
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Figure 1V-8 Monomer syntheses from commercially available unsaturated alcohols OH-
3-5. (a) terephthalic acid (18), DCC, DMAP, DCM, rt, 24 h; (b) dimethylcarbonate (19),
NaOH, Hexanes, 95 °C, 7-14 h; (c) thionyl chloride (20), Et3N, DCM, 2 h, 0 °C to rt; (d)
1) TsCl, pyridine, DCM, rt, 2 h; 2) R—-OH (OH-3-5), NaH, DMF, 0 °C to rt, 14 h.
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General procedure A: synthesis of aromatic diester monomers

Terephthalic acid 18 (1 equiv), DCC (2.1 equiv), and DMAP (0.1 equiv) were weighed
into a flame-dried round bottom flask equipped with a stir bar. The flask was evacuated
and backfilled with N three times. Anhydrous DCM (concentration of terephthalic acid:
C = 0.1 M) was added to the flask, followed by dropwise addition of unsaturated alcohol
OH-3, OH-4, or OH-5 (1 equiv). The mixture was stirred at room temperature for 24 h.
The reaction mixture was then filtered through a pad of celite (~ 2 cm) and the volatiles
were removed in vacuo. Column chromatography (SiOz, 1:1 hexane:DCM to 100% DCM)
afforded the desired ester as a clear oil.

cis,cis-Monomer 10

10

Synthesized following general procedure A using cis-hex-4-en-1-ol (OH-3) (35.9
mmol), terephthalic acid (18) (17.1 mmol), DCC (39.4 mmol), and DMAP (1.7 mmol).
Yield: 4.1 g, 12.4 mmol, 74%.

IH NMR (400 MHz, CDCls) § 8.11 (s, 4 H), 5.57-5.37 (m, 4 H), 4.38-4.32 (t, J = 6.5 Hz,
4 H), 2.26-2.18 (g, J = 7.2 Hz, 4 H), 1.90-1.81 (p, J = 6.7 Hz, 4 H), 1.64-1.59 (dd, J =
1.5Hz, 5.2 Hz, 6 H) ppm.

13C NMR (101 MHz, CDCl3) & 166.0, 134.3, 129.6, 129.1, 125.3, 65.0, 28.6, 23.4, 12.9

ppm.

HRMS-APCI: calc’d. for C2oH2704 [M+H]" 331.1904, found 331.1901.
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cis,cis-Monomer 14

14

Synthesized following general procedure A using cis-oct-5-en-1-ol (OH-4) (13.3 mmol),
terephthalic acid (18) (6.0 mmol), DCC (12.2 mmol), and DMAP (0.6 mmol). Yield 1.7
g, 4.7 mmol, 79%.

IH NMR (400 MHz, CDCl3) & 8.09 (s, 4 H), 5.44-5.30 (m, 4 H), 4.35 (t, J = 6.6 Hz, 4 H),
2.14-2.01 (m, 8 H), 1.83-1.76 (m, 4 H), 1.55-1.48 (m, 4 H), 0.96 (t, J = 7.5 Hz, 6 H) ppm.
13C NMR (101 MHz, CDCls) § 165.9, 134.2, 132.3, 129.5, 128.4, 65.4, 28.2, 26.6, 26.1,
20.5, 14.3 ppm.

HRMS-APCI: calc’d. for C2sHzs04 [M+H]* 387.2530, found 387.2530.

(o]
oK
/\M;o
(o]
23

Synthesized following general procedure A using pent-4-en-1-ol (OH-5) (11.6 mmol),

Monomer 23

terephthalic acid (18) (5.8 mmol), DCC (14.5 mmol), and DMAP (0.6 mmol). Yield: 1.1

g, 3.5 mmol, 60%.
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The spectroscopic data for this compound were identical to those reported in the
literature.%

IH NMR (400 MHz, CDCl3) § 8.10 (s, 4 H), 5.92-5.78 (m, 2 H), 5.13-4.98 (m, 4 H), 4.39—
4.34 (t,J = 6.6 Hz, 4 H), 2.27-2.19 (g, J = 7.1 Hz, 4 H), 1.95-1.84 (p, J = 6.7 Hz, 4 H)

ppm.

General procedure B: synthesis of carbonate monomers

General procedure B was adapted from the literature.!° NaOH (0.05 equiv) was weighed

into a flame-dried 25 mL round bottom flask equipped with a stir bar. The flask was then
fitted with a Dean-Stark apparatus and a condenser. Distilled H20 (7 mL) was then added
to the Dean-Stark apparatus and degassed under vacuum for 10 min. Hexanes were
degassed by vigorous purging with Arand added to the Dean-Stark until the apparatus was
filled to the point of spilling over into the collection flask. Degassed hexanes
(concentration of dimethyl carbonate: C =1 M) were then added to the flask followed by
dimethyl carbonate 19 (0.5 equiv) and the unsaturated alcohol OH-3-5 (1.0 equiv). The
reaction was then lowered into an oil bath at 95 °C and wrapped with aluminum foil. After
1 h, another equivalent of unsaturated alcohol was added and heating continued for 13 h.
The round bottom flask was then allowed to cool to room temperature, hexanes were
removed in vacuo, and the contents were subjected to column chromatography (SiO2, 5:95
EtOAc:hexanes, visualized by KMnQg stain), which afforded the unsaturated carbonate

as a clear oil.
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cis,cis-Monomer 11
Me (o] Me
MOJ\O«Q\/
4

Synthesized following general procedure B using cis-hex-4-en-1-ol (OH-3) (40.0
mmol), dimethyl carbonate (19) (10.0 mmol), and NaOH (1.0 mmol) Yield: 1.8 g, 8.0
mmol, 80%.

IH NMR (400 MHz, CDCl3) 6 5.55-5.32 (m, 4 H), 4.13 (t, J = 6.7 Hz, 4 H), 2.18-2.10 (q,
J=7.4Hz,4H),1.78-1.69 (p, J = 6.7 Hz, 4 H), 1.62-1.58 (dd, J = 5.0 Hz, 1.7 Hz, 6 H)
ppm.

13C NMR (101 MHz, CDCl3) § 155.7, 129.2, 125.4, 67.7, 28.8, 23.3, 13.0 ppm.

HRMS-APCI: calc’d. for C13H2203 [M+H]" 227.1642, found 227.1641.

cis,cis-Monomer 15
Et o Et
Srototh
15

Synthesized following general procedure B using cis-oct-5-en-1-ol (OH-4) (31.0 mmol),
dimethyl carbonate (19) (7.8 mmol), NaOH (0.8 mmol). Yield 1.7 g, 6.2 mmol, 79%.

'H NMR (400 MHz, CDCl3) 6 5.48-5.19 (m, 4 H), 4.13 (t, J = 6.7 Hz, 4 H), 2.13-1.94
(m, 8 H), 1.76-1.61 (m, 4 H), 1.51-1.37 (m, 4 H), 0.95 (t, J = 7.5 Hz, 6 H) ppm.

13C NMR (101 MHz, CDCl3) § 155.4, 132.2, 128.4, 67.9, 28.2, 26.6, 25.8, 20.5, 14.3 ppm.

HRMS-+ESI: calc’d. for C17H3003 [M+H]" 283.2268, found 283.2267.
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Monomer 24

Synthesized following general procedure B using pent-4-en-1-ol (OH-5) (12.0 mmol),
dimethyl carbonate (19) (2.9 mmol), and NaOH (0.3 mmol) Yield: 345.0 mg, 1.7 mmol,
60%.

The spectroscopic data for this compound were identical to those reported in the
literature. 1%

IH NMR (400 MHz, CDCl3) & 5.89-5.72 (m, 2 H), 5.09-4.96 (m, 4 H), 4.14 (t, J = 6.6

Hz, 4 H), 2.19-2.10 (9, J = 7.4 Hz, 4 H), 1.82-1.73 (p, J = 6.6 Hz, 4 H) ppm.

General procedure C: synthesis of sulfite monomers

General procedure C was based on a literature procedure.’®? To a flame dried round-

bottom flask, anhydrous DCM (0.6 M), unsaturated alcohol OH-3, OH-4, or OH-5 (2
equiv), and EtsN (2 equiv) were added. The flask was cooled to 0 °C with an ice/water
bath and thionyl chloride 20 (1 equiv) was added dropwise. After addition of thionyl
chloride, the turbid solution was removed from the ice/water bath and allowed to warm
slowly to room temperature. After stirring the reaction for 2 h, the unsaturated alcohol was
fully consumed as determined by TLC analysis (1:1 Hexanes:DCM, visualized by KMnO4
stain). The mixture was then washed with distilled H.O. The aqueous layer was then

extracted with DCM. The combined organic layers were then washed with brine and

135



subsequently dried over sodium sulfate. The volatiles were then removed in vacuo, leaving
a yellow oil that was subjected to column chromatography (SiOz, 1:1 hexanes: DCM). The
desired product was isolated as a clear oil.

cis,cis-Monomer 12

Synthesized following general procedure C using cis-hex-4-en-1-ol (OH-3) (20.0
mmol), EtsN (20.0 mmol), and thionyl chloride (20) (10.0 mmol). Yield: 2.1 g, 8.4 mmol,
84% vyield.

'H NMR (400 MHz, CDCl3) & 5.56-5.46 (m, 2 H), 5.40-5.31 (m, 2 H), 4.08-3.89 (m, 4
H), 2.19-2.11 (q, J = 7.1 Hz, 4 H), 1.78-1.70 (p, J = 6.6 Hz, 4 H), 1.63-1.59 (dd, J = 6.7
Hz, 1.7 Hz, 6 H) ppm.

13C NMR (101 MHz, CDCl3) § 128.7, 125.2, 61.7, 29.3, 23.0, 12.8 ppm.

HRMS-APCI: calc’d. for C12H2203S1 [M+H]" 247.1362, found 247.1362.

cis,cis-Monomer 16

Synthesized following general procedure C using cis-oct-5-en-1-o0l (OH-4) (6.6 mmol),
EtsN (6.6 mmol), and thionyl chloride (20) (3.3 mmol). Yield: 0.8 g, 2.7 mmol, 82% yield.
'H NMR (400 MHz, CDCls3) § 5.50-5.21 (m, 4 H), 4.05-3.89 (m, 4 H), 2.09-1.99 (m, 8

H), 1.72-1.64 (m, 4 H), 1.48-1.40 (m, 4 H), 0.95 (t, J = 7.5 Hz, 6 H).
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13C NMR (101 MHz, CDCls) & 132.3, 128.2, 62.1, 29.0, 26.5, 25.8, 20.5, 14.3 ppm.

HRMS-ESTI: calc’d. for C16H3103S [M+H]" 303.1988, found 303.1987.

Monomer 25

Synthesized following general procedure C using pent-4-en-1-ol (OH-5) (11.6 mmol),
EtsN (11.6 mmol), and thionyl chloride (20) (5.8 mmol). Yield: 0.7 g, 3.3 mmol, 56%
yield.

The spectroscopic data for this compound were identical to those reported in the
literature. 192

IH NMR (400 MHz, CDCls) 6 5.85-5.73 (m, 2 H), 5.09-4.98 (m, 4 H), 4.08-3.90 (m, 4

H), 2.20-2.12 (m, 4 H), 1.82-1.74 (m, 4 H) ppm.

General procedure D: synthesis of tosylate intermediates

General procedure D was based on a literature procedure.’'! In a flame-dried round

bottom flask equipped with a stir bar, tosyl chloride (1.1 equiv) and DMAP (0.1 equiv)
were added. The contents were evacuated and backfilled with N three times. Anhydrous
DCM (alcohol concentration: C = 0.4 M) was then added to the flask under an atmosphere
of N. Unsaturated alcohol OH-3, OH-4, or OH-5 (1 equiv) was added dropwise, followed
by anhydrous EtsN (2.3 equiv). After stirring reaction (between 90-120 minutes as

monitored by TLC) at room temperature, the contents were washed with distilled H.O
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three times and brine once. The organic layer was dried over sodium sulfate and the
volatiles were removed in vacuo. Purification via column chromatography (SiO2, 2:1
hexanes: DCM) afforded the desired tosylate compound as a clear oil.

cis-Tosylate 21

Synthesized following general procedure D using cis-hex-4-en-1-ol (OH-3) (10.0
mmol), tosyl chloride (11.0 mmol), DMAP (1.0 mmol), and EtzN (23.0 mmol). Yield: 2.4
g, 9.4 mmol, 94%.

IH NMR (400 MHz, CDCl3) § 7.79 (d, J = 8.3 Hz, 2 H), 7.34 (d, J = 8.1 Hz, 2 H), 5.51—
5.42 (m, 1 H), 5.29-5.21 (m, 1H), 4.06-4.01 (t, J = 6.4 Hz, 2 H), 2.45 (s, 3 H) 2.11-2.03
(9, J = 7.3 Hz, 2 H), 1.74-1.66 (p, J = 6.5 Hz, 2 H), 1.57-1.53 (dd, J = 6.8, 1.6 Hz, 3 H)
ppm.

13C NMR (101 MHz, CDCl3) & 144.8, 133.4, 129.9, 128.4, 128.0, 125.7, 70.2, 28.8, 22.8,
21.8,12.8 ppm.

HRMS-ESI: calc’d. for C13H1803S: [M+Na]* 277.0869, found 277.0872.

cis-Tosylate 22
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Synthesized following general procedure D using cis-oct-5-en-1-ol (OH-4) (13.3 mmol),
tosyl chloride (14.6 mmol), DMAP (1.3 mmol), and EtsN (17.2 mmol). Yield: 2.8 g, 9.9
mmol, 75%.

IH NMR (400 MHz, CDCl3) § 7.79 (d, J = 8.3 Hz, 2 H), 7.34 (d, J = 8.1 Hz, 2 H), 5.36—
5.17 (m, 2 H), 4.02 (t, J = 6.5 Hz, 2 H), 2.45 (s, 3 H), 1.98 (M, 4 H), 1.72-1.59 (m, 2 H),
1.44-1.32 (m, 2 H), 0.93 (t, J = 7.5 Hz, 3 H).

13C NMR (101 MHz, CDCls) & 144.6, 133.2, 132.4, 129.8, 128.0, 127.9, 70.5, 28.3, 26.2,
25.3, 21.6, 20.5, 14.3 ppm.

HRMS-ESTI: calc’d. for C1sH2203S: [M+Na]* 305.1182, found 305.1188.

Tosylate 27

Y/

\/\/\0/3\©\
Me

27

Synthesized following general procedure D using pent-4-en-1-ol (OH-5) (5.8 mmol),
tosyl chloride (6.4 mmol), DMAP (0.58 mmol), and EtsN (13.3 mmol). Yield: 1.4 g, 5.5
mmol, 98%.

The spectroscopic data for this compound were identical to those reported in the
literature.1*2

IH NMR (400 MHz, CDCl3) § 7.79 (d, J = 8.3 Hz, 2 H), 7.35 (d, J = 8.0 Hz, 2 H), 5.75—
5.63 (M, 1H), 4.99-4.96 (m, 1H), 4.95-4.92 (m, 1H), 4.06-4.01 (t, J = 6.4 Hz, 2 H), 2.45

(s,3H) 2.12-2.05 (g, J = 7.0 Hz, 2 H), 1.78-1.70 (p, J = 6.4 Hz, 2 H) ppm.
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General procedure E: synthesis of ether monomers

General procedure E was modified from a literature procedure.'*® A flame-dried reaction

flask was charged with unsaturated tosylate 21, 22, or 27 (1 equiv), which was then
dissolved in anhydrous DMF (C = 0.3 M) under Ar. Sodium hydride (1.2 equiv, 60%
dispersion in mineral oil) was added to the round bottom flask, which was subsequently
cooled to 0 °C in an ice/water bath. Unsaturated alcohol OH-3, OH-4, or OH-5 (1.2 equiv)
was added dropwise to the flask under Ar. After complete addition, the round bottom flask
was allowed to slowly warm to room temperature and the mixture were stirred overnight.
The yellow-orange solution was further diluted in ether and washed three times with a
saturated ammonium chloride solution and once with brine. The organic layer was then
dried over sodium sulfate and the solvent was removed in vacuo. Purification via column
chromatography (SiOz, hexanes) afforded the desired monomer as a clear oil.

cis,cis-Monomer 13

AN

3 3

Me Me
13

Synthesized following general procedure E using tosylate 21 (10.0 mmol), cis-hex-4-en-
1-ol (OH-3) (12.0 mmol), and sodium hydride (60% dispersion in mineral oil) (12.0
mmol). Yield: 1.7 g, 9.2 mmol, 92%.

IH NMR (400 MHz, CDCl3) 6 5.52-5.33 (m, 4 H), 3.45-3.36 (t, J = 6.6 Hz, 4 H), 2.17—
2.06 (g, J = 7.1 Hz, 4 H), 1.68-1.58 (m, 10 H) ppm.

13C NMR (101 MHz, CDCl3) § 130.1, 124.4, 70.4, 29.7, 23.6, 12.9 ppm.

HRMS-APCT: calc’d. for C12H2301 [M+H]" 183.1743, found 183.1744.
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cis,cis-Monomer 17

AT

4 4

Et Et
17

Synthesized following general procedure E using tosylate 22 (9.7 mmol), cis-oct-5-en-
1-ol (OH-4) (10.2 mmol), and sodium hydride (60% dispersion in mineral oil) (12.7
mmol). Yield: 1.7 g, 7.3 mmol, 75%.

'H NMR (400 MHz, CDCl3) & 5.55-5.16 (m, 4 H), 3.40 (t, J = 6.6 Hz, 4 H), 2.12-1.92
(m, 8 H), 1.62-1.54 (m, 4 H), 1.44-1.36 (m, 4 H), 0.95 (t, J = 7.5 Hz, 6 H) ppm.

13C NMR (101 MHz, CDCls3) § 131.8, 128.9, 70.8, 29.4, 26.9, 26.3, 20.5, 14.3 ppm.

HRMS-APCI: calc’d. for C16H3101 [M+H]" 239.2369, found 239.2369.

Monomer 26

Synthesized following general procedure E using compound 27 (5.8 mmol), pent-4-en-
1-ol (OH-5) (6.9 mmol), and sodium hydride (60% dispersion in mineral oil) (6.9 mmol).
Yield: 568.0 mg, 3.7 mmol, 64%.

The spectroscopic data for this compound were identical to those reported in the
literature. 14

IH NMR (400 MHz, CDCls) & 5.88-5.76 (m, 2 H), 5.06-4.93 (m, 4 H), 3.43-3.39 (t, J =

6.5 Hz, 4 H), 2.16-2.08 (q, J = 7.1 Hz, 4 H), 1.71-1.63 (p, J = 6.5 Hz, 4 H) ppm.
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IV.4.4 General Polymerization Procedure for Ester, Carbonate, Sulfite, and Ether
Monomers

An oven-dried vial was charged with a Ru catalyst (Ru-1a, Ru-1b, Ru-5b or Ru-
6) and dissolved in 1,2,4-trichlorobenzene (0.1 mL) in an N2-filled glovebox. The solution
of catalyst was added to another vial containing the pre-weighed monomer (0.1-1.0
mmol). The reaction mixture was then transferred by a syringe to a Schlenk flask equipped
with a stir bar and a red rubber septum wrapped with electrical tape. The flask was then
removed from the glovebox and attached to a high vacuum manifold where the contents
of the flask were put under vacuum (~100 mTorr) and the reaction was allowed to stir until
completion at room temperature or into an oil bath preheated at the desired temperature.
After the reaction was complete, the flask was placed under static vacuum and ethyl vinyl
ether (50 uL) was added at room temperature and the mixture was stirred for an additional
5 minutes. The polymer was then precipitated with ice-cold methanol and isolated via
centrifugation (8500 rpm, 10 minutes). The polymers were then dried under high vacuum
for 16-24 h. Conversions of monomers were determined by *H NMR spectra of the crude
reaction mixture and the cis content was quantified by deconvolution of cis and trans
olefin peaks in the *H NMR spectra (demonstrated with cis/trans poly-10 in Figure IV-11).
Molar masses and dispersity were characterized by size exclusion chromatography. The
configuration of olefins on polymers was further confirmed by the isolation of
corresponding cis or trans diols (OH-1 or OH-2) via basic hydrolysis of the polymer
(poly-10-12 and poly-14-16) (procedure described in Hydrolysis section) or IR spectra
(poly-13 and poly-17).
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IV.4.5 ADMET Polymerization of Ester, Carbonate, Sulfite, and Ether Monomers

Table 1V-2 Optimization of Stereoretentive ADMET Polymerization of Monomers 10

and 23
o R o]
O«H}/ [Ru] cat. _ oA N
3
No TCB, Temp, time ,(/0 cis or trans
3 100 mtorr
R o] o]
10: R = Me TCB = 1,2,4-trichlorobenzene poly-10
23:R=H
time Mhn )
entry monomer cat. (mol%o) b cis%
(C)  (n)  (kg/mol)

1 23 Ru-1a (5.0) 50 16 13.1 2.61 23
2 23 Ru-6 (5.0) 50 16 — — —
3 23 Ru-5b (5.0) 50 16 — — —
4 10 Ru-1a (5.0) 50 16 43 1.50 29
5 10 Ru-1a (5.0) 80 16 11.8 2.76 26
6 10 Ru-1b (5.0) 50 16 13.4 2.00 21
7 10 Ru-6 (5.0) 80 16 15.7 2.41 52
8 10 Ru-6 (5.0) 50 16 13.1 2.13 54
9 10 Ru-6 (5.0) 50 8 17.2 1.84 54
10 10 Ru-6 (5.0) 50 4 12.6 1.74 62
11 10 Ru-6 (5.0) 50 2 11.8 1.81 73
12 10 Ru-6 (0.5) 23 2 13.5 1.88 >99
13 10 Ru-5b (0.5) 23 2 13.0 1.75 >99
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14 10 Ru-6 (5.0) 50 1 8.1 1.62 84

15 10 Ru-6 (5.0) 50 0.5 9.3 1.79 79
16 trans-10 Ru-6 (5.0) 23 2 — — —
17 23 Ru-1a (5.0) 23 2 2.0 1.14 40
18 10 Ru-1a (5.0) 23 2 — — —
19 10 Ru-6 (0.1) 23 2 10.5 1.59 >09
202 10 Ru-6 (0.5) 23 2 40 1.68 >99

aPolymerization ran in bulk conditions with no TCB.

cis-rich poly-10 (entry 12)
'H NMR (400 MHz, CDCl3) 6 8.05 (s, 4 H), 5.46 (t, J = 4.7 Hz, 2 H), 4.31 (t, J = 6.6 Hz,
4 H), 2.21 (dd, J=12.7, 7.1 Hz, 4 H), 1.91-1.76 (m, 4 H) ppm.

13C NMR (101 MHz, CDCl3) § 165.7, 134.0, 129.4, 129.4, 64.8, 28.5, 23.6 ppm.

o) o cis
{—\ : __ NeOH _ \S D 2, i
+
>_©_< " EtOH/H,0  HO OH HOMOH

80 °C, 2 h
all-cis poly-10 96% 18 cis OH-1

Olefin configuration was further characterized by the isolation of cis-oct-4-ene-1,8-diol
(cis OH-1) via basic hydrolysis of the polymer in 96% vyield (procedure described in
Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was found to be

consistent with the cis content in the starting polymer.
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trans-rich poly-10 (entry 5)

The spectroscopic data for this compound were identical to those reported in the
literature.%

IH NMR (400 MHz, CDCls) & 8.09-8.05 (m, 4 H), 5.51-5.45 (m, 2 H), 4.35-4.31 (t, J =
6.7 Hz, 4 H), 2.21-2.14 (m, 4 H), 1.87-1.80 (m, 4 H) ppm.

13C NMR (101 MHz, CDCls) § 165.8, 134.1, 129.9, 129.5, 64.8, 28.9, 28.4, 23.6 ppm.

o : trans !
trans or cis ! = OH !
o3 —_— 4 ] :
40 3" EtOH/H,O HO OH -.----.ff_a_flsz__QH_l____-
80°C,2h crs
0 98% HO—MOH
trans-rich poly-10 18 cis OH-1

Olefin configuration was further characterized by the isolation of cis/trans-oct-4-ene-1,8-
diol (cis/trans OH-1) through basic hydrolysis of the polymer in 98% yield (procedure
described in Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was

found to be consistent with the cis content in the starting polymer.

Table 1V-3 Polymerization of 11 and 24 to Access Various cis/trans Ratios

RK/\/\ )cj)\ J [RU] cat i
X /\/\/ > NN NS
o o TCB, Temp, time \60 o )
cis or trans
11: R = Me 100 mtorr
24:R=H poly-11
T TCB = 1,2,4-trichlorobenzene
T  time conv. Mn )
entry monomer cat (mol%) b Cis%

C) () (%)  (kg/mol)

1 11 Ru-6 (0.5) 23 2 100 8.2 150 99
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2 11 Ru-6 (0.5) 80 6 100 12.2 1.80 62

3 11 Ru-6 (0.5) 60 6 100 12.2 180 45
4 11 Ru-la(1.0) 55 16 100 10.0 155 24
5 24 Ru-la(1.0) 55 16 100 21.9 197 19

cis-rich poly-11 (entry 1)
'H NMR (400 MHz, CDCls) § 5.38-5.28 (m, 2 H), 4.11-4.00 (t, J = 6.8 Hz, 4 H), 2.11-
1.96 (m, 4 H), 1.71-1.61 (p, J = 6.7 Hz, 4 H) ppm.

13C NMR (101 MHz, CDCls) § 155.4, 129.4, 67.4, 28.6, 23.4 ppm.

i cis cis
— NaOH —
(o) (0] > HO OH
T s 5 EtOH/H,0 M
all-cis poly-11 80°C, 16 h cis OH-1
94%

Olefin configuration was further characterized by the isolation of cis-oct-4-ene-1,8-diol
(cis OH-1) via basic hydrolysis of the polymer in 94% yield (procedure described in
Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was found to be

consistent with the cis content in the starting polymer.

trans-rich poly-11 (entry 5)
The spectroscopic data for this compound were identical to those reported in the

literature.100
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IH NMR (400 MHz, CDCls) § 5.43-5.31 (m, 2 H), 4.13-4.05 (t, J = 6.9 Hz, 4 H), 2.14—

1.95 (m, 4 H), 1.77-1.64 (p, J = 6.8 Hz, 4 H) ppm.

13C NMR (101 MHz, CDCl3) § 155.4, 130.0, 129.4, 67.4, 28.7, 28.6, 23.5 ppm.

\major trans '

' S OH
O trans or cis NaOH 1 HO™ 73 3
Yoo th ) 2 > ... transOHA__

3 3% EtOH/H,0 cis
trans-rich poly-11 80°C,2h HO—MOH
0,
94% cis OH-1

Olefin configuration was further characterized by the isolation of cis/trans-oct-4-ene-1,8-
diol (cis/trans OH-1) through basic hydrolysis of the polymer in 94% yield (procudure
described in Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was

found to be consistent with the cis content in the starting polymer.

Table 1V-4 Polymerization of 12 and 25 to Access Various cis/trans Ratios

(o)
RK/\/\ ﬁ /\/\)R [RU] cat g
N o” Yo Z > \eo/ \OWW

TCB, Temp, time

12: R = Me 100 mtorr cis or trans
25:R=H poly-12
’ TCB = 1,2,4-trichlorobenzene
T time conv. Mn )
entry monomer cat. (mol% D Cis%
y (mol%) ocy () (%)  (kg/mol) 6
1 12 Ru-6 (0.5) 23 2 100 12.0 1.67 99
2 12 Ru-6 (5.0) 50 4 100 11.0 1.69 73
3 12 Ru-6 (5.0) 80 16 100 10.9 1.55 55

147



4 12 Ru-la (2.0) 80 16 100 10.1 1.41 16

5 25 Ru-1a (3.0) 50 24 100 8.7 155 21

cis-rich poly-12 (entry 1)
'H NMR (400 MHz, CDCl3) 6 5.39 (t, J = 4.7 Hz, 2 H), 4.06-3.88 (m, 4 H), 2.14 (m, 4
H), 1.82-1.67 (m, 4 H) ppm.

13C NMR (101 MHz, CDCls) § 129.3, 61.6, 29.4, 23.4 ppm.

ﬁ cis cis
_S. — NaOH —
0" o >  HO OH
t JEIA EtOH/H,0 M
all-cis poly-12 80°C, 16 h cis OH-1
94%

Olefin configuration was further characterized by the isolation of cis-oct-4-ene-1,8-diol
(cis OH-1) via basic hydrolysis of the polymer in 94% yield (procedure described in
Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was found to be

consistent with the cis content in the starting polymer.

trans-rich poly-12 (entry 5)

The spectroscopic data for this compound were identical to those reported in the
literature. 192

IH NMR (400 MHz, CDCl3) & 5.44-5.38 (m, 2 H), 4.06-3.88 (m, 4 H), 2.16-2.07 (m, 4
H), 1.76-1.70 (m, 4 H) ppm.

13C NMR (101 MHz, CDCls) § 129.8, 61.6, 29.2, 28.6 ppm.
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! trans E

: > OH !

\(\ E trans/or cis NaOH . HO t 3 o 13 .
' rans OH-

o~ "oty GEERLEEEE R SRR, '

’ 3'n EtOH/H,0 cis
trans-rich poly-12 80°C,2h HO—MOH

94% cis OH-1

Olefin configuration was further characterized by the isolation of cis/trans-oct-4-ene-1,8-
diol (cis/trans OH-1) through basic hydrolysis of the polymer in 94% yield (procedure
described in Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was

found to be consistent with the cis content in the starting polymer.

Table 1'V-5 Polymerization of 13 and 26 to Access Various cis/trans Ratios

Wo/\/\/ [RU] cat > \60/\/\/“\1/\4:

TCB, Temp, time cis or trans
13: R=Me 100 mtorr
26:R=H poly-13
TCB = 1,2,4-trichlorobenzene
T time conv. Mn )
entry monomer cat. (mol%) b Ccis%
(°C) () (%) (kg/mol)
1 13 Ru-6 (0.5) 23 2 100 9.2 1.31 99
2 13 Ru-6 (0.5) 50 6 100 231 1.95 67
3 13 Ru-6 (0.5) 80 6 100 213 2.00 45
4 13 Ru-1a (1.0) 55 16 100 8.2 1.42 19
5 26 Ru-1a (1.0) 55 16 100 17.2 1.78 20
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cis
et
cis-rich poly-13
cis-rich poly-13 (entry 1)
IH NMR (400 MHz, CDCls) 6 5.42-5.33 (m, 2 H), 3.42-3.35 (t, J = 6.7 Hz, 4 H), 2.16—
2.00 (m, 4 H), 1.67-1.56 (p, J = 6.8 Hz, 4 H) ppm.
13C NMR (101 MHz, CDCl3) § 129.8, 70.5, 29.9, 23.9 ppm.

Olefin configuration was further characterized by IR spectrum (Figure 1V-9).

trans or cis

Tothty)

3'n

trans-rich poly-13
trans-rich poly-13 (entry 5)
The spectroscopic data for this compound were identical to those reported in the
literature. !4
'H NMR (400 MHz, CDCl3) & 5.50-5.32 (m, 2 H), 3.42-3.34 (t, J = 6.4 Hz, 4 H), 2.12—
1.95 (m, 4 H), 1.68-1.56 (t, J = 6.3 Hz, 4 H) ppm.
13C NMR (101 MHz, CDCl3) § 130.2, 129.8, 70.4, 29.7, 23.9 ppm.

Olefin configuration was further characterized by IR spectrum (Figure 1V-9).
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Figure V-9 IR comparison between cis-rich poly-13 and trans-rich poly-13.
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IV.4.6 ADMET Polymerization of Ethyl-Capped Monomers

Table 1V-6 Polymerization of 14 to Access Various cis/trans Ratios

(o]
W [Ru] cat. °W
4
N TCB, Temp, t/me %0 cis or trans
100 mtorr

TCB = 1,2,4-trichlorobenzene poly-14
cat. T time conv. Mn )
entry D cis%
(mol%o) (°C) (h) (%) (kg/mol)
1 Ru-6 (1) 23 4 100 15.9 1.87 94
2 Ru-6 (2) 80 6 100 23.1 2.98 62
3 Ru-6 (2) 80 16 100 19.0 2.08 31
4 Ru-1a (2) 80 16 100 7.8 1.97 21

cis-rich poly-14 (entry 1)
'H NMR (400 MHz, CDCls) § 8.08 (s, 4 H), 5.40 (t, J = 4.6 Hz, 2 H), 4.33 (t, J = 6.6 Hz,
4 H), 2.14-2.09 (m, 4 H), 1.82-1.75 (m, 4 H), 1.55-1.47 (m, 4 H) ppm.

13C NMR (101 MHz, CDCl3) § 165.8, 134.1, 129.8, 129.5, 65.3, 28.2, 26.8, 26.0 ppm.

M o, T =
w0t M
>_©_< N EtOH/H,0  HO ow HO, [4;OH

80°C, 2 h
all-cis poly-14 90% 18 cis OH-2
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Olefin configuration was further characterized by the isolation of cis-dec-5-ene-1,10-diol
(cis OH-2) via basic hydrolysis of the polymer in 90% vyield (procedure described in
Hydrolysis section, Figure 1VV-13). The cis content of the isolated diol was found to be

consistent with the starting polymer.

trans-rich poly-14 (entry 4)
'H NMR (400 MHz, CDCls) § 8.08 (s, 4 H), 5.44-5.39 (m, 2 H), 4.33 (t, J = 6.6 Hz, 4 H),
2.14—2.05 (m, 4 H), 1.81-1.74 (m, 4 H), 1.54-1.47 (m, 4 H) ppm.

13C NMR (101 MHz, CDCl3) § 165.8, 134.1, 130.3, 129.5, 65.4, 32.1, 28.1, 25.9 ppm.

o trans or cis ; tra/ns OH E
gy, o, & (5 f P
o 4" EtOH/H,0 H T ___transOH-2___:
’eo 2 (o] OH :
80°C,2h crs
o 90% HO—MOH
trans-rich poly-14 18 cis OH-2

Olefin configuration was further characterized by the isolation of cis/trans-dec-5-ene-
1,10-diol (cis/trans OH-2) via basic hydrolysis of the polymer in 90% yield (procedure
described in Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was

found to be consistent with the cis content in the starting polymer.
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Table 1V-7 Polymerization of 15 to Access Various cis/trans Ratios

o [Ru] cat o)
u] cat.
—_—

M\OJI\O/VV\' TCB ‘GOJLO/\/\'/\HW:
Bt Et Temp, time cis or trans

15 100 mtorr poly-15

TCB = 1,2,4-trichlorobenzene
cat. T time conv. Mn )
entry b cis%o

(mol%s)  (°C) () %)  (kg/mol)

1 Ru-6 (2) 23 4 100 7.2 1.40 99
2 Ru-6 (2) 30 4 100 12,5 1.63 73
3 Ru-6 (2) 55 16 100 19.4 2.24 28
4 Ru-1a (2) 55 16 100 75 1.46 16

cis-rich poly-15 (entry 1)
'H NMR (400 MHz, CDCl3) § 5.40-5.30 (m, 2 H), 4.15-4.08 (t, J = 6.7 Hz, 4 H), 2.11-
1.95(m, 4 H), 1.72-1.62 (p, J = 6.7 Hz, 4 H), 1.47-1.38 (p, J = 7.9 Hz, 4 H) ppm.

13C NMR (100 MHz, CDCl3) 5 155.5, 129.8, 68.0, 28.4, 26.9, 25.9 ppm.

(0] cis cis

= NaOH =
o o > HO OH
<_ i O n EtOH/H,0 m
all-cis poly-15 80 °C, 16 h cis OH-2
70%

Olefin configuration was further characterized by the isolation of cis-dec-5-ene-1,10-diol

(cis OH-2) via basic hydrolysis of the polymer in 70% vyield (procedure described in
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Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was found to be

consistent with the cis content in the starting polymer.

trans-rich poly-15 (entry 4)
'H NMR (400 MHz, CDCls) § 5.41-5.30 (m, 2 H), 4.15-4.06 (t, J = 6.6 Hz, 4 H), 2.09—
1.92 (m, 4 H), 1.70-1.59 (p, J = 6.3 Hz, 4 H), 1.47-1.36 (p, J = 7.9 Hz, 4 H) ppm.

13C NMR (100 MHz, CDCls) & 155.5, 130.3, 129.8, 68.0, 32.2, 28.2, 25.7 ppm.

Emajor trans E
: = OH ;
o trans or cis NaOH : HOH“\/\M; :
(\OJ\OW 2 » ... fransOH-2 |
4 4’n EtOH/H,0 cis
trans-rich poly-15 80°C,2h HOMOH
99% cis OH-2

Olefin configuration was further characterized by the isolation of cis/trans-dec-5-ene-
1,10-diol (cis/trans OH-2) via basic hydrolysis of the polymer in 99% yield (procedure
described in Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was

found to be consistent with the cis content in the starting polymer.

155



Table 1V-8 Polymerization of 16 to Access Various cis/trans Ratios

|o| [Ru] cat fl)
u] cat.
Wo/ \O/\/\/\ TCB ‘60/ \O/\/\/\,W:
. is or trans
Et Et Temp, time c
16 100 mtorr poly-16
TCB = 1,2,4-trichlorobenzene
T ) conv. Mn )
entry cat. (mol%) time (h) b cis%
(°C) (%) (kg/mol)

1 Ru-6 (1) 23 4 100 10.1 1.43 99

2 Ru-6 (2) 50 4 100 11.5 161 72

3 Ru-6 (2) 80 16 100 16.8 1.79 48

4 Ru-1a (2) 50 16 100 6.8 1.33 12

cis-rich poly-16 (entry 1)
'H NMR (400 MHz, CDCl3) § 5.36 (t, J = 4.7 Hz, 2 H), 4.07-3.88 (m, 4 H), 2.09-2.04
(m, 4 H), 1.72-1.65 (m, 4 H), 1.48-1.41 (m, 4 H) ppm.

13C NMR (101 MHz, CDCl3) § 129.7, 62.1, 29.1, 26.7, 25.8 ppm.

(l)l cis cis
S — NaOH —
0" o >  HO OH
T s 5T EtOH/H,0 m
all-cis poly-16 80°C,16h cis OH-2
94%

Olefin configuration was further characterized by the isolation of cis-dec-5-ene-1,10-diol

(cis OH-2) via basic hydrolysis of the polymer in 94% yield (procedure described in
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Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was found to be

consistent with the cis content in the starting polymer.

trans-rich poly-16 (entry 4)
'H NMR (400 MHz, CDCls3) § 5.40-5.34 (m, 2 H), 4.06-3.88 (m, 4 H), 2.07-1.99 (m, 4
H), 1.70- 1.63 (m, 4 H), 1.48-1.40 (m, 4 H) ppm.

13C NMR (101 MHz, CDCls) & 130.2, 62.1, 32.0, 28.9, 25.6 ppm.

Emajor trans :

: I~y OH !

(Is)l trans or cis NaOH E HO t 4 oH 24 '

' rans - '

‘60/ \OW > o ____tdlls RELECELER

4 EtOH/H,0 cis
trans-rich poly-16 80°C,2h HOMOH
96% ;
cis OH-2

Olefin configuration was further characterized by the isolation of cis/trans-dec-5-ene-
1,10-diol (cis/trans OH-2) via basic hydrolysis of the polymer in 96% yield (procedure
described in Hydrolysis section, Figure 1VV-12). The cis content of the isolated diol was

found to be consistent with the cis content in the starting polymer.
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Table 1V-9 Polymerization of 17 to Access Various cis/trans Ratios

Ru] cat.

Z 0 X - > Yo
(\/\/\ /M TCB, Temp, time cis or trans "
Et 17 Et 100 mtorr

poly-17
TCB = 1,2,4-trichlorobenzene
T time conv. Mn )
entry cat. (mol%) D cis%
(°C) (h) (%)  (kg/mol)
1 Ru-6 (1) 23 4 100 14.0 1.62 93
2 Ru-6 (2) 30 4 100 16.9 1.53 67
3 Ru-6 (2) 80 6 100 24.7 2.01 38
4 Ru-6 (2) 80 16 100 24.2 1.97 20
5 Ru-1a (2) 80 16 100 5.7 1.25 20

cis
ey
cis-rich poly-17
cis-rich poly-17 (entry 1)
IH NMR (400 MHz, CDCl3) § 5.35 (t, J = 4.6 Hz, 2 H), 3.39 (t, J = 6.6 Hz, 4 H), 2.07—
2.02 (m, 4 H), 1.61-1.54 (m, 4 H), 1.43-1.36 (m, 4 H) ppm.
13C NMR (101 MHz, CDCls) § 129.8, 70.8, 29.4, 27.0, 26.3 ppm.

Olefin configuration was further characterized by IR spectrum (Figure 1V-10).
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trans or cis

Toth )

4'n

trans-rich poly-17
trans-rich poly-17 (entry 4)
'H NMR (400 MHz, CDCls) § 5.40-5.34 (m, 2 H), 3.38 (t, J = 6.6 Hz, 4 H), 2.17-1.89
(m, 4 H), 1.66-1.50 (m, 4 H), 1.52-1.19 (m, 4 H) ppm.
13C NMR (101 MHz, CDCls) 6 130.3, 70.8, 32.4, 29.3, 26.2 ppm.

Olefin configuration was further characterized by IR spectrum (Figure 1V-10).

110
100
e
< g0 -
(0]
O
[ =
(L]
=
£ 80 - )
o —— trans-rich poly-17 A .
c CIS
"_E —— cis-rich poly-17 °”;':rﬁ'dﬁ':‘g"e
70 S
trans
out-of-plane
bending
60 -
| X | | X | L | " I
3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 1V-10 IR comparison between cis-rich poly-17 and trans-rich poly-17.
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IV.4.7 Deconvolution of cis and trans Olefins on cis/trans Poly-10

o ~ A Cis
o] : o] )
poly-10

M, = 15.0 kg/mol A frans
D =2.93, 62% cis

L

T
535

[ppm]

Figure IV-11 Determination of cis/trans ratio by *H NMR deconvolution of cis/trans

poly-10.
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IV.4.8 Hydrolysis of Poly-10 and Poly-14

Either poly-10 or poly-14 (3 mg in each experiment) was placed in a reaction tube
equipped with a stir bar, and solution of NaOH (100 mg) in a EtOH:H20 mixture (1:1, 8
mL) was added to the tube. The polymer suspension was heated to 80 °C for 2 h (16 h for
poly-11 and 40 h for poly-15). The reaction was cooled to room temperature and diluted
with dichloromethane (10 mL). The organic layer was washed with H,O (5 mL), dried
over sodium sulfate, and then the solvent was removed in vacuo affording diol OH-1 (from
poly-10) or diol OH-2 (from poly-14). The aqueous layer was acidified with 3M ag. HCI
and then extracted with dichloromethane twice. The combined organic fraction was dried

over sodium sulfate and concentrated in vacuo to obtain terephthalic acid (18).
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|W|th Stereoretentive Catalyst (Ru-6)

COOH
cis or frans cis or trans NaOH
EtOH/H,0
\Lﬁ -F'j .
6- x)—@—( 80°C,2h

COOH

trans

HO'H\/\H’ ﬂ—_cm

migration observed

is cs\ NaoH  $OCH !a) Ha cis Ha i
b :
m 80 Oc 2h : HO H, Hy OH :
COOH ! No migration observed :
COOH ! p,
cis or trans cis or frans NaOH : )
EtOHfH2O ' trans
: OH
+ 1
m 30°C 2 :HOM Hok A,
OOH ' No migration observed
[W|th Gl catalyst (Ru- 1b E c) trans cis

terephthalic:
acid (18) 4-octen-1,8-diol (0H-1)

..................................

HoK A" MOH

poly-10
H

a) trans ° cis trans
,,é M
b) JJM
}A\_J‘AL__/,

T T T T T T T T T T r.Va T T T T T T T T T T T T

5.65 5.55 5.45 5.35 2.35 2.25 2.15 2.05

Figure 1V-12 Basic hydrolysis of poly-10 with different cis content prepared from Ru-6
or Ru-1b (asterisk (*) designates signals assigned as other isomers of diol species caused
by olefin migration).
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cis-oct-4-ene-1,8-diol (cis OH-1)
The spectroscopic data for this compound were identical to those reported in the
literature. 1%

IH NMR (400 MHz, CDCls) § 5.41 (t, J = 4.6 Hz, 2 H), 3.66 (t, J = 6.2 Hz, 4 H), 2.18 (dd,

J=12.8,7.1 Hz, 4 H), 1.68-1.60 (m, 4 H) ppm.

COOH

cis NaOH
( ﬁ EtOH/H,0 /_/—/_\—\_\
4 n 80 OC 2h
COOH No migration observed
. terephthalic
cis poly-14 o (18) 5-decen-1,10-diol (OH-2)

Figure 1VV-13 Basic hydrolysis of cis-rich poly-14 to terephthalic acid (18) and 5-decen-
1,10-diol (OH-2).

cis-dec-5-ene-1,10-diol (cis OH-2)

The spectroscopic data for this compound were identical to those reported in the
literature. 116

IH NMR (400 MHz, CDCls) & 5.38 (t, J = 4.6 Hz, 2 H), 3.65 (t, J = 6.6 Hz, 4 H), 2.09—

2.04 (M, 4 H), 1.61-1.55 (M, 4 H), 1.47-1.41 (m, 4 H) ppm.

163



— R

OH

cis
T
4

HO

Figure 1V-14 'H NMR (400 MHz, CDCls) spectrum of compound cis OH-1.
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Figure IV-15 'H NMR (400 MHz, CDCls) spectrum of compound cis OH-2.
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IV.4.9 Thermal Characterization

(o]
(@) 3 F X n
‘eo cis or trans
poly-10
100 4 99% cis 100 70% cis
80 80
g 60 % 60
= €
2 R=y
Q Q
= 40+ = 40+
20 M., =13.5 kg/mol 20 M., = 9.5 kg/mol
1 BD=1.88 1 B&=158
T4=330°C 1 T,=244°C
0 T T T T T T T T T T 0 T T T T T T T T T T
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature ("C)
100 4 54% cis 100 4 17% cis
80 80 -
= 60+ g 60
ks £
= 40 = 404
204 My =13.1 kg/mol 204 Mn=9.3 kg/mol
D=213 D=178
1 Tqg=272°C 1 Tq =247 °C
0 I N ) I ' 1 I 4 0 I ' 1 ' I 1 1 N
100 200 300 400 500 600 100 200 300 400 500 600

Temperature (°C)

Temperature (°C)

Figure 1V-16 TGA thermograms of poly-10 with 99%, 70%, 54% and 17% cis content.
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Figure 1VV-17 DSC thermograms of poly-10 with 99%, 70%, 54% and 17% cis content.
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Table 1'V-10 Thermal Properties of Poly-10 with Varied cis Content

entry coﬁitsent My M D To Ts T To
(%) (kg/mol) (kg/mol) (°C) (°C) (°C) (°C)

1 99 135 25.4 1.88 330 21 - —

2 70 9.5 15.0 1.58 244 16 — —

3 54 13.1 27.9 2.13 272 14 _ _

4 17 9.3 16.6 1.78 247 11 - —
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Figure 1V-18 TGA thermograms of poly-11 with 99%, 62%, 45% and 24% cis content.
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Figure 1V-19 DSC thermograms of poly-11 with 99%, 62%, 45% and 24% cis content.
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Table 1'V-11 Thermal Properties of Poly-11 with Varied cis Content

entry coﬁitsent " M D To Ts T Te
(%) (kg/mol)  (kg/mol) (°C) () (¢ (°©)

1 99 8.8 122 1.50 306 68 _ —

2 62 19.5 35.0 1.80 284 66 — —

3 45 12.2 22.0 1.80 266 67 - —

4 24 10.0 15.2 1.55 269 67 _ —
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Figure 1V-20 TGA thermograms of poly-12 with 99%, 73%, 55% and 16% cis content.
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Figure 1VV-21 DSC thermograms of poly-12 with 99%, 73%, 55% and 16% cis content.
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Table 1V-12 Thermal Properties of Poly-12 with Varied cis Content

entry cogi[znt " M P2, To Ts T Te
(%) (kg/mol)  (kg/mol) *C) (¢ (¢ (O

1 99 12.0 17.4 1.67 294 — _ _

2 73 11.0 18.6 1.69 191 — — _

3 55 10.9 16.9 1.55 197 — _ _

4 16 10.1 14.2 1.41 212 — — _

174



Yo & g
cis or trans
poly-13
100 99% cis 100 4 67% cis
80 - 80
S =
< =
£ 60+ = 604
g 5
- :
40 - 40 -
204 M, =9.2kg/mal 204 M, =23.1kg/mol
B=1.31 | P=1.95
T4=373°C Tyo=360°C
o T T T T T 0 T T T T T T
100 <00 X0 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)
100 45% cis 100 19% cis
80 4 80 -
9 i
= 80 = 60
3 2
= =

40 4

20 4

M, = 21.3 kg/mol
D =2.00
Ta=351°C

300 400
Temperature (°C)

100 200

500 600

40 =

20+

M, = 8.2 kg/mol
b=142
Ty=266°C

300 400 500

Temperature (°C)

T
100 200 600

Figure 1V-22 TGA thermograms of poly-13 with 99%, 67%, 45% and 19% cis content.
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Figure 1V-23 DSC thermograms of poly-13 with 99%, 67%, 45% and 19% cis content.
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Table 1'V-13 Thermal Properties of Poly-13 with Varied cis Content

entry coﬁitsent " M F)) Ta To Tm Te
(%) (kg/mol)  (kg/mol) (°C) () (¢ (°©)

1 99 9.2 12.0 1.31 373 _ _ _

2 67 23.1 45.0 1.95 360 _ _ _

3 45 213 425 2.00 351 _ _ _

4 19 8.2 11.7 1.42 266 - 44 _
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Figure 1VV-24 TGA thermograms of poly-14 with 94%, 62%, 31% and 21% cis content.
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Table 1V-14 Thermal Properties of Poly-14 with Varied cis Content

entry coﬁitsent " M D To Ts T Te
(%) (kg/mol) (kg/mol) (&(®)) (&(®)] (&(®)] (°C)

1 94 15.9 29.7 1.87 361 29 _ —

2 62 232 69.1 2.98 357 24 _ _

3 31 19.0 39.5 2.08 330 24 67 —

4 21 7.8 15.4 1.97 281 — 86 25
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Figure 1V-26 TGA thermograms of poly-15 with 99%, 73%, 28% and 16% cis content.
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Table 1'V-15 Thermal Properties of poly-15 with Varied cis Content

cis

entry content My M D To Ts T Te
(%) (kg/mol)  (kg/mol) () () (¢ (°©)

1 99 7.2 10.1 1.40 304 _ _ _

2 73 125 20.4 1.63 284 _ _ _

3 28 19.4 435 2.24 257 _ _ _

4 16 75 10.9 1.46 258 — 38 11
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Figure 1V-28 TGA thermograms of poly-16 with 99%, 72%, 48% and 12% cis content.
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Table 1V-16 Thermal Properties of Poly-16 with Varied cis Content

cis

entry content " Muw D Td To Tm Te
(%) (kg/mol)  (kg/mol) () () () (O

1 99 10.1 14.4 1.43 275 _ _ _

2 72 115 18.5 1.61 230 — — _

3 48 16.8 30.1 1.79 244 _ _ _

4 12 6.8 9.0 1.33 220 _ _ _
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Table 1'V-17 Thermal Properties of Poly-17 with Varied cis Content

entry coﬁitsent My M D To Ts T Te
(%) (kg/mol) (kg/mol) (°C) (°C) (°C) (°C)

1 93 14.0 22.7 1.62 390 _ _ _

2 67 16.9 25.9 153 374 _ _ _

3 38 24.9 49.6 2.01 355 _ 19 40

4 20 24.2 477 1.97 349 — -6 23
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IV.4.10 NMR Spectra of Synthesized Intermediates, Monomers and Polymers
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Figure 1V-32 *H NMR (400 MHz, CDClIs) spectrum of compound 10.
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Figure 1V-33 C NMR (101 MHz, CDClIs) spectrum of compound 10.
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Figure 1V-34 'H NMR (400 MHz, CDCls) spectrum of compound 11.
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Figure 1V-35 C NMR (101 MHz, CDCls) spectrum of compound 11.
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Figure 1V-39 C NMR (101 MHz, CDClIs) spectrum of compound 13.
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Figure 1V-41 C NMR (101 MHz, CDClIs) spectrum of compound 14.
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Figure 1V-47 C NMR (101 MHz, CDClIs) spectrum of compound 17.
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Figure 1V-48 'H NMR (400 MHz, CDCls) spectrum of compound 21.
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Figure 1V-49 C NMR (101 MHz, CDCls) spectrum of compound 21.
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Figure 1V-50 *H NMR (400 MHz, CDClIs) spectrum of compound 22.
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Figure IV-51 C NMR (101 MHz, CDCls) spectrum of compound 22.
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Figure 1V-55 3C NMR (101 MHz, CDClIs) spectrum of cis-rich poly-11.
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Figure 1V-56 'H NMR (400 MHz, CDCls) spectrum of cis-rich poly-12.
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Figure IV-57 C NMR (101 MHz, CDCls) spectrum of cis-rich poly-12.
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Figure 1V-59 C NMR (101 MHz, CDClIs) spectrum of cis-rich poly-13.
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Figure IV-60 'H NMR (400 MHz, CDCls) spectrum of cis-rich poly-14.
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Figure 1V-61 C NMR (101 MHz, CDClIs) spectrum of cis-rich poly-14.
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Figure 1V-62 'H NMR (400 MHz, CDCls) spectrum of cis-rich poly-15.
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Figure IV-63 C NMR (101 MHz, CDCls) spectrum of cis-rich poly-15.
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Figure IV-65 C NMR (101 MHz, CDCls) spectrum of cis-rich poly-16.
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CHAPTER V
cis-SELECTIVE ACYCLIC DIENE METATHESIS POLYMERIZATION OF o, -
DIENES”

V.1 Introduction

The development of stereoselective methods to access olefin-containing
macromolecules with precise geometries remains a grand synthetic challenge despite the
documented dependence of the properties of such soft materials on cis/trans
stereochemistry.® For example, cis polyisoprene (PI) is an elastic soft material, while trans
Pl is a hard, brittle material.®° Homogeneous and heterogeneous catalysts have been
developed for the coordination-insertion polymerization of 1,3-dienes with selective
formation of either trans or cis linkages, but these catalytic systems are notoriously
intolerant to polar functional groups and can lead to the formation of vinyl defects through
competitive 1,2-insertions.!! Recently, several elegant approaches have been implemented
to deliver polymers with predictable cis:trans contents either through thiol-yne click
chemistry®284117 or via a metal-free ring-opening metathesis polymerization (ROMP)
mediated by light.8 However, the scope of these processes is limited, and high cis contents
are generally more challenging to access because of thermodynamic penalties. Monomers
containing a spectator cis olefin have been used to circumvent this issue,'0"108118 pyt

undesired isomerization can erode the stereochemistry of the macromolecules. 19120

* Data, figures, and text in this chapter were adapted with permission from “cis-Selective Acyclic Diene
Metathesis Polymerization of a,m-Dienes.” By Kempel, S. J.; Hsu, T.-W.; Nicholson, J. L.; Michaudel, Q.
J. Am. Chem. Soc. 2023, 145, 12459-12464. Copyright © 2023 American Chemical Society.
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Polymerizations based on olefin metathesis such as acyclic diene metathesis
(ADMET)®12! and ROMP*?? represent a promising and versatile strategy to access a
diverse pool of stereodefined polyalkenamers because of the robustness, functional-group
tolerance, and structural diversity of metathesis catalysts.®123 Specifically designed W or
Mo alkylidenes were found to overcome the thermodynamic preference of ROMP and to
deliver high cis-selectivity mostly with non-polar monomers via kinetic control.*>8 The
recent development of Z-selective!®1724124-126 gnq stereoretentive'®2%2? Ru catalysts has
allowed the expansion of the scope of cis-selective ROMP processes.?2>72 Interestingly,
while ADMET is a powerful tool for the precise synthesis of polymers,®®® control over
the stereochemistry of the repeating alkenes has long escaped this versatile
polymerization.

ADMET typically delivers polymers with a predominance of trans alkenes with
Grubbs and Hoveyda-Grubbs dichloro Ru catalysts (Scheme V-1).9412° We recently
leveraged the exquisite stereoretention afforded by dithiolate Ru-catalysts to produce a
variety of all-cis polyalkenamers using cis,cis-diene monomers (Scheme 1b).2 However,
this method required the synthesis of monomers with preinstalled cis,cis stereochemistry
and utilized air-sensitive Ru carbenes.®®

Herein, we report a cis-selective ADMET process capitalizing on robust
cyclometalated Ru-carbenes (Scheme 1c), which afforded a broad array of
polyalkenamers with cis content up to >99% from readily accessible a,w-dienes
containing various functional groups. This diversity-oriented polymerization allowed the

study of the influence of olefin stereochemistry over the thermal properties of these
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materials. Finally, an ABA triblock copolymer was prepared to demonstrate that
mechanical properties can be modulated through modification of the stereochemistry of

the middle block.

Scheme V-1 Typical ADMET vs Stereoretentive and cis-Selective Processes

a) ADMET with Dichloro Ru Catalysts
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V.2 Results and Discussion
V.2.1 Development of a cis-Selective ADMET Process Using Cyclometalated Ru Catalyst
ADMET is a polycondensation involving iterative cross-metathesis reactions
between o,w-dienes (Scheme V-2). To drive this fully reversible process toward high
molar masses, continuous removal of ethylene is required. We hypothesized that using
catalysts allowing kinetic control, including cyclometalated Ru-41"127 or dithiolate Ru-
6°2 (Table V-1), would thwart the thermodynamic selectivity and lead to a cis-selective
ADMET if a robust catalyst capable of maintaining high cis-selectivity over time could

be identified.

Scheme V-2 Development of a cis-Selective ADMET Process through Kinetic Control
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Table V-1 Optimization of cis-Selective ADMET

o [Ru] (1 mol%)
N y > (\ A /ﬁ\/‘\ﬁ/)
\/64\0)1\0/64\/ TCB [2 M], © ?:is gr trans 4
Temp, Time,
28 100 mTorr P28
catalysts === M\
PCy;, MesN .__NMes N v NAr ¢ PIPPN_NDIPP
I .\\‘\CI \\CI ’ll, S/;
Ru— _— =
o | ar ] Lo | e
PCy; PCy; / s’
PI'O &l Me Me

Ru-4a (sNHC, Ar = Mes)
Ru-1a Ru-1b Ru-4b (sNHC, Ar = DIPP) Ru-6
Ru-4c (uNHC, Ar = DIPP)

temp Mn cis
entry catalyst )
(°C) (kg/mol)? (%)
1 Ru-1a 80 27.9 1.75 14
2 Ru-1b 80 25.6 1.89 9
3 Ru-4a 80 17.7 1.73 18
4 Ru-4b 80 28.7 2.99 38
5 Ru-4b 40 135 1.75 97
6 Ru-4b 23 9.8 1.67 99
7 Ru-4b 23 9.9 1.47 99
8° Ru-4a 23 11.2 1.61 80
9 Ru-4c 23 6.8 1.52 89
10°4 Ru-6 23 — — _

SNHC = saturated NHC; uNHC = unsaturated NHC; DIPP = 2,6-diisopropylphenyl;
Mes = 2,4,6-trimethylphenyl. 2Determined through size exclusion chromatography
(SEC) in THF against polystyrene standards. "Determined via *H NMR analysis.
°Reaction performed at a concentration of 5 M. %4 h instead of 16 h.
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Carbonate monomer 28 was selected at the onset of the investigation to favor
ADMET over the competing ring-closing metathesis. As a benchmark, monomer 28 was
exposed to typical ADMET conditions using dichloro Ru-1a and Ru-1b. Upon reaction
with Ru-1aat 80 °C in 1,2,4-trichlorobenzene (TCB) under vacuum (100 mTorr), polymer
P28 was formed with only 14% cis double bonds (Table V-1, entry 1). Polymerization
with Ru-1b delivered P28 with a similarly low cis content (9%) (Table V-1, entry 2).
Surprisingly, commercially available cis-selective catalyst Ru-4a only marginally
improved the cis content to 18% (Table V-1, entry 3). Based on the unique geometry of
the ruthenacycle imparted by the nitrato and adamantane ligand,?*1?° we hypothesized that
increasing the steric hindrance of the aryl substituent of the NHC (DIPP vs Mes) might
improve the stereoselectivity. Pleasingly, switching to Ru-4b, which was first reported by
Grubbs,*** more than doubled the cis selectivity to 38% (Table V-1, entry 4). To further
favor kinetic control and minimize potential unselective secondary metathesis events, the
reaction temperature was lowered to 40 °C, which led to 97% cis content (Table V-1, entry
5). Decreasing the temperature further to 23 °C led to the isolation of an all-cis P28 (>99%
cis) within the limit of detection of *H NMR (Table V-1, entry 6). While a decrease in
molar masses was observed at lower temperature, respectable degrees of polymerization
(DP ~ 50-70) and molar masses (M, = 9.8 and 13.5 kg/mol) were obtained for P28
exhibiting 97-99% cis alkenes (Table V-1, entries 5 and 6).

Performing the polymerization at higher concentration (C =5 M) did not increase
M (Table V-1, entry 7), while attempts to run the reaction in the bulk only delivered small

oligomers (Table V-3). The importance of the DIPP substituent on cis-selectivity was
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further demonstrated by using Ru-4a in the optimal reaction conditions, which resulted in
only 80% cis P28 (Table V-1, entry 8). Unsaturated variant Ru-4c,?” showcased slightly
lower stereoselectivity (89% cis) and molar masses (6.8 kg/mol) (Table V-1, entry 9).
Finally, stereoretentive catalyst Ru-6 led to unproductive ADMET presumably because
of the rapid degradation of the unstable dithiolate Ru methylidene intermediate (Table
V-1, entry 10).28¢ Further investigation into the solvent concentration, temperature, time,

and catalyst loading did not produce polymers with higher molar masses (Table V-3).

V.2.2 Scope of the cis-Selective ADMET Polymerization
With these optimized conditions in hand, we investigated the scope of the
polymerization (Table V-2). Polycarbonate P28, polysulfite P29, and polyether P31 were

all isolated with 99% cis content, while polyester P30 was formed with slightly diminished

Table V-2 Substrate Scope for cis-Selective ADMET

\/o/§ Ru-4b (1 mol%), TCB [5 M] _
= > ni2

23 °C, 16 h, 100 mTorr =

Moio’ﬁx\% Mo/ﬁ\o’ﬁx\f :(:)(-)x—?_@_«o—(-\gf

P28 (x = 4): 99% cis, M,, = 12.0 kg/mol, B = 1.60 P29 (x = 4): 99% cis, M,, = 8.4 kg/mol, B = 1.42 P30 (x = 4): 91% cis, M, = 8.3 kg/mol, D = 1.52
P24 (x = 3): 99% cis, M, = 9.1 kg/mol, D =1.38 P25 (x = 3): 99% cis, M,,= 9.5 kg/mol, B =1.56 P23 (x = 3): 99% cis, M,,= 5.0 kg/mol, D = 1.69

Wo% W Me\s !Me
i
X Xy 4 n %0’ ‘OW
n

P31 (x = 4): 99% cis, M, = 10.0 kg/mol, D = 1.49 P32299% cis, M, = 8.5 kg/mol, B =1.80 P33 (x = 4): 99% cis, M, = 10.3 kg/mol, D = 1.45
P26 (x = 3): 99% cis, M, = 10.6 kg/mol, B = 1.35 P34 (x = 3): 99% cis, M, = 17.6 kg/mol, B = 1.29

P35 (x = 4): 92% cis, M, = 7.3 kg/mol, D =1.64 P37 (x = 4): 85% cis, M,, = 7.8 kg/mol, D =1.76 P39 (x = 4): 97% cis, M, = 4.8 kg/mol, B = 1.47
P36 (x = 3): 97% cis, M, =7.2 kg/mol, B =1.56 P38 (x = 3): 90% cis, M, = 6.8 kg/mol, ® =1.65 P40 (x = 3): 96% cis, M, = 2.4 kg/mol, D = 1.40

N2 purging instead of vacuum; C = 2 M instead of 5 M.

232



cis content (91% cis). Reducing the number of methylene spacers between the alkene and
the functional group did not negatively affect the stereoselectivity (P23-26).
Commercially available deca-1,9-diene (32) was transformed into all-cis polyoctenamer
P32, the cis-variant of industrially-produced vestenamer.'?® To further explore the
functional group tolerance of the cis-selective ADMET, polysiloxanes which are common
in coatings, ceramics, and dynamic covalent networks, %3 were targeted. Polysiloxanes
P33 and P34 were isolated from monomers 33 and 34 with exquisite cis selectivity and
Mn’s up to 17.6 kg/mol. Halogenated monomers 35,36 and 37,38 were tolerated albeit with
a slight decrease in cis selectivity, which is nonetheless in stark contrast to the typical
ADMET polymerization of 35,36 and 37,38 with dichloro Ru carbenes.®> These
halogenated polymers might be amenable to post-polymerization functionalization for the
precise synthesis of additional polymer classes.'®3!34 Interestingly, alcohol monomers 39
and 40 were polymerized with high cis selectivity (93 and 96%), but in lower molar
masses, which was ascribed to potential poisoning of the Ru catalyst. Overall, all
monomers could be purchased or synthesized without tedious purifications, which is a
notable advantage of the cis-selective ADMET. Additionally, Ru-4b was not found to be
sensitive to oxidative degradation in contrast to dithiolate Ru catalysts (e.g Ru-6, Table

V-4). 13
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V.2.3 Study of the Influence of Alkene Stereochemistry over Thermal Behavior of the
Macromolecules

The development of a versatile cis-selective ADMET allowed us to probe the
impact of cis/trans stereochemistry over the thermal properties of about 30
polyalkenamers. trans-Rich variants of P23-26 and P28-40 (>70% trans) were
synthesized using Ru-1a (Supporting Information) and compared to the cis-rich polymers
synthesized with Ru-4b. The thermal stability of the polymers was tested through
thermogravimetric analysis (TGA, Figure V-1a). Interestingly, cis-rich polyalkenamers
were found to have higher Tq’s in almost all cases with the exception of P32 and P33. The
increased thermal stability is especially marked for polyesters (ATq = 36 °C for P23) and
polycarbonates (ATq = 36 °C for P28 and 61 °C for P24). The thermal properties were
further investigated through differential scanning calorimetry (DSC). A general trend was
also observed for the glass- transition temperatures (Tq’s). All polyalkenamers with an
observable Ty within the scanned temperature range exhibited a lower Tq for the cis
congener relative to the trans one (Figure V-1b). Finally, only a few polyalkenamers
presented a melting transition (Figure V-1c). While P32 was characterized by a melting
temperature (Tm) in both cis-rich (Tm = 32 °C) and trans-rich forms (Tm = 24 °C), P28,
P30 and P31 only had a Tm when trans linkages were predominant throughout the
backbone. Semi-crystallinity is known to increase with the trans content in poly(1,3-
diene)s, but inconsistent trends have been observed between stereochemistry and
semicrystallinity ~ with  other  families including  polycarbonates®!%”  and

polynorbornene.®®1% ADMET offers a unique opportunity to generate libraries of both
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trans-rich and cis-rich polyalkenamers upon the choice of catalyst and to interrogate the

complex relationship between precise molecular structure and material properties.
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Figure V-1 Bar graphs comparing the influence of stereochemistry on (a) Tq (5% weight
loss), (b) Tg, and (c) Tm.

V.2.4 Triblock Copolymers with Tunable Properties Based on Olefin Geometry
Polyalkenamers are commonly incorporated into industrial block copolymers to
obtain thermoplastic elastomers (TPE),® but very few studies have investigated the effect
of cis/trans configuration.*” We sought to build an ABA triblock copolymer using P32
as middle block and poly(lactic acid) (PLA) as end blocks. As a biosourced and
biodegradable polymer, PLA is an attractive, yet brittle, material,*3® whose toughness can
be improved by incorporation of a rubbery middle block.’*® Building upon a

polymerization-depolymerization ADMET strategy initially reported by Wagener with
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a)

ONNNANF
32 1) Ru-4b (1 mol%)
+
P 2) KOH, H20:EtOH:THF

41 (0.2 equiv)

o cis Sis 0 TBD, DCM
" <« 1, 16h
HOﬁ)‘\D
Me ™  P42-b-P32,-b-P42
M, = 17.3 kg/mol, B = 1.32
b) €)
Middle Ty T, Tn T. none

g
block (°C) (°C) (°C) (°C) s
“ trans _
cis 278 32 — — = cis
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trans 273 44 19 -19 ]
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(1]

Figure V-2 (a) Synthesis of cis triblock copolymer P42-b-P32is-b-P42. (b) Thermal
properties and (c) reduced Young’s modulus (E;) of cis/trans triblocks and homopolymer
P42.

Ru-1a,'* telechelic P32:s-OAc was synthesized using monomer 32 in the presence of

Ru-4b and acetate reagent 41 (Figure V-2). Optimized conditions provided quantitative
capping of both chain ends as shown by NMR. Subsequent basic hydrolysis cleanly
delivered macromolecular diol P32.is-OH (M, = 3.3 kg/mol, 99% cis) with no change in
M, compared to the acetoxy precursor. Meanwhile, P32¢rans-OH (Mn = 3.1 kg/mol, 89%
trans) was prepared similarly using Ru-1a. Chain extension of telechelic macroinitiators

P32¢is-OH and P32tans-OH using D,L-lactide (42) and triazabicyclodecene (TBD) as
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catalyst efficiently provided ABA triblock copolymers P42-b-P32-b-P42 with either a cis-
or trans-rich middle P32 block, but similar molar mass distributions. TGA and DSC
analysis revealed interesting trends (Figure V-2b). Both triblocks displayed higher Tq’s
than that of homopolymer P42, the cis-triblock being highest (278 °C) which is consistent
with our previous observations. Incorporation of a cis middle block also led to the starkest
decrease in Tg (32 °C vs 44 °C for the trans and 49 °C for P42). Finally, only the trans-
triblock showcased crystallinity, which is in line with previous literature reports.**
Nanoindentation was subsequently used to determine the hardness (Figure V-47) and
reduced Young’s modulus (E;) of all three polymers from the unloading segments of the
load-displacement curves (Figure V-46) using the standard Oliver and Pharr analysis.'#*
As expected based on prior studies,®*® both triblock architectures had a decreased E;
compared to P42 (4.7 GPa, Figure V-2c). The cis triblock exhibited a lower E, (3.0 GPa)
than the trans congener (3.4 GPa), which indicates that the stiffness of the rubbery block

can be finely tuned as a function of its stereochemistry.

V.3 Conclusion

In summary, we have developed a cis-selective ADMET polymerization of readily
available and inexpensive o,w-dienes. Up to 99% cis selectivity was obtained for most
monomers through exquisite kinetic control of the olefin metathesis process enabled by a
robust cyclometalated Ru catalyst (Ru-4b) at room temperature. This diversity-oriented
polymerization allowed us to compare the thermal properties of a variety of cis-rich

polyalkenamers containing different polar functional groups with their trans-rich
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congeners. High cis-content was found to correlate with increased thermal stability, a
lower glass transition temperature, and typically amorphous behavior. Moreover, an ABA
triblock copolymer with PLA as end blocks and polyoctenamer as a rubbery middle
segment was synthesized. Nanoindentation measurements revealed that the cis
stereochemistry led to a greater decrease in stiffness when compared to the trans-triblock.
Overall, this study provides both insights in stereoselective catalysis for polymerization
and a general method for the modulation of thermal and mechanical properties of soft
materials including TPE via control of the cis/trans stereochemistry throughout the main

chain.

V.4 Experimental Procedures and Data
V.4.1 General Reagent Information

All reactions were carried out under an inert nitrogen atmosphere with dry solvents
under anhydrous conditions unless otherwise stated. Dry dichloromethane (DCM),
tetrahydrofuran (THF), N,N-dimethylformamide (DMF) and toluene (PhMe) were
obtained by passing the previously degassed solvents through activated alumina columns.
Anhydrous 1,2,4-trichlorobenzene (TCB) was purchased from Sigma Aldrich and used
without further purification and degassed via “freeze-pump-thaw” before being brought
into a nitrogen-filled glove box. All polymerizations using ruthenium catalysts were set
up in a nitrogen-filled glove box (SG1800/750TS-F, VIGOR). Reagents were purchased
at the highest commercial quality and used without further purification, unless otherwise

stated. For example, hex-5-en-1-ol (97%), 6-bromohex-1-ene (97%), deca-1,9-diene (32)
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(98%) and 5-bromopent-1-ene (98%) were purchased from Oakwood Chemical and Pent-
4-en-1-ol (97%) and TBD (97%) were purchased from Combi-blocks. D,L-Lactide (97%)
was purchased from Combi-blocks and recrystallized from ethyl acetate prior to use.
Monomers 23-26 were prepared following our previously published procedures. 2
Catalysts Ru-la, Ru-1b, and Ru-4a were purchased from Sigma-Aldrich and used
without further purification. Catalyst Ru-4b and Ru-6 were generously donated by
Umicore. Catalyst Ru-4c was prepared following a literature procedure. 27 Yields refer to
chromatographically and spectroscopically (*H NMR) homogeneous material, unless
otherwise stated. Reactions were monitored by thin layer chromatography (TLC) carried
out on 250 um SiliCycle SiliaPlate™ silica plates (F254), using UV light as the visualizing
agent and a solution of KMnO4 and heat as a developing agent. Flash silica gel
chromatography was performed using SiliCycle SiliaFlash® Irregular Silica Gel (60 A,

particle size 40-63 pum). Polymers were isolated after precipitation using an Eppendorf

5804 centrifuge.

V.4.2 General Analytical Information

All polymer samples were analyzed using a Tosoh EcoSec HLC 8320GPC system with a
TSKgel SuperHM-M column and a TSKgel SuperH-RC column at a flow rate of 0.40
mL/min at 40 °C. THF stabilized with BHT was used as the eluent and all number-average
molecular weights (Mn), weight-average molecular weights (Mw), and dispersities (D) for
polymers were calculated from refractive index and UV chromatograms against TSKgel

polystyrene standards. NMR spectra were recorded on Bruker Avance Neo 400 or Bruker
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Avance 500 instruments and were calibrated using residual undeuterated solvent as an
internal reference (CHCls @ 7.26 ppm *H-NMR, 77.16 ppm 3C-NMR). The following
abbreviations were used to explain NMR peak multiplicities: s = singlet, d = doublet, dd
= doublet of doublets, t = triplet, g = quartet, p = pentet, m = multiplet, br = broad.
Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA 5500
Thermogravimetric Analyzer. Differential scanning calorimetry (DSC) was performed
using a TA instrument DSC 2500. High-resolution mass spectra (HRMS) were recorded
on an Agilent LC/MSD TOF mass spectrometer by Atmospheric pressure chemical
ionization (APCI), electrospray ionization (ESI), or Thermo Scientific DSQ Il GC-MS by
electron ionization (EI). Nanoindentation experiments were performed on a Hysitron Tl
950 Triboindenter equipped with a diamond Berkovich indenter tip. The tip shape was
calibrated to a fused quartz standard using the Oliver and Pharr methodology prior to

testing.4

Thermogravimetric analysis (TGA)

Samples were weighed on to a platinum sample pan. Samples were heated at 20 °C/min
to 100 °C, followed by an isothermal period of 1 minute, and then heated at 10 °C/min to

600 °C under nitrogen.

Differential scanning calorimetry (DSC)

Samples (around 2-6 mg) were heated to 180 °C at 10 °C/min (150 °C for P28), followed

by an isothermal period of 5 min. The samples were then cooled to —80 °C at 10 °C/min,
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followed by an isothermal period of 5 min. This process was repeated two times.

Thermograms taken from the third heating/cooling cycle.

Nanoindentation

Samples for nanoindentation experiments were prepared by drop-casting a solution of 30
mg of polymer in 0.1 ml DCM onto a 1 cm square glass plate. The samples were left at
room temperature for 4 h then annealed at 80 °C under vacuum for 4 h, at room
temperature under vacuum for 16 h, and then affixed onto steel pucks with epoxy. 5 x 5
Arrays of indentations with 20 um spacing between neighboring indents were performed.
All indents were load-controlled with a maximum applied load of 6000 uN, a loading and
holding time of 10 s, and an unloading time of 2 s. The hardness (H) and reduced modulus
(Er) were then calculated from the unloading segments of the load-displacement curves

using the standard Oliver and Pharr analysis.**

V.4.3 Monomer Synthesis
Monomer 28

o

MeOJ\OMe j’\
NN OH NN NN
NaOH, Hexanes, 2 o~ o A

95°C, 14 h 28

76%

Synthesis adapted from a literature procedure.® Dimethyl carbonate (1.07 g, 1.0 mL, 11.9
mmol, 1 equiv), hexanes (12 mL), 5-hexen-1-ol (2.38 g, 2.85 mL, 23.8 mmol, 2 equiv)
and NaOH (48 mg, 1.1 mmol, 0.1 equiv) were combined in a round bottom flask under

air. The round bottom flask was fitted with a Dean-Stark apparatus. Water was added to
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fill up half of the volume of the Dean-Stark, followed by hexanes for the remainder of the
volume. The Dean Stark was then fitted with a waterless condenser. The round bottom
flask was lowered into an oil bath preheated to 95 °C. After stirring for 1 h, an additional
batch of 5-hexen-1-ol (2.38 g, 2.85 mL, 23.8 mmol, 2 equiv) was added after cooling the
reaction to room temperature. The round bottom flask was again lowered into the oil bath
and allowed to stir overnight (14 h). The reaction was allowed to cool to room temperature.
The reaction mixture was transferred to a separatory funnel where it was washed with
water (3 x 10 mL). The organic portion was dried over MgSOsa, filtered, and the solvent
was removed in vacuo. The resulting oil was purified through column chromatography
(SiO2; hexanes to 6:4 hexanes:DCM). The product was visualized with a KMnOj stain.
Removal of solvent and subsequent drying on the high vacuum line provided the product
as a clear oil. Yield: 2.04 g, 76%.

The spectroscopic data for this compound were identical to those reported in the
literature.%

IH NMR (400 MHz, CDCl3) & 5.86-5.72 (m, 2 H), 5.07-4.91 (m, 4 H), 4.13 (t, J = 6.7
Hz, 4 H), 2.09 (q, J = 7.1 Hz, 4 H), 1.69 (p, J = 6.7 Hz, 7.2 Hz, 4 H), 1.48 (p, J = 7.7 Hz,
7.5 Hz, 4 H) ppm.

HRMS-APCI: calc’d. for C13H2303 [M+H]* 227.1639, found 227.1642.
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Monomer 29

s
cI” el Q
NN H ———————— A A S o
EtsN, DCM Z 0" o N
0°Ct023°C, 2h 29

92%

Synthesis adapted from a literature procedure.® 5-hexen-1-ol (1.0 g, 1.2 mL, 10 mmol, 2
equiv), EtsN (1.0 g, 1.4 mL, 10 mmol, 2 equiv), and DCM (17 mL) were combined in a
flame-dried round-bottom flask equipped with a stir bar under N2. The flask was cooled
in an ice/water bath and thionyl chloride (595 mg, 0.36 mL, 5 mmol, 1 equiv) was added
dropwise. After complete addition, the flask was allowed to warm to room temperature
and was monitored by TLC until completion (2 h). The reaction was then quenched with
water (20 mL). The organic layer was extracted with additional DCM (20 mL) and the
organic layer was then washed with brine (20 mL). The organic layer was then separated
and dried over sodium sulfate. The organic solvent was then removed in vacuo and the oil
was purified through column chromatography (SiO2, 1:1 hexanes:DCM) to give the
product as a clear oil (1.1 g, 92%).

IH NMR (500 MHz, CDCl3) & 5.85-5.72 (m, 2 H), 5.06-4.93 (m, 4 H), 4.08-3.87 (m, 4
H), 2.13-2.04 (q, J = 7.0 Hz, 4 H), 1.74-1.65 (m, 4 H), 1.54-1.44 (m, 4 H) ppm.

13C NMR (125 MHz, CDCl3) § 138.2, 115.0, 62.2, 33.2, 29.0, 25.1 ppm.

HRMS-APCT: calc’d. for C12H2203S [M+H]" 247.1362, found 247.1359.
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Monomer 30

o ;
HO,C 0NN
NN —————>

DCC, DMAP, DCM, NN\ \0

G © 2
Synthesis adapted from a literature procedure.® Terephthalic acid (829 mg, 4.97 mmol, 1
equiv), DCC (2.06 g, 9.98 mmol, 2 equiv), DMAP (122 mg, 1.0 mmol, 0.2 equiv), and
DCM (40 mL) were combined in a round bottom flask equipped with a stir bar under air.
5-hexen-1-ol (1.0 g, 1.2 mL, 9.98 mmol, 2 equiv) was added dropwise to the stirring
solution and upon complete addition, the reaction was stirred for 20 h at room temperature.
Afterwards, the resulting white suspension was filtered through a pad of celite. The solvent
was removed in vacuo, and the resulting oil was purified through column chromatography
(SiO2, 1:1 hexanes:DCM to 100% DCM). The pure product was obtained as a clear oil.
Yield: 1.01 g, 61%
The spectroscopic data for this compound were identical to those reported in the
literature.®®
IH NMR (400 MHz, CDCl3) 6 8.10 (s, 4 h), 5.89-5.76 (m, 2 H), 5.08-4.94 (m, 4 H), 4.35
(t,J=6.7 Hz, 4 H), 2.18-2.10 (q, J = 7.1 Hz, 4 H), 1.81 (p, = 6.7 Hz, 7.0 Hz, 4 H), 1.56
(p, J = 7.7 Hz, 7.6 Hz, 4 H) ppm.

HRMS-APCTI: calc’d. for C20H2604 [M+H]" 331.1904, found 331.1897.
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Compound 43

Q\s/,"
c1”
Me 0‘\3/'0
WOH —_— /\/\/\O/
Et3N, DMAP, DCM,
0°Ct023°C,2h 43 Me

81%
Synthesis adapted from a literature procedure.® Tosyl chloride (2.1 g, 11 mmol, 1.1 equiv)

freshly recrystallized from benzene and DMAP (122 mg, 1 mmol, 0.1 equiv) were
weighed into a flame-dried round-bottom flask equipped with a stir bar and the flask was
subsequently subjected to vacuum on a Schlenk line followed by an N2 refill. This process
was repeated twice and then dry DCM (25 mL) was added. The solution was cooled to 0
°C in an ice/water bath. Then, 5-hexen-1-ol (1.0 g, 1.2 mL, 10 mmol, 1 equiv) and
anhydrous EtsN (2.3 g, 3.2 mL, 23 mmol, 2.3 equiv) were each added dropwise. After the
addition, the flask was allowed to warm to room temperature and the reaction was
monitored by TLC until complete consumption of the alcohol (2 h). The reaction was then
washed with water (3 x 10 mL) followed by brine (10 mL). The organic layer was dried
over MgSOa. After filtering out the MgSOs, the solvent was removed in vacuo. The
resulting yellow residue was purified through column chromatography (SiO2, 2:1
hexanes:DCM) to give the product as a clear oil. Yield 2.06 g, 81%

The spectroscopic data for this compound were identical to those reported in the
literature. 142

IH NMR (400 MHz, CDCl3) & 7.81-7.76 (m, 2 H), 7.37-7.32 (m, 2 H), 5.78-5.65 (m, 1
H), 4.99-4.91 (m, 2 H), 4.03 (t, J = 6.4 Hz, 2 H), 2.45 (s, 3 H), 2.04-1.95 (g, J = 7.0 Hz,

2 H), 1.69-1.60 (m, 2 H), 1.45-1.36 (m, 2 H) ppm.
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Monomer 31

%P P
NN | A » O
P NaH, DMF,
43 Me 0°Cto23°C, 16 h 31

87%

Synthesis adapted from a literature procedure.® Compound 43 (2.06 g, 8.1 mmol, 1 equiv)
was weighed into a flame-dried round-bottom flask equipped with a stir bar. The flask was
then subjected to three vacuum/N2 cycles. Dry DMF (27 mL) was added to the flask
followed by NaH (60% dispersion in mineral oil) (388 mg, 9.7 mmol, 1.2 equiv). The flask
was cooled to 0 °C in an ice/water bath. 5-hexen-1-ol (1.0 g, 1.2 mL, 10 mmol, 1.2 equiv)
was added slowly to the reaction over 5 min. After addition of 5-hexen-1-ol, the reaction
was allowed to warm to room temperature and was stirred for 16 h. Ether (25 mL) was
then added to the reaction and the dilute solution was washed with saturated ag. NH4ClI (3
x 10 mL). The organic layer was then dried over MgSOa. Following the removal of
MgSOs, the solvents were removed in vacuo and the yellow-orange oil was purified
through column chromatography (SiO, hexanes) to give the product as a clear oil. Yield:
1.3 g, 87%

The spectroscopic data for this compound were identical to those reported in the
literature.

IH NMR (400 MHz, CDCl3) & 5.88-5.74 (m, 2 H), 5.05-4.91 (m, 4 H), 3.40 (t, J = 6.6
Hz, 4 H), 2.11-2.03 (m, 4 H), 1.63-1.54 (m, 4 H), 1.50-1.40 (m, 4 H) ppm.

HRMS-APCT: calc’d. for C12H220 [M+H]* 183.1741, found 183.1743.
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General siloxane monomer procedure

To a flame dried round-bottom flask, imidazole (2.1 equiv) and dry THF (1 M with respect
to alcohol) were added. The flask was cooled to 0 °C with an ice/water bath and
dichlorodimenthylsilane (1 equiv) was added dropwise. After stirring at room temperature
for 1 h, the mixture was cooled to 0 °C and treated with of the unsaturated alcohol (1.0
mL, 2.1 equiv). The cloudy suspension was stirred at room temperature for 16 h and then
diluted with 50 mL of hexanes, washed with saturated ag. NH4Cl (20 mL), water (20 mL)
and brine (20 mL). The organic layer was dried over Na,SO4 and the solvent was removed

in vacuo to provide the monomer without further purification.

Monomer 33
Me Me
Y
CI’SI‘CI Me, :Me
NN OH ——————— > A A~ S g e
imidazole, THF, Z o o =
0°Cto23°C,16h 33

93%

Monomer 33 was synthesized following the General Siloxane Monomer Procedure using
5-hexen-1-ol (1.0 mL, 8.33 mmol), imidazole (8.33 mmol), dichlorodimethylsilane (3.97
mmol, 0.48 mL), and THF (8.0 mL). Product isolated as a colorless oil (0.95 g, 3.70 mmol,
93% yield).

IH NMR (400 MHz, CDCl3) 6 5.87-5.73 (m, 2 H), 5.05-4.88 (m, 4 H), 3.67 (t, J = 6.6
Hz, 4 H), 2.12-2.01 (m, 4 H), 1.63-1.50 (m, 4 H), 1.49-1.36 (m, 4 H), 0.11 (s, 6 H) ppm.

13C NMR (101 MHz, CDCls) 6 138.9, 114.6, 62.4, 33.6, 32.2, 25.3, -3.1 ppm.

HRMS-APCT: calc’d. for C14H2802Si [M+H]* 257.1931, found 257.1930.
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Monomer 34

Si

¢’ tcl Me Me
NN imidazole, THF, 0" o
0°Cto23°C,16h 34

98%

Monomer 34 was synthesized following the General Siloxane Monomer Procedure using
4-penten-1-ol (1.0 mL, 9.68 mmol), imidazole (9.68 mmol), dichlorodimethylsilane (4.61
mmol, 0.56 mL), and THF (9.2 mL). Product isolated as a colorless oil (1.03 g, 4.50 mmol,
98% yield).

IH NMR (400 MHz, CDCl3) & 5.88-5.74 (m, 2 H), 5.07-4.91 (m, 4 H), 3.68 (t, J = 6.6
Hz, 4 H), 2.15-2.06 (m, 4 H), 1.69-1.60 (m, 4 H), 0.11 (s, 6 H) ppm.

13C NMR (101 MHz, CDCls) 6 138.4, 114.8, 62.0, 31.8, 30.1, -3.1 ppm.

HRMS-APCT: calc’d. for C12H2402Si [M+H]* 229.1618, found 229.1618.

General halogen monomer procedure

Triphenylphosphine (1.1 equiv) was added to a reaction vial and dissolved in DCM (2.0
M with respect to alcohol). Then, the alcohol (1 equiv) was added to the vial with stirring
and the mixture was cooled in an ice water bath to 0 °C. Next, either NCS (1.1 equiv, for
35 and 36) or NBS (1.1 equiv, for 37 and 38) was added slowly in portions to the reaction
mixture. The reaction was removed from the ice water bath and left to stir at room
temperature for 16 h. After removing the solvent in vacuo, the reaction was purified using

column chromatography (SiO2, pentane) to give the product.
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Monomer 35

(o) o
W —_— \/\/\)\/\/\/
PPhs, DCM,
39 0°Cto23°C,16h 35

82%

Monomer 35 was synthesized following the General Halogenation Monomer Procedure
using triphenyl phosphine (588 mg, 2.2 mmol, 1.1 equiv), DCM (4.1 mL), alcohol 39 (400
mg, 2.0 mmol, 1 equiv), and NCS (299 mg, 2.2 mmol, 1.1 equiv). Product isolated as clear
oil (359 mg, 82%).

IH NMR (400 MHz, CDCls) 6 5.89-5.77 (m, 2 H), 5.07-4.94 (m, 4 H), 3.95-3.87 (m, 1
H), 2.15-2.04 (m, 4 H), 1.80-1.65 (m, 4 H), 1.65-1.35 (m, 8 H) ppm.

13C NMR (101 MHz, CDCls) 6 138.9, 114.7, 64.2, 38.5, 33.8, 28.6, 26.1 ppm.

EI: calc’d. for C13H23Cl [M]* 214, found 214.

Monomer 36
cl
N
OH ovo cl
/\/\)\/\/\ —_— /\/\)\/\/\
Z A PPhg, DCM, Z A
40 0°Cto23°C,16h 36

40%

Monomer 36 was synthesized following the General Halogenation Monomer Procedure
using triphenyl phosphine (857 mg, 3.3 mmol, 1.1 equiv), DCM (5.9 mL), alcohol 40 (500
mg, 3.0 mmol, 1 equiv), and NCS (436 mg, 3.3 mmol, 1.1 equiv). Product isolated as clear

oil (222 mg, 40%).
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The spectroscopic data for this compound were identical to those previously reported in
the literature.'#3
'H NMR (400 MHz, CDCls3) § 5.85-5.74 (m, 2 H), 5.06-4.94 (m, 4 H), 3.94-3.86 (m, 1

H), 2.15-2.00 (m, 4 H), 1.80-1.44 (m, 8 H) ppm.

Monomer 37
?r
o=N_o0
OH v Br
WW s ———— \/\/\)\/\/\/
PPhg, DCM,
39 0°Ct023°C, 16 h 37

66%

Monomer 37 was synthesized following the General Halogenation Monomer Procedure
using triphenyl phosphine (294 mg, 1.1 mmol, 1.1 equiv), DCM (2.0 mL), alcohol 39 (200
mg, 2.0 mmol, 1 equiv), and NBS (199 mg, 1.1 mmol, 1.1 equiv). Product isolated as clear
oil (174 mg, 66%).

IH NMR (400 MHz, CDCl3) § 5.86-5.75 (m, 2 H), 5.00-4.92 (m, 4H), 4.06-3.98 (m, 1
H), 2.11-2.01 (m, 4H), 1.89-1.74 (m, 4H), 1.62-1.32 (m, 8H) ppm.

13C NMR (101 MHz, CDCls) 6 138.8, 114.7, 58.7, 39.1, 33.7, 28.5, 27.2 ppm.

EI: calc’d. for C13H23Br [M]* 258, found 258.

Monomer 38
Br
N
o) (o]
OH v Br
/\/\)\/\/\ _— /\/\)\/\/\
Z A PPh3, DCM, z A
40 0°Cto23°C,16h 38

78%
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Monomer 38 was synthesized following the General Halogenation Monomer Procedure
using triphenyl phosphine (514 mg, 2.0 mmol, 1.1 equiv), DCM (3.6 mL), alcohol 40 (300
mg, 1.8 mmol, 1 equiv), and NBS (349 mg, 2.0 mmol, 1.1 equiv). Product isolated as clear
oil (320 mg, 78%).

The spectroscopic data for this compound were identical to those previously reported in
the literature.'#*

IH NMR (400 MHz, CDCls) & 5.85-5.74 (m, 2 H), 5.06-4.94 (m, 4H), 4.07-3.99 (m, 1

H), 2.16-2.00 (m, 4H), 1.90-1.76 (m, 4H), 1.74-1.45 (m, 4H) ppm.

General alcohol monomer procedure

Synthesis adapted from literature procedure.!* In a flame-dried 250 mL round bottom
flask under N2, a suspension of Mg turnings (2.5 equiv) and iodine (0.05 equiv) in dry
THF (0.5 M with respect to the bromoalkene) was prepared. The bromoalkene (2.5 equiv)
was then slowly added to the suspension, which was stirred for 45 min at room
temperature. The mixture was then cooled to 0 °C in an ice bath, and freshly distilled ethyl
formate (1 equiv) was then slowly added to the mixture. After removing the ice bath, the
reaction was left to stir at room temperature for 16 h. The reaction was quenched with
saturated aq. NH4ClI and extracted with diethyl ether (3 x 20 mL). The combined organics
were then washed with water (40 mL), dried with Na>SOa, filtered, and the volatiles were
removed in vacuo. The product was purified through column chromatography (SiOa,

hexanes to 19:1 hexanes:diethyl ether) to give the product as a clear oil.
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Monomer 39

1. Mg, I, THF, 1t, OH
~ Br 45 min S _
\/\/\/ o > \/\/\)\/\/\/
2. ethyl formate,
0°Cto23°C,16h 39

94%

Synthesized following General Alcohol Monomer Procedure using Mg turnings (488 mg,
20.0 mmol, 2.5 equiv), iodine (102 mg, 0.4 mmol, 0.05 equiv), dry THF (40 mL), 6-
bromo-1-hexene (2.6 mL, 20.0 mmol, 2.5 equiv), and ethyl formate (0.6 mL, 8.0 mmol, 1
equiv). Yield: 1.3 g, 80%.

IH NMR (400 MHz, CDCl3) & 5.87-5.75 (m, 2 H), 5.04-4.91 (m, 4 H), 3.63-3.55 (m, 1
H), 2.11-2.02 (m, 4 H), 1.54-1.28 (m, 13 H) ppm.

13C NMR (101 MHz, CDCl3) § 139.0, 114.5, 72.2, 37.4, 33.9, 29.1, 25.3 ppm.

HRMS-APCI: calc’d. for C13H240 [M+H]" 197.1900, found 197.1896.

Monomer 40
1. Mg, I, THF, t, oH
Br 25 mn /\/\)\/\/\
—_—
NN 2. ethyl formate, = A
0°Ct023°C, 16 h 40

80%

Synthesized following General Alcohol Monomer Procedure using Mg turnings (533 mg,
21.9 mmol, 2.5 equiv), iodine (111 mg, 0.4 mmol, 0.05 equiv), dry THF (43 mL), 5-
bromo-1-pentene (2.6 mL, 21.9 mmol, 2.5 equiv), and ethyl formate (0.7 mL, 8.8 mmol,
1 equiv). Yield: 1.4 g, 94%.

The spectroscopic data for this compound were identical to those previously reported in

the literature.'#®
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IH NMR (400 MHz, CDCls) & 5.87-5.74 (m, 2H), 5.05-4.92 (m, 4H), 3.65-3.56 (m, 1H),
2.14-2.00 (m, 4H), 1.60-1.34 (m, 9 H) ppm.

HRMS-APCT: calc’d. for C11H200 [M+H]" 169.1587, found 169.1583.

V.4.4 Polymerization Procedures

Optimization of the cis-Selective ADMET

In an No-filled glovebox, a solution of monomer 28 (0.20 mmol, 1 equiv) in TCB (2 -5
M) was added to another vial containing catalyst (1 - 2 pmol, 0.005 - 0.01 equiv). The

solution was then transferred to an oven-dried Schlenk flask through a red rubber septum
secured with electrical tape. A Teflon stopper was then fitted into the sidearm. The flask
was then removed from the glovebox and the flask was placed under vacuum using a
Schlenk line. The flask was then either stirred at room temperature or lowered into a
preheated oil bath for the entirety of the reaction time. After the polymerization was
finished, the flask was placed under static vacuum and ethyl vinyl ether (~50 pL) was
added at room temperature. After stirring for 5 min, the flask was opened to air and an
aliquot was removed for NMR analysis. The polymer was dissolved in dichloromethane
and precipitated by addition of cold methanol in a centrifuge tube. After centrifugation at
8500 RPM for 10 min, the supernatant was decanted. This process was repeated again and

the polymer was dried under vacuum to afford a highly viscous brown oil.
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Figure V-3 Typical ADMET reaction setup with Ru-1a: (a) Schlenk flask charged with
polymerization solution removed from the glovebox and attached to high vacuum line, (b)
vacuum applied to the system, and (c) flask lowered into preheated oil bath.

Table V-3 Polymerization Results for P28

o]

[Ru] (1 mol%)

/\/\/\oJ\o/\/\/\ TCB [2 M), Temp, Time, g ‘GOJ\O _ N
100 mTorr cis or trans
28 P28
entry Erfsllfﬁ; t(fg? (r:) (kg|>/|n:ol) p* (c?/i)s)b
1 Rula(l) 8 16 279 175 14
2 Ruda(l) 80 16 177 173 18
3 Ru4b(l) 80 16 287 299 38
4 Ru4b(l) 40 16 135 175 97
5 Ruda(l) 40 16 158 183 56
6 Ru-4b(l) 23 16 0.8 167 99
7 Ruda(l) 23 16 115 180 72
8  Ru4b(05) 23 16 6.0 1.42 99
9 Ru4b(l) 23 40 128 158 99
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10 Ru-4b (1) 23 8 7.3 1.39 99

11 Ru-4b (1) 23 6 7.8 1.59 99
12 Ru-4b (1) 23 2 5.5 1.30 99
13 Ru-4b (1) 23 16 9.9 1.47 99
14° Ru-4c (1) 23 16 6.8 1.52 89
15%¢ Ru-4b (1) 23 16 5.1 1.28 99
16%¢ Ru-4b (1) 80 16 14.1 1.97 58
17¢4 Ru-6 (2) 23 4 - _ _

aDetermined through SEC in THF against polystyrene standards. °Calculated using *H
NMR analysis. “Polymerization carried out at a concentration of 5 M. YReaction performed
on 0.5 mmol scale with respect to the monomer. *Polymerization carried out in the bulk.
V.4.5 Comparison of Oxygen Sensitivity between Ru-4b and Ru-6 in ADMET

In an No-filled glovebox, Ru-4b (3.4 mg, 0.05 mmol, 0.01 equiv) and Ru-6 (2.1
mg, 0.0025 mmol, 0.005 equiv) were weighed into two separate, oven-dried vials
equipped with stir bars and dissolved in TCB (0.1 mL). The vials were sealed with a
screwcap fitted with a teflon septa. The vials were removed from the glovebox and the
septa was pierced with an 18G needle. The vials were then stirred at room temperature (23
°C) for 20 min under air. Next, the catalyst solution was transferred to an oven-dried
Schlenk flask under N> containing a stir bar and either monomer 28 (113 mg, 0.5 mmol,
1 equiv) for Ru-4b or capped monomer 113 (113 mg, 0.5 mmol, 1 equiv) for Ru-6. The
flask was then placed under vacuum (100 mTorr) and reactions were stirred at room

temperature (23 °C) for either 4 h (Ru-6) or 16 h (Ru-4b). The flask was then placed under
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static vacuum and ethyl vinyl ether (~50 puL) was added at room temperature. After stirring
for 5 min, the flask was opened to air and an aliquot was removed for NMR analysis. In
the attempted polymerization of 11 with Ru-6, *H NMR analysis revealed mostly recovery
of the starting material with trace oligomer formation. In the case of the polymerization
of 28 with Ru-4b, the polymer was dissolved in dichloromethane and precipitated by
addition of cold methanol in a centrifuge tube. After centrifugation at 8500 RPM for 10
min, the supernatant was decanted, and the polymer was dried under vacuum to afford a
highly viscous brown oil.

Table V-4 Effect of Oxygen on Stereoretentive (Ru-6) and cis-Selective ADMET (Ru-
4b)

R o R [Ru] (1 mol%) . j\
Sro A oth o [5M], 23 °C, Time, \<0 OW
28 :x=4,R=H 100 mTorr PZCISS grztrfns
11 :x=3,R=Me P11:x=3
Catalyst t Mn cis
Entry  Monomer (Mol%) () (kg/mol) b (%)
1 28 Ru-4b (1) 16 8.9 1.51 99
2 11 Ru-6 (0.5) 4 -8 - -

aNo polymer isolated. Only trace oligomer formation observed in *H NMR

V.4.6 General cis-Selective ADMET Polymerization Procedure Using Vacuum (100
mTorr)
In an N2 filled glovebox, a solution of monomer (0.50 mmol, 1 equiv) in 0.1 mL

of TCB was added to another vial containing Ru-4b (3.4 mg, 5.0 umol, 0.01 equiv). The
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solution was then transferred to an oven-dried Schlenk flask through a red rubber septum
secured with electrical tape. A Teflon stopper was then fitted into the sidearm. The flask
was then removed from the glovebox and the flask was placed under vacuum using a
Schlenk line. The flask was then stirred at room temperature for 16 h. After the
polymerization was finished, the flask was placed under static vacuum and ethyl vinyl
ether (~50 puL) was added. After stirring for 5 min, the flask was opened to air and an
aliquot was removed for NMR analysis. The polymerization was then purified through
dissolving the polymer in DCM and precipitating in cold methanol in a centrifuge tube.
After centrifugation at 8500 RPM for 10 min, the methanol was decanted. The polymer
was then dissolved in DCM and reprecipitated in MeOH before undergoing another
centrifugation cycle. After decanting the MeOH, the polymer was dried for 24 h under

vacuum.

Table V-5 Polymerization Results for P28

0 [Ru] (1 mol%) o
PAVa TS J\ AN > *e J\ X
Z o~ o A TCB [5 M], Temp, 16 h, o 0 i A
100 mTorr cis or trans
28 P28

temp Mn cis
entry catalyst (°C)  (kg/mol) b (%)
1 Ru-la 80 20.9 1.81 15

2 Ru-4b 23 12.0 1.60 99

The spectroscopic data for the cis-rich P28 were identical to those previously reported in

the literature.®
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cis-rich P28: 'H NMR (400 MHz, CDCl3) § 5.39-5.28 (m, 2 H), 4.11 (t, J = 6.7 Hz, 4 H),
2.11-1.96 (m, 4 H), 1.72-1.60 (m, 4 H), 1.47-1.36 (m, 4 H) ppm.

The spectroscopic data for the trans-rich P28 were identical to those previously reported
in the literature, 1%

trans-rich P28: 'H NMR (400 MHz, CDCls) & 5.45-5.32 (m, 2 H), 4.12 (t, J = 6.7 Hz, 4

H), 2.11-1.95 (m, 4 H), 1.77-1.59 (m, 4 H), 1.48-1.34 (m, 4 H) ppm.

Table V-6 Polymerization Results for P24

o) [Ru] (1 mol%) 0
\V\/\OJ\OW TCB[5 M], Temp, 16 h, \GOJ\O 7 i
100 mTorr cis or trans

24 P24

temp Mhn cis
entry catalyst (°C)  (kg/mol) b (%)

1 Ru-1la 80 15.7 1.80 17

2 Ru-4b 23 9.1 1.39 99

The spectroscopic data for the cis-rich P24 were identical to those previously reported in
the literature.

cis-rich P24: 'H NMR (400 MHz, CDCl3) § 5.44-5.34 (m, 2 H), 4.11 (t, J = 6.6 Hz, 4 H),
2.18-2.04 (m, 4 H), 1.78-1.67 (m, 4 H) ppm.

The spectroscopic data for the trans-rich P24 were identical to those previously reported

in the literature.1®
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trans-rich P24: 'H NMR (400 MHz, CDCls) & 5.47-5.36 (m, 2 H), 4.12 (t, J = 6.6 Hz, 4

H), 2.18-1.99 (m, 4 H), 1.79-1.67 (m, 4 H) ppm.

Table V-7 Polymerization Results for P29

¥ [Ru] (1 mol%)

NN o NN TCB [5 M], Temp, 16 h, > \eo’s‘o X A
100 mTorr cis or trans
29
P29
temp Mn cis
entry catalyst (°C)  (kg/mol) b (%)
1 Ru-1a 80 18.8 1.77 23
2 Ru-4b 23 8.4 1.42 99

The spectroscopic data for the cis-rich P29 were identical to those previously reported in
the literature.

cis-rich P29: 'H NMR (400 MHz, CDCl3) § 5.42-5.31 (m, 2 H), 4.09-3.87 (m, 4 H), 2.15—
1.99 (M, 4 H), 1.74-1.62 (m, 4 H), 1.50-1.38 (m, 4 H) ppm.

trans-rich P29: 'H NMR (400 MHz, CDCls) & 5.44-5.30 (m, 2 H), 4.07-3.84 (m, 4 H),
2.09-1.96 (m, 4 H), 1.70-1.60 (m, 4 H), 1.48-1.37 (m, 4 H) ppm.

13C NMR (101 MHz, CDCls) 6 130.3, 129.7, 62.2, 32.0, 29.2, 29.0, 26.8, 25.9, 25.7 ppm

259



Table V-8 Polymerization Results for P25

o [Ru] (1 mol%) R o
NN SN TCB [5 M], Temp, 16 h, \eo’s\o Z f
100 mTorr cis or trans
= P25
temp Mn cis

entry catalyst (°C)  (kg/mol) b (%)
1 Ru-la 80 9.9 1.67 23
2 Ru-4b 23 9.5 1.56 99

The spectroscopic data for the cis-rich P25 were identical to those previously reported in
the literature.®

cis-rich P25: 'H NMR (400 MHz, CDCl3) § 5.44-5.34 (m, 2 H), 4.10-3.86 (m, 4 H), 2.20—
2.08 (m, 4 H), 1.79-1.69 (m, 4 H) ppm.

The spectroscopic data for the trans-rich P25 were identical to those previously reported
in the literature.1%2

trans-rich P25: 'H NMR (400 MHz, CDCls) § 5.46-5.37 (m, 2 H), 4.08-3.86 (m, 4 H),

2.19-2.05 (m, 4 H), 1.78-1.69 (m, 4 H) ppm.
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Table V-9 Polymerization Results for P30

o (o]
OW [Ru] (1 mol%) - ‘eo cis or trans
o TCB [5 M), Temp, 16 h, oM
/\M“ 100 mTorr 4 “n
o
30

(o)
P30

temp Mn cis

entry catalyst (°C)  (kg/mol) b (%)
1 Ru-4b 23 8.3 1.52 91
2 Ru-la 80 7.3 3.28 21

The spectroscopic data for the cis-rich P30 were identical to those previously reported in
the literature.

cis-rich P30: 'H NMR (400 MHz, CDCls) & 8.08 (s, 4H), 5.46-5.34 (m, 2 H), 4.34 (t, J =
6.6 Hz, 4 H), 2.17-2.05 (m, 4 H), 1.84-1.74 (m, 4 H), 1.55-1.46 (m, 4 H) ppm.

The spectroscopic data for the trans-rich P30 were identical to those previously reported
in the literature.*

trans-rich P30: 'H NMR (400 MHz, CDCl3) & 8.08 (s, 4 H), 5.49-5.36 (m, 2 H), 4.33 (t,

J=6.6 Hz, 4 H), 2.17-2.03 (M, 4 H), 1.84-1.73 (m, 4 H), 1.56-1.46 (m, 4 H) ppm.
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Table V-10 Polymerization Results for P23

o (o]
m/@)ko%\)}% [Ru] (1 mal%) > \GOJ\Q\K cis or trans
o TCB [5 M], Temp, 16 h, OM
/\Ms 100 mTorr 3 n
o
23

temp Mn cis
entry catalyst (°C)  (kg/mol) b (%)
1 Ru-la 80 27.9 1.75 14

2 Ru-4b 23 5.0 1.69 99

The spectroscopic data for the cis-rich P23 were identical to those previously reported in
the literature.

cis-rich P23: 'H NMR (400 MHz, CDCls) 6 8.08-8.04 (s, 4 H), 5.52-5.41 (m, 2 H), 4.31
(t,J=6.7 Hz, 4 H), 2.27-2.14 (m, 4 H), 1.89-1.78 (m, 4 H) ppm.

The spectroscopic data for the trans-rich P23 were identical to those previously reported
in the literature.*

trans-rich P23: H NMR (400 MHz, CDCls) & 8.11-8.05 (m, 4 H), 5.53-5.44 (m, 2 H),

4.38-4.28 (t, J = 6.7 Hz, 4 H), 2.26-2.12 (m, 4 H), 1.90-1.79 (m, 4 H) ppm.

Table V-11 Polymerization Results for P31

[Ru] (1 mol%) N
NN 0NN > 60
TCB [5 M], Temp, 16 h, cis or trans "
31 100 mTorr
P31
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temp Mn cis

entry catalyst °C)  (kg/mol) b (%)
1 Ru-la 80 26.5 1.55 18
2 Ru-4b 23 10.0 1.49 99

The spectroscopic data for the cis-rich P31 were identical to those previously reported in
the literature.

cis-rich P31: 'H NMR (400 MHz, CDCl3) § 5.42-5.29 (m, 2 H), 3.39 (t, J = 6.6 Hz, 4 H),
2.10-1.95 (m, 4 H), 1.61-1.50 (m, 4 H), 1.44-1.34 (m, 4 H) ppm.

The spectroscopic data for the trans-rich P31 were identical to those previously reported
in the literature. 10

trans-rich P31: *"H NMR (400 MHz, CDCl3) § 5.45-5.32 (m, 2 H), 3.38 (t, J = 6.6 Hz, 4

H), 2.09-1.94 (m, 4 H), 1.63-1.48 (m, 4 H), 1.45-1.33 (m, 4 H) ppm.

Table V-12 Polymerization Results for P26

[Ru] (1 mol%)

- =
WOW TCB [5 M], Temp, 16 h, 60 )
100 mTorr cis or trans
26 P26

temp Mhn cis
entry catalyst °C)  (kg/mol) b (%)
18 Ru-la 50° 22.4 1.61 23
22 Ru-4b 23 10.6 1.35 99

263



2Reaction performed at a scale of 1 mmol with respect to 26. Reaction temperature

lowered due to the volatility of 26 under vacuum at high temperature.

The spectroscopic data for the cis-rich P26 were identical to those previously reported in
the literature.

cis-rich P26: 'H NMR (400 MHz, CDCl3) § 5.42-5.29 (m, 2 H), 3.39 (t, J = 6.6 Hz, 4 H),
2.10-1.95 (m, 4 H), 1.61-1.50 (m, 4 H), 1.44-1.34 (m, 4 H) ppm.

The spectroscopic data for the trans-rich P26 were identical to those previously reported
in the literature. 10

trans-rich P26: *"H NMR (400 MHz, CDCl3) § 5.45-5.35 (m, 2 H), 3.39 (t, J = 6.6 Hz, 4

H), 2.13-1.97 (m, 4 H), 1.67-1.58 (m, 4 H) ppm.

Table V-13 Polymerization Results for P33

Me Me [Ru] (1 mol%) . Me Me

NN Si F N - é .Si X
=z oo \ TCB [5 M], Temp, 16 h, o o i
100 mTorr cis or trans
33 P33

temp Mhn cis
entry catalyst °C)  (kg/mol) b (%)
1 Ru-la 80 19.1 2.02 13

2 Ru-4b 23 10.3 1.45 99
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cis-rich P33: *H NMR (400 MHz, CDCl3) & 5.42-5.30 (m, 2 H), 3.67 (t, J = 6.6 Hz, 4 H),
2.10-1.95 (m, 4 H), 1.61-1.50 (m, 4 H), 1.44-1.33 (m, 4 H), 0.11 (s, 6 H) ppm.

13C NMR (101 MHz, CDCl3) § 129.9, 62.6, 32.4, 27.1, 26.1, 3.0 ppm.

Basic hydrolysis of cis-rich P33 delivered the corresponding cis-dec-5-ene-1,10-diol.

HO OH
(ot e
PN —_—
oo n  1:1H,0:EtOH, 80 °C, —
16 h cis
|
(
‘ |
(
) ) / ||
HO\_\_\_/_/_/OH
JM cis
I E—
2.00
‘54‘!4 ‘ 54‘32 ‘ 54‘30 ‘5‘38‘5,‘36‘5.‘34‘5‘32 ‘ 5‘30‘
1 (ppm)
|G .*‘ L L
o T B
2.00 3.85 3.796.224.78
5‘5 ‘ 5‘0 45 4 35 ‘ 3.0 ‘ 2.‘5 ‘ 2‘0 ‘ 15 ‘ 10 ‘ 05
1 (ppm)

T T T T
70 65 6.0

Figure V-4 'H NMR (400 MHz) of dec-5-ene-1,10-diol obtained from hydrolysis of cis
P33.
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trans-rich P33: 'H NMR (400 MHz, CDCls) & 5.45-5.31 (m, 2 H), 3.66 (t, J = 6.6 Hz 4
H), 2.10-1.94 (m, 4 H), 1.64-1.49 (m, 4 H), 1.45-1.31 (m, 4 H), 0.11 (s, 6 H) ppm.

13C NMR (101 MHz, CDCl3) § 130.3, 62.4, 32.3, 32.1, 25.8, -3.0 ppm

Table V-14 Polymerization Results for P34

Me  Me [Ru] (1 mol%) Me Me

NN e NNF TCB [5 M], Temp, 16 h, > éo'Si“O ,/
100 mTorr cis or trans
34 P34
temp Mhn cis
entry catalyst °C)  (kg/mol) b (%)
1 Ru-la 80 28.9 1.40 20
2 Ru-4b 23 17.6 1.29 99

cis-rich P34: 'H NMR (400 MHz, CDCls) § 5.45-5.32 (m, 2 H), 3.67 (t, J = 6.7 Hz, 4 H),
2.14-2.00 (m, 4 H), 1.67-1.53 (m, 4 H), 0.11 (s, 6 H) ppm.

13C NMR (101 MHz, CDCl3) § 129.7, 62.1, 32.7,27.2, 23.6, -3.0 ppm.

Basic hydrolysis of cis-rich P34 delivered the corresponding cis-oct-4-ene-1,8-diol.

Me\ Me

f si cis NaOH N "'°‘\_\_/_/’°H
oo ES >
| 1:1 H,0:EtOH, 80 °C, —

16 h cis
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Figure V-5 'H NMR (400 MHz) of oct-4-ene-1,8-diol obtained from hydrolysis of cis
P34.

trans-rich P34: *H NMR (400 MHz, CDCls) § 5.52-5.32 (m, 2 H), 3.66 (t, J = 6.7 Hz, 4
H), 2.34-1.95 (m, 4 H), 1.67-1.52 (m, 4 H), 0.11 (s, 6 H) ppm.

13C NMR (101 MHz, CDCls) § 130.2, 62.1, 32.7, 32.6, 29.0, 3.0 ppm

Table V-15 Polymerization Results for P35

cl [Ru] (1 mol%) ¢l
> 4
\/\/\)\/\/\/ TCB [5 M], Temp, 16 h, M\/M
cis or trans

100 mTorr
35 P35
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temp Mn cis

entry catalyst °C)  (kg/mol) b (%)
1 Ru-la 407 16.2 1.87 19
2 Ru-4b 23 7.3 1.64 92

#Reaction temperature lowered due to the volatility of 35 under vacuum at high

temperature.

cis-rich P35: 'H NMR (400 MHz, CDCls) & 5.43-5.31 (m, 2 H), 3.93-3.83 (p, 1 H), 2.10—
1.95 (M, 4 H), 1.78-1.63 (m, 4 H), 1.63-1.48 (m, 2 H), 1.48-1.25 (m, 6 H) ppm.

13C NMR (101 MHz, CDCl3) § 130.4*, 129.9, 64.3, 38.6, 38.5%, 32.6*,29.4, 29.3%,27.3,
26.4, 26.2* ppm.

* = peaks corresponding to the trans signals.

trans-rich P35: 'H NMR (400 MHz, CDCls): 5.45-5.31 (m, 2 H), 3.93-3.83 (p, 1 H),
2.08-1.93 (M, 4 H), 1.77-1.63 (m, 4 H), 1.61-1.48 (m, 2 H), 1.47-1.24 (m, 6 H) ppm.
13C NMR (101 MHz, CDCls): 130.4, 129.9, 64.4, 64.3, 38.6, 38.5, 32.6, 29.4, 29.3, 27.3,

26.4, 26.2 ppm.

Table V-16 Polymerization Results for P36

ci [Ru] (1 mol%) ¢
/\/\)\/\/\ > y\/\/\ﬂw
Z X TCB [5 M], Temp, 16 h, .
100 mTorr cis or trans
P36

36
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temp Mn cis

entry catalyst °C)  (kg/mol) b (%)
1 Ru-la 407 12.7 1.76 12
2 Ru-4b 23 7.2 1.56 97

#Reaction temperature lowered due to the volatility of 36 under vacuum at high

temperature.

cis-rich P36: 'H NMR (400 MHz, CDCl3) & 5.42-5.32 (m, 2 H), 3.94-3.84 (p, 1 H), 2.13—
1.96 (M, 4 H), 1.80-1.66 (m, 4 H), 1.66-1.53 (m, 2 H), 1.53-1.40 (m, 2 H) ppm.

13C NMR (101 MHz, CDCls3) § 130.4*,129.9, 64.1, 38.2, 38.1%, 32.2*, 26.8, 26.7, 26.5*
ppm.

* = peaks corresponding to the trans signals.

The spectroscopic data for the trans-rich P36 were identical to those previously reported
in the literature.*3

trans-rich P36: *H NMR (400 MHz, CDCls3) § 5.46-5.32 (m, 2 H), 3.94-3.84 (p, 1 H),

2.13-1.92 (m, 4 H), 1.80-1.66 (m, 4 H), 1.66-1.52 (m, 2 H), 1.52-1.38 (m, 2 H) ppm.

Table V-17 Polymerization Results for P37

Br [Ru] (1 mol%) Br

> Z
\/\/\)\/\/\/ TCB [5 M], Temp, 16 h, MM
100 mTorr cis or trans
3 P37
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temp Mn cis

entry catalyst °C)  (kg/mol) b (%)
1 Ru-la 407 13.4 2.30 9
2 Ru-4b 23 7.8 1.76 85

®Reaction temperature lowered due to the volatility of 37 under vacuum at high

temperature.

cis-rich P37: 'H NMR (400 MHz, CDCls) § 5.42-5.32 (m, 2 H), 4.06-3.98 (p, 1 H), 2.11—
1.94 (m, 4 H), 1.90-1.73 (m, 4 H), 1.66-1.50 (m, 2 H), 1.50-1.25 (m, 6 H) ppm.

13C NMR (101 MHz, CDCl3) § 130.4*, 129.9, 58.9, 39.3, 39.2%, 32.5%,29.3, 29.2%, 27.5,
27.2 ppm.

* = peaks corresponding to the trans signals.

trans-rich P37: 'H NMR (400 MHz, CDCls): 5.46-5.29 (m, 2 H), 4.08-3.97 (p, 1 H),
2.11-1.91 (m, 4 H), 1.90-1.72 (m, 4 H), 1.63-1.48 (m, 2 H), 1.48-1.26 (m, 6 H) ppm.
13C NMR (101 MHz, CDCls): 130.4, 129.9, 59.0, 58.9, 39.3, 39.2, 32.5, 29.3, 29.2, 27.5,

27.2 ppm.

Table V-18 Polymerization Results for P38

Br [Ru] (1 mol%) Br

- A
/\/\)\/\/\ TCB [5 M], Temp, 16 h, ‘y\/\/\'ﬁ'\/i\
100 mTorr cis or trans
38 P38
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temp Mn cis

entry catalyst °C)  (kg/mol) b (%)
1 Ru-1 407 8.5 1.96 14
2 Ru-3b 23 6.8 1.65 90

®Reaction temperature lowered due to the volatility of 38 under vacuum at high

temperature.

cis-rich P38: 'H NMR (400 MHz, CDCl3) & 5.45-5.32 (m, 2 H), 4.07-3.97 (p, 1 H), 2.16—
1.93 (m, 4 H), 1.90-1.75 (m, 4 H), 1.70-1.55 (m, 2 H), 1.55-1.41 (m, 2 H) ppm.

13C NMR (101 MHz, CDCl3) § 130.4*, 129.9, 58.6, 58.5, 38.8, 38.7*, 32.1*, 27.7, 27.6%,
26.7 ppm.

* = peaks corresponding to the trans signals.

The spectroscopic data for the trans-rich P38 were identical to those previously reported
in the literature.

trans-rich P38: 'H NMR (400 MHz, CDCls3) § 5.45-5.32 (m, 2 H), 4.07-3.97 (p, 1 H),

2.13-1.93 (M, 4 H), 1.89-1.74 (m, 4 H), 1.69-1.55 (m, 2 H), 1.55-1.40 (m, 2 H) ppm.

Table V-19 Polymerization Results for P39

OH [Ru] (1 mol%) OH

> 4
W TCB [5 M], Temp, 16 h, W
100 mTorr cis or trans
39 P39
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temp Mn cis

entry catalyst °C)  (kg/mol) b (%)
1 Ru-la 80 4.7 1.49 12
2 Ru-4b 23 4.8 1.47 93

NOTE: No antisolvent could be identified to purify cis and trans P39 through precipitation
likely due to their low molar masses.

cis-rich P39: 'H NMR (400 MHz, CDCls): 5.43-5.29 (m, 2H), 3.65-3.49 (br, 1 H), 2.09—
1.93 (m, 4H), 1.89-1.68 (br, 1 H), 1.54-1.25 (m, 12 H) ppm.

13C NMR (101 MHz, CDCls): 130.5%, 130.0, 71.9, 37.5, 37.4%, 32.6*, 29.9, 29.7*, 27.3,
25.4, 25.2* ppm.

* = peaks corresponding to the trans signals.

trans-rich P39: 'H NMR (400 MHz, CDCls): 5.43-5.29 (m, 2 H), 3.65-3.49 (br, 1 H),
2.09-1.93 (m, 4 H), 1.89-1.66 (br, 1 H), 1.65-1.20 (m, 12 H) ppm.

13C NMR (101 MHz, CDCls): 130.5, 130.0, 71.9, 37.5, 37.4, 32.6, 29.9, 29.7, 27.3, 25.4,

25.2 ppm.

Table V-20 Polymerization Results for P40

OH

OH [Ru] (1 mol%)
> X
/\/\)\/\/\ TCB [5 M]y Temp, 16 h, ‘Q\/\/\rrﬂ\/é\
100 mTorr cis or trans
40
P40
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temp Mn cis

entry catalyst °C)  (kg/mol) b (%)
1 Ru-4b (1) 23 2.4 1.40 96
2 Ru-la 80 6.5 1.43 15

NOTE: No antisolvent could be identified to purify cis and trans P40 through precipitation
likely due to their low molar masses.

cis-rich P40: *H NMR (400 MHz, CDCls) & 5.48-5.31 (m, 2 H), 3.65-3.52 (br, 1 H), 2.16—
1.94 (m, 4 H), 1.91-1.66 (br, 1 H), 1.63-1.22 (m, 8 H) ppm.

13C NMR (101 MHz, CDCls): 130.5*, 130.0, 71.7, 71.6, 37.2, 37.0*, 32.6%, 27.3, 25.9,
25.7* ppm.

* = peaks corresponding to the trans signals.

The spectroscopic data for the trans-rich P40 were identical to those previously reported
in the literature.1#°

trans-rich P40: *H NMR (400 MHz, CDCls): 5.48-5.31 (m, 2 H), 3.65-3.52 (br, 1 H),

2.16-1.94 (m, 4 H), 1.91-1.66 (br, 1 H), 1.63-1.22 (m, 8 H) ppm.

V.4.7 cis-Selective ADMET Polymerization Procedure Using an N2 Flow for Monomer 32

In an No-filled glovebox, deca-1,9-diene (32) (69 mg, 0.5 mmol, 1 equiv.) was
weighed into a vial equipped with a stir bar. Then, Ru-4b (3.4 mg, 0.005 mmol, 0.01
equiv.) was weighed into a separate vial and dissolved in TCB (0.25 mL). The catalyst
solution was taken up in the syringe and ejected back into the vial three times to ensure

the catalyst dissolved. The catalyst solution was then transferred to the monomer vial
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where the solution was taken up in the syringe and ejected three times. The vial was then
capped with a screw cap fitted with a Teflon septa and removed from the box. The vial
was taken to a Schlenk line where it was pierced with a 3 18 G pink needle with a positive
N2 flow until it made contact with the bottom of the vial. An 18 G needle was then pierced
through the septa as a bleed needle and the reaction mixture was checked to make sure
proper bubbling of N2 was occurring. The reaction was stirred at 100 rpm at room
temperature for 48 h. At this point, 50 pL of ethyl vinyl ether was added to quench the
polymerization for 5 minutes. The mixture was then dissolved in the minimum amount of
DCM (~ 1 mL) and precipitated in MeOH in a centrifuge tube. The mixture then
underwent centrifugation at 8500 rpm for 10 minutes. The MeOH was decanted, the
polymer was redissolved in DCM, and precipitated in MeOH again. After a second

centrifugation cycle, the MeOH was decanted and P32 was dried for 24 h under vacuum.

Figure V-6 Purging reaction setup for polymer synthesis with Ru-4b.
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Table V-21 Polymerization Results for P32

[Ru] (1 mol%)
AONNNNNNE ————— > W

TCB [2 M], Temp, 48 h cis or trans "
32 N, purge P32
temp Mn cis
entry catalyst b
(°C)  (kg/mol) (%)
1 Ru-1la 90 10.2 1.78 16
2 Ru-4b 23 8.5 1.80 99

The spectroscopic data for the cis-rich P32 were identical to those previously reported in
the literature. 14

cis-rich P32: *H NMR (400 MHz, CDCl3) § 5.41-5.28 (m, 2 H), 2.10-1.93 (m, 4 H), 1.40—
1.23 (m, 8 H) ppm.

13C NMR (101 MHz, CDCls) § 130.0, 29.9, 29.4, 27.4 ppm.

The spectroscopic data for the trans-rich P32 were identical to those previously reported
in the literature.%

trans-rich P32: 'TH NMR (400 MHz, CDCls) § 5.53-5.27 (m, 2H), 2.06-1.90 (m, 4H),

1.40-1.20 (m, 8H) ppm.
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V.4.8 ABA Triblock Copolymer Synthesis

P32.is-OAC (99% cis)

NN+ NN OAC
TCB,23°C,48h ), = Qs

purged with N. AcO OAc
32 4 : P32.:.-OAC

In a nitrogen-filled glove box, an oven-dried vial was charged with Ru-4b (5.0 pmol, 0.01
equiv) and TCB (0.25 mL). The solution of catalyst was added to another oven-dried vial
containing pre-weighed monomer 32 (0.50 mmol, 1 equiv), acetate reagent 41 (0.10 mmol,
0.2 equiv), and a stir bar. The vial capped with a Teflon cap was then removed from the
glove box and stirred for 48 h under a constant nitrogen flow passing through a 3-inch,
18G needle with another 18G bleed needle (Figure V-6). Polymer P32:s-OAc was then
precipitated with ice-cold methanol, isolated via centrifugation (8500 rpm, 10 min), and
dried under high vacuum for 16-24 h.

'H NMR (400 MHz, CDCl3) § 5.35 (t, J = 4.7 Hz, 44 H), 4.06 (t, J = 6.7 Hz, 4 H), 2.06—
1.95 (m, 92 H), 1.32 (d, J = 10.4 Hz, 178 H) ppm.

13C NMR (101 MHz, CDCls) & 129.9, 29.7, 29.2, 27.2 ppm.

P32trans-OAC (89% trans)

In a nitrogen-filled glove box, an oven-dried vial was charged with Ru-1a (5.0 umol, 0.01
equiv) and dissolved in TCB (0.25 mL). The solution of catalyst was added to another vial

containing the pre-weighed monomer 32 (0.50 mmol, 1 equiv), acetate reagent 41 (0.10

276



mmol, 0.2 equiv) and a stir bar. The vial capped with a Teflon cap was then removed from
the glove box. The reaction was placed in a pre-heated oil bath (90 °C) and stirred for 48
h under a constant nitrogen flow passing through one 3-inch, 18G needle and an 18G bleed
needle (Figure V-6). Polymer P32yans-OAC was then precipitated with ice-cold methanol,
isolated via centrifugation (8500 rpm, 10 min), and then dried under high vacuum for 16—
24 h,

IH NMR (400 MHz, CDCls) 6 5.44-5.29 (m, 50 H), 4.06 (t, J = 6.7 Hz, 4 H), 2.03-1.89
(m, 96 H), 1.38-1.24 (m, 195 H) ppm.

13C NMR (101 MHz, CDCls) § 130.3, 129.9, 32.6, 29.7, 29.1, 27.2 ppm.

Hydrolysis of P32:is-OAc (99% cis) and P32irans-OAC (89% trans)

KOH
/ A\ THF/EtOH/H,0 / A\

)3 = Qs 80°C, 2h ) = Qs
AcO OAc HO OH

P32.s-OAcC P32:is-OH

P32:is-OAC (or P32irans-OAC) (30 mg) was placed in a reaction vial equipped with a stir
bar, and solution of KOH (100 mg) in a THF:EtOH:H>O mixture (1:1:1, 6 mL) was added
to the vial. The polymer suspension was heated to 80 °C for 2 h. The reaction was cooled
to room temperature and diluted with dichloromethane (20 mL). The organic layer was
washed with H.O (10 mL), dried over sodium sulfate, and then the solvent was removed

in vacuo affording P32¢is-OH (or P32trans-OH).
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P32.is-OH (99% cis)

IH NMR (400 MHz, CDCl3) § 5.35 (t, J = 4.7 Hz, 50 H), 3.66 (t, J = 6.5 Hz, 4 H), 2.09—
1.92 (m, 101 H), 1.39-1.24 (m, 211 H) ppm.

13C NMR (101 MHz, CDCl3) § 129.9, 29.7, 29.2, 27.2 ppm.

P32trans'OH (89% tranS)

IH NMR (400 MHz, CDCls) § 5.45-5.30 (m, 54 H), 3.65 (t, J = 6.3 Hz, 4 H), 2.12-1.87
(m, 110 H), 1.44-1.20 (m, 216 H) ppm.

13C NMR (101 MHz, CDCls) & 130.3, 129.9, 32.6, 29.7, 29.6, 29.1, 29.1, 27.2 ppm.

Synthesis of P42-b-P32.is-b-P42 (99% cis) and P42-b-P32¢ans-b-P42 (89% trans)

(o]
Me
B
o
M e)Y Me
o X o
cis or trans OH
A\ 42 m

- (o]
— o cis or trans
) ( .

3 TBD, DCM, 23 °C, 16 h HO.
HO OH o

P32-OH Me " P42-b-P32-b-P42

In a nitrogen-filled glove box, D,L-lactide (42) (59.2 mg, 411 pmol, 120 equiv) was added
to vial containing anhydrous DCM (0.3 mL). The solution was then transferred to a vial
containing pre-weighed P32-OH (3.4 umol, 1 equiv) and a stir bar. The mixture was
stirred for 5 min followed by rapid addition of a solution of triazabicyclodecene (TBD,
0.376 mg, 2.7 umol, 0.8 equiv) in anhydrous DCM (0.1 mL) with a syringe. The vial was
then removed from the glovebox, and parafilm was wrapped around the cap to ensure an

optimum seal. The mixture was stirred for 16 h at room temperature, then quenched by
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addition of an excess of acetic acid (0.1 mL). The polymer solution was precipitated by
addition into methanol, and the solid was isolated by centrifugation and decantation. The

resulting ABA triblock copolymer was dried under high vacuum.

P42-b-P32is-b-P42 (99% cis)

IH NMR (400 MHz, CDCl3) & 5.40-5.29 (m, 44 H), 5.29-5.09 (m, 231 H), 2.11-1.90 (m,
82 H), 1.68-1.47 (m, 736 H), 1.38-1.25 (m, 209 H) ppm.

13C NMR (101 MHz, CDCls) § 169.3, 129.9, 69.0, 29.7, 29.2, 27.2, 16.6 ppm.

P42-b-P32¢rans-b-P42 (89% trans)

IH NMR (400 MHz, CDCl3) & 5.40-5.22 (m, 44 H), 5.20-5.02 (m, 242 H), 2.03-1.81 (m,
83 H), 1.56-1.42 (m, 757 H), 1.32-1.16 (m, 171 H) ppm.

13C NMR (101 MHz, CDCls) & 169.4, 130.4, 69.4, 69.1, 32.6, 29.6, 16.7 ppm.

o] —P32.0Ac 104 TP 0Ac
| ——p32_oH —FP32,OH
ps2s 52 P2 P42-b-P32,__-b-P42
ERTE 3 089
s LA
> =
2 06 g o064
@ 2
= =
2 B
N 044 N 049
= ©
£ £
£ £
5 [ ]
=z 024 | \ =z 024
d
\/b Q‘
~
00 7 y T T T T T T T 1 00 T T f ¥ T T T T T '
16 18 20 22 24 16 18 20 22 24

Retention Time (min) Retention Time (min)

Figure V-7 SEC traces showing formation of P42-b-P32:s-b-P42 (left, orange) from
P32¢is-OH (green) and formation of P42-b-P32¢ans-b-P42 (right, orange) from P32¢rans-
OH (green).
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V.4.9 NMR Deconvolution

Due to overlap in the *H NMR spectrum between the cis and trans alkene signals,
the built-in MestReNova Global Spectra Deconvolution (GSD) software was used to
calculate the cis content. The following equation was used where the letter refers to the

area under the specified curve:

cis% = [1—(%)]“00 1)

380000
360000
Intensity  Width Area 340000
18201... 4.67 11098270.27 320000
300000
280000
260000
2460.. 246 679449.18 240000
220000
200000
180000
160000
140000
120000
100000
80000
60000
40000
20000
r0

r-20000

28416.. 3.67 13670200.50

16111... 3.59 7936552.25

8384.. 3.3 3148094.68

4809.. 3.62 2053671.24

5430 5425 5420 5415 5410 5405 5400 5395 5390 5385 5380 5375 5370 5365  5.360
Chemical Shift (ppm)

Figure V-8 'H NMR spectral deconvolution of P28 formed by Ru-1a at 80 °C (15% cis).

280



V.4.10 Thermal Characterization Data

Table V-22 Summary of DSC and TGA Data

entry polymer M, cis Ty Ty T T
(kg/mol) (%) () () (O (°C)
1 P28 12.0 1.60 99 334 —73 - -
2 P28 20.9 1.81 15 298 —68 =17 11
3 P24 9.1 1.38 99 314 —75 - -
4 P24 15.7 1.80 17 253 —64 - -
5 P29 8.4 1.42 99 280 - - -
6 P29 18.8 1.77 23 274 - - -
7 P25 9.5 1.56 99 277 - - -
8 P25 9.9 1.67 23 227 - - -
9 P30 8.3 1.52 91 317 -29 - -
10 P30 7.9 2.22 25 304 =27 83 26
11 P23 5.0 1.69 99 309 —24 - -
12 P23 11.2 3.23 21 273 -15 - -
13 P31 10.0 1.49 99 406 — — —
14 P31 26.5 1.55 18 401 - -9 =27
15 P26 10.6 1.35 99 301 - - -
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27 P37 7.8 1.76 85 250 70 - -

28 P37 134 2.30 9 236 —63 — —
28 P38 6.8 1.65 90 241 —64 - -
29 P38 8.5 1.96 14 237 -57 - -
30 P42 19.9 1.72 - 249 49 - -
o
‘eo)l\o X -
cis or trans
P28
100 99% cis 1004 15% cis
80 - 80
% 60 - § 60 1
g 40 - g 40
0| M, =12.0 kg/mol .o | M, =20.9 kg/mol
b =1.60 =181
] T4=334°C T4=298°C
’ 100 200 300 400 500 600 ° 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure V-9 TGA thermograms of 99% cis P28 (left) and 15% cis P28 (right).
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Figure VV-10 DSC thermograms of 99% cis P28 (left) and 15% cis P28 (right).
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Figure V-11 TGA plots of 99% cis P24 (left) and 17% cis P24 (right).
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Figure V-27 TGA plots of P32.is-OAc (left) and P32¢rans-OAC (right).

292

600



n\

«,
OAc

O,
P32,,-OAC

99% cis
M, =3.3 kg/mol, B =1.40

15
~ 104 T.=-30°C
Q.
=}
o
a T.=-8°C
‘\a’ 0.5 c~
=
g
o 004
=
©
[
T

0.5

- o
T,=32°C
-1.0 T T T T T T T
-100 50 0 50 100 150 200

Temperature (°C)

Heat Flow (W/g)(Exo up)

XN OAc

AcO

P32::ans-OAC

11% cis
M, = 3.6 kg/mol, = 1.41

Figure V-28 DSC plots of P32¢is-OAc (left) and P32¢rans-OAC (right).

1004 99% cis

80
S
= 60
5
(]
; 40

20; M, = 3.3 kg/mol

D =1.40
1 T,=247°C
P P B .

Temperature (°C)

600

Weight (%)

80

60 4

404

204

15
T,=5°C
1.0
T,=-6°C
0.5
0.0
-0.5
T.=-3°C T.=17°C
7. =8°C
-1.0 T T T T T T T
<100 -50 0 50 100 150 200
Temperature (°C)
HO = X n/ 3OH
P32Irans'OH
11% cis

M, = 3.1 kg/mol
b=152
T,=295°C
16)0 2(;0 33)0 4(50 560

Temperature (°C)

Figure V-29 TGA plots of P32.is-OH (left) and P32¢rans-OH (right).

293

600



4 n \
)3 = ( 3
HO P32.,-OH ©OH
99% cis
M, =3.3 kg/mol, D =1.40
2.0
154 T.=-39°C
’%‘ 1.04
o
Lﬁ 0.5+
g 0.0 4
g 0.5
w
T -1.04
I
-1.54
”0 Th=23°C
-2.5 T T T T T T T T T T
-100 -50 0 50 100 150 200

Temperature (°C)

Heat Flow (W/g)(Exo up)

-100

Hot x NS A
P32¢ans-OH
11% cis
M, = 3.1 kg/mol, b =1.52
1.5 T.=36°C
1.0 4
0.5 4
0.0 1
-0.54
1ol T,=51°C
T,=45°C

T T
-50 0 50 100 150 200

Temperature (°C)

Figure V-30 DSC plots of P32¢is-OH (left) and P32¢rans-OH (right).

cis or trans

HO

m

Me
P42-b-P32s-b-P42
M, =17.3 kg/mol, D =1.32

1004 99% cis
804
g 60
S
= 404
2. My =17.3 kg/mol
D=1.32
T4=278°C
T a0 w0 w0 o

Temperature (°C)

Figure V-31 TGA plots of P42-b-P32.is-b-P42 (left) and P42-b-P32¢rans-b-P42 (right).

600

Weight (%)

294

cis or trans
n

P42-b-P32-b-P42

P42-b-P32,ans-b-P42
M, =15.7 kg/mol, D = 1.46

80

60

40 -

20

11% cis

M, = 15.7 kg/mol
D =1.46
T,=273°C

T T T T T
100 200 300 400 500

Temperature (°C)

600



1.0

cis or trans

(o]
HO(})L
o
Me "
P42-b-P32.s-b-P42
M, =17.3 kg/mol, B =1.32

0.8
0.6 |
04 -
0.2
0.0

-0.2 4

Heat Flow (Exo up)

04
0.6
-0.8
1.0

Figure V-32 DSC plots of P42-b-P32cis-b-P42 (99% cis, left) and P42-b-P32trans-b-P42

-100

T T T
100 150 200

Temperature (°C)

(89% trans, right).

Me Me

\
Si,,
(\o (o

100 4 99% cis
80
5’?; 60
=
(]
2 40 +
20 M, =10.3 kg/mol
b=1.45
T;=340°C
0 T T T T T
100 200 300 400 500

Temperature (°C)

600

cis or trans
n

P42-b-P32-b-P42

P42-b-P32yans-b-P42
M, =15.7 kg/mol, b = 1.46

06

T,=-19°C

0.4 -

0.2

0.0

Heat Flow (Exo up)

-0.2

-04

-06 T T T T

T T T
100 150 200

Temperature (°C)

X
cis or trans "
P33
1004 13% cis
80 |
?\j/ 60 -
i)
()
2
20 M, =19.1 kg/mol
b =2.02
T,=344°C
0 T T T T T
100 200 300 400 500 600

Temperature (°C)

Figure V-33 TGA thermograms of 99% cis P33 (left) and 13% cis P33 (right).

295



Me\ lMe
(\o’s"o i X
99% cis cis or trans 13% cis
M, =10.3 kg/mol, § = 1.45 P33 M, = 19.1 kg/mol, D = 2.02
1.0 0.8
0.8+ 0.6
— 0.6 —
o S 044
g 0.4 4 g
% 02] % 0.2
5., 0.0 E 0.0
g g
o 024 o .02
g 04 g
T ' I 44
-0.6 4
084 -0.6 4
-1.0 T T T T T T -0.8 T T T T T T
-100 -50 0 50 100 150 200 -100 -50 0 50 100 150 200
Temperature (°C) Temperature (°C)
Figure VV-34 DSC plots of 99% cis P33 (left) and 13% cis P33 (right).
Me\ ,Me
(\O,Sko/\/\/‘\«\/\%/
cis or trans
P34
1004 99% cis 100 4 20% cis
80 80
S £ 60-
= 60 + —
) i)
g 40 - é “
M, = 17.6 kg/mol 21 M, = 28.9 kg/mol
1 p=1.29 D=1.40
T,=310°C °1 T,=307°C
° 1(30 2(30 3(50 4(;0 560 600 0 160 ZCI)D 3[I)0 460 5(110 600

Temperature (°C)

Temperature (°C)

Figure V-35 TGA thermograms of 99% cis P34 (left) and 20% cis P34 (right).
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Figure V-37 TGA thermograms of P35 with 92% (left) and 19% (right) cis content.
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Figure V-39 TGA thermograms of P36 with 97% (left) and 12% (right) cis content.
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Figure V-41 TGA thermograms of P37 with 85% (left) and 9% (right) cis content.
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V.4.11 Nanoindentation Data
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Figure V-46 Load-displacement curves from 25 indents of a) P42, b) P42-b-P32rans-b-
P42, and c) P42-b-P32:s-b-P42 and d) representative comparison of load-displacement
curves of polymers from one indent.
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Figure V-47 (Left) Bar graph representing hardness of P42 (gray, 0.19 + 0.02 GPA), P42-
b-P32trans-b-P42 (blue, 0.1429 + 0.0004 GPA), and P42-b-P32is-b-P42 (red, 0.138 +
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V.4.12 NMR Spectra
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Figure V-48 'H NMR (500 MHz, CDCls) spectrum of compound 29.
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Figure V-49 3°C NMR (125 MHz, CDClIs) spectrum of compound 29.
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Figure V-50 'H NMR (400 MHz, CDCls) spectrum of compound 33.
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Figure V-51 *C NMR (101 MHz, CDClIs) spectrum of compound 33.

307



Me Me
\

ot

T T T T T
0 4.07 4.21 4.19 4.28 6.53

l L

T T T T T T T T T T T
45 40 35 3.0 25 20 15 1.0 05 0.0 -0.5
1 (ppm)

8.0 75 7.0 6.5 6.0 5.5 5

Figure V-52 'H NMR (400 MHz, CDCls) spectrum of compound 34.
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Figure V-53 13C NMR (101 MHz, CDClIs) spectrum of compound 34.
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Figure V-54 'H NMR (400 MHz, CDCls) spectrum of compound 35.
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Figure V-55 1*C NMR (101 MHz, CDClIs) spectrum of compound 35.
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Figure V-56 'H NMR (400 MHz, CDCls) spectrum of compound 37.
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Figure V-57 *C NMR (101 MHz, CDCls) spectrum of compound 37.
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Figure V-58 'H NMR (400 MHz, CDCls) spectrum of compound 39.
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Figure V-59 *C NMR (101 MHz, CDCls) spectrum of compound 39.
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Figure V-60 'H NMR (400 MHz, CDCls) spectrum of cis-rich P28.
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Figure V-61 'H NMR (400 MHz, CDCls) spectrum of cis-rich P24.
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Figure V-62 'H NMR (400 MHz, CDCls) spectrum of cis-rich P29.
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Figure V-63 'H NMR (400 MHz, CDCls) spectrum of trans-rich P29.
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Figure V-64 *C NMR (125 MHz, CDCls) spectrum of trans-rich P29.
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Figure V-66 'H NMR (400 MHz, CDCls) spectrum of cis-rich P30.
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Figure V-67 'H NMR (400 MHz, CDCls) spectrum of cis-rich P23.
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Figure V-68 'H NMR (400 MHz, CDCls) spectrum of cis-rich P31.
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Figure V-69 'H NMR (400 MHz, CDCls) spectrum of cis-rich P26.
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Figure V-70 'H NMR (400 MHz, CDCls) spectrum of cis-rich P32.
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Figure V-71 *C NMR (101 MHz, CDCls) spectrum of cis-rich P32.
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Figure V-72 'H NMR (400 MHz, CDCls) spectrum of P32s-OAc.
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Figure V-73 3°C NMR (101 MHz, CDClIs) spectrum of P32is-OAC.
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Figure V-74 'H NMR (400 MHz, CDCls) spectrum of P32ans-OAC.

330



trans trans
AcO
OAc
n

P32¢rans-OAC

T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
Ppm

Figure V-75 *C NMR (101 MHz, CDClIs) spectrum of P32¢rans-OAC.
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Figure V-76 'H NMR (400 MHz, CDCls) spectrum of P32¢is-OH.
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Figure V-77 *C NMR (101 MHz, CDClIs) spectrum of P32¢is-OH.
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Figure V-78 'H NMR (400 MHz, CDCls) spectrum of P32rans-OH.
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Figure V-79 *C NMR (101 MHz, CDClIs) spectrum of P32¢rans-OH.
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Figure V-80 'H NMR (400 MHz, CDCls) spectrum of P42-b-P32.is-b-P42.
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Figure V-81 *C NMR (101 MHz, CDCls) spectrum of P42-b-P32.is-h-P42.
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Figure V-82 'H NMR (400 MHz, CDCls) spectrum of P42-b-P32rans-b-P42.
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Figure V-83 *C NMR (101 MHz, CDCls) spectrum of P42-b-P32irans-b-P42.
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Figure V-84 'H NMR (400 MHz, CDCls) spectrum of cis-rich compound P33.
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Figure V-85 *C NMR (101 MHz, CDClIs) spectrum of cis-rich compound P33.
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Figure V-86 'H NMR (400 MHz, CDCls) spectrum of trans-rich compound P33.
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Figure V-87 *C NMR (101 MHz, CDClIs) spectrum of trans-rich compound P33.
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Figure V-88 'H NMR (400 MHz, CDCls) spectrum of cis-rich compound P34.
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Figure V-89 *C NMR (101 MHz, CDCIs) spectrum of cis-rich P34.
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Figure V-90 *H NMR (400 MHz, CDCls) spectrum of trans-rich compound P34,
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Figure V-91 *C NMR (101 MHz, CDCls) spectrum of trans-rich P34.
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Figure V-92 'H NMR (400 MHz, CDCls) spectrum of cis-rich compound P35.
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Figure V-93 *C NMR (101 MHz, CDCls) spectrum of cis-rich P35.
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Figure V-94 'H NMR (400 MHz, CDCls) spectrum of trans-rich compound P35.
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Figure V-95 *C NMR (101 MHz, CDCls) spectrum of trans-rich P35.
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Figure V-96 *H NMR (400 MHz, CDCls) spectrum of cis-rich compound P36.
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Figure V-97 *C NMR (101 MHz, CDCls) spectrum of cis-rich P36.

353



Br .
cis

n
P37

.

|

[

[ ] |

[ L

J J ;) J)

s A
e e N N =
£ 8 I88Y
- - <+~ ©
6.5 6.‘0 5.‘5 5‘0 4‘5 35 3‘0 25 2‘0 1‘5 ’\‘0 05 0‘0

Figure V-98 'H NMR (400 MHz, CDCls) spectrum of cis-rich compound P37.
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Figure V-99 *C NMR (101 MHz, CDClIs) spectrum of cis-rich P37.
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Figure V-100 'H NMR (400 MHz, CDCls) spectrum of trans-rich compound P37.
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Figure V-101 C NMR (101 MHz, CDCls) spectrum of trans-rich P37.
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Figure V-102 *H NMR (400 MHz, CDCls) spectrum of cis-rich compound P38.
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Figure V-103 *C NMR (101 MHz, CDCls) spectrum of cis-rich P38.
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Figure V-104 *H NMR (400 MHz, CDCls) spectrum of cis-rich compound P39.
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Figure V-105 *C NMR (101 MHz, CDCls) spectrum of cis-rich P39 (NOTE: oligomer
cis-P39 could not be precipitated and separated from unreacted monomer 39 (blue square
labels).
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Figure V-106 *H NMR (400 MHz, CDCls) spectrum of trans-rich compound P39.
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Figure V-107 3C NMR (101 MHz, CDCls) spectrum of trans-rich P39 (NOTE: oligomer
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Figure V-108 'H NMR (400 MHz, CDCls) spectrum of cis-rich compound P40.
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Figure V-109 *C NMR (101 MHz, CDCls) spectrum of cis-rich P40 (NOTE: oligomer
cis-P40 could not be precipitated and separated from unreacted monomer 40 (blue square

labels).
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CHAPTER VI
CONCLUDING REMARKS AND OUTLOOK

Stereoselective Ru-catalysts for olefin metathesis are very promising, not only for
the synthesis of small molecules, but also for the preparation of stereodefined polymers.
We successfully leveraged the reactivity of dithiolate Ru catalysts for the synthesis of all-
cis PPVs and of a broad range of cis polyalkenamers through either stereoselective ROMP
or ADMET polymerization.

The development of a stereoretentive ROMP of [2,2] paracyclophane-1,9-dienes
allowed access to all-cis PPVs with living characteristics and also permitted the
construction of intricate polymeric architectures containing all-cis PPV segments. It also
provided a strategy to obtain all-trans PPV with high molar masses and uniform chain size
via a mild and efficient photoisomerization of the more soluble all-cis counterpart. The
substituents on the paracyclophane diene framework was shown to impact the kinetics of
both polymerization and isomerization processes significantly. Moreover, the cis/trans
ratio of PPV can be regulated by the UV irradiation of all-cis PPV which was found to
follow first-order kinetics on the concentration of cis linkage, serving as a powerful tool
to customize PPV with specific cis and trans composition.

In parallel to our development of stereoretentive ROMP, we implemented
stereoretention into the ADMET process using readily accessible cis,cis-diene monomers
and dithiolate Ru catalysts, which led to a variety of cis polymers without the requirement
of highly strained structures. Modulation of the reaction temperature and duration further

enabled a stereocontrol of the ADMET process, which delivered an array of degradable
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polyalkenamers with predictable cis/trans ratio, further allowing the modulation of
polymer properties, such as crystallinity.

Meanwhile, we have also developed a cis-selective ADMET polymerization of
readily available a,w-dienes monomers. Exquisite cis selectivity was achieved for most
monomers through kinetic control of the olefin metathesis process enabled by a robust
cyclometalated Ru catalyst. This diversity-oriented polymerization allowed us to compare
the thermal properties of a variety of cis polyalkenamers containing different polar
functional groups with their trans congeners. High cis-content was found to generally
correlate with better thermal stability, a lower glass transition temperature, and typically
amorphous behavior. Furthermore, an ABA triblock copolymer with polyoctenamer as a
rubbery middle segment and PLA as end blocks was synthesized. Nanoindentation
measurements revealed that the cis stereochemistry led to a greater decrease in stiffness
when compared to the ABA copolymer containing a trans middle block.

The development of these synthetic methods has enabled the precise synthesis of
diverse alkene-containing polymers, paving the way for investigating the influence of
stereochemistry on material properties. Despite decades of research in polymer science,
this relationship remains poorly understood. Our ultimate goal is to unravel the influence
of olefin geometry on polymer properties, which would enable the design and synthesis
of soft materials with desirable properties for a wide range of applications through

modulation of the cis/trans ratio.
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