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ABSTRACT 

 

This dissertation has focused on the design, synthesis, and characterization of 

novel polymers derived from the renewable resources honokiol and magnolol.  These 

natural products – isolated from magnolia officinalis – are highly functional and, thus, 

amenable to a broad range of synthetic organic transformations.  The transformations 

explored in this work have yielded diverse monomers and, subsequently, polymer types 

which have included polycarbonates, thermosets, and olefin-based polymers that were 

studied for potential engineering or biomedical materials.  A guiding theme in the 

development of polymers from honokiol and magnolol has been to control and vary the 

final polymer properties through the monomer design and polymerization chemistry.  

This work has used scalable syntheses, well-known chemistries, and, as the first 

examples of polymers synthesized from these natural products, it has laid the foundation 

to further explore material applications and new polymers based on honokiol and 

magnolol. 

Poly(honokiol carbonate) (PHC) was synthesized in one step from honokiol 

using step-growth polycondensation techniques.  Synthetic conditions were screened to 

yield polymers of varying molecular weight and the resulting polymers were studied in 

their thermomechanical and biological properties.  PHC shares comparable 

thermomechanical properties with established engineering materials, both renewable- 

and petroleum-based, with which it was compared.  Additionally, PHC serves as a good 

substrate for cell growth over an extended period of time. 
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In an effort to take advantage of both the phenolic and alkenyl functionalities of 

magnolol, thermoset syntheses via thiol-ene chemistry were performed directly from 

magnolol and with a library of magnolol-based monomers.  The thermomechanical and 

hydrolytic degradation properties were controlled via monomer design in order to 

leverage beneficial biological effects, namely radical scavenging, in future biomedical 

applications.  Degradation products and model compound studies showed antioxidant 

behavior similar to what has been observed for the natural product, magnolol. 

A similar approach in controlling polymer properties through monomer design 

was realized in the synthesis of olefin-based polymers from magnolol through acyclic 

diene metathesis (ADMET) chemistry.  Magnolol is an alkene-containing natural 

product and, as such, avoids the necessity to install alkene moieties that other renewable 

resources often require before metathesis chemistry.  The rigid polymers displayed a 

wide range of glass transition temperatures (Tg) up to 180 °C after the initial 

polymerization.  Additionally, several strategies were employed for post-polymerization 

modification and further tuning of the thermomechanical and physical properties. 
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PIC Poly(isosorbide carbonate) 

PLA Poly(lactic acid) 

PMA Poly(magnolol acetonide) 
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PMPE Poly(magnolol propylether) 

PTFE Polytetrafluoroethylene 
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tBHP tert-Butyl hydroperoxide 

Td Thermal degradation onset temperature 
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Tm Melting transition temperature 
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CHAPTER I  

INTRODUCTION 

 

 

1.1 Background and Motivation 

 

 

 In August 2016, 60 academic, government, and industry leaders in polymer 

science and engineering met for a NSF Workshop entitled “Frontiers in Polymer Science 

and Engineering” to address both global challenges and opportunities for the 

community, as well as to put forth ideas to tackle these opportunities and advance the 

polymer science field.  Renewable polymers – broadly, polymers containing renewable 

elements at some stage of their life cycle – were significant components of the program.  

This workshop was but one piece of a much larger international movement addressing 

renewability in the chemical industry.  Currently efforts and pressures from government, 

society, and academics in the form of review boards, special interest groups, and 

regulations are driving chemical industry
1-3

 (not just the field of polymer science and 

engineering,) to work in a sustainable and renewable manner. “Renewable” thus has 

come to take on a number of meanings and components of renewability may be 

incorporated at many points during polymer lifetime.  For example, renewable resources 

such as natural products
4-5

 or metabolites
6
 that are produced by nature may be used as 

raw materials in the synthesis of renewable polymers.  Other efforts towards 

renewability focus on using enzymatic- and microbial-based synthetic methods
7-9

 or to 

recycle gases such as carbon dioxide and carbon monoxide
10-14

 in the synthesis of 
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renewable polymers.  Finally, understanding the timescale on which a polymer may be 

useful in an application is quite important.  Subsequently incorporating degradation 

features
15-19

 into the design of the renewable polymer or identifying bacterial species or 

enzymes that degrade particular polymers
20

 could allow for recycling
21-22

 and reuse
23-24

 

of renewable polymer components. 

   There has been a long history of using natural products or renewable resources 

in the synthesis of polymers or using biopolymers produced in nature.  Cellulose, the 

most common biopolymer on earth, has been used as a chemical raw material for over 

150 years in applications for cotton, fibers, polymer supports, films, and composites.
25

  

Other biopolymers, such as natural rubber, or 1,4-polyisoprene, have been a foundation 

for entire industries like those that rely on elastomers.
26

  Similarly, with improvements in 

synthetic chemistry and industrial technology relating to the extraction, processing, and 

production of small molecules from renewable resources
27-29

, many new, renewable 

building blocks are now used in the synthesis of polymers with interesting architectures, 

thermomechanical, and physicochemical properties in both academia and industry.  The 

renewable feedstocks that are currently of great interest on an industrial scale include 

sugars, lignin, and oils.
30-31

  In response to the availability and potential of these 

feedstocks, government has funded initiatives in the United States, including the 

Department of Energy’s $12.9B contract (Contract ID: DEAC0576RL01830) with 

Battelle Memorial Institute, to continue developing process technology toward the 

production of “Top Value Added Chemicals from Biomass”.  Industry leaders have 

similarly taken steps to develop new products from these defined value added chemicals 
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(Figure 1-1): BASF, Avantium, Avalon, and Eastman are developing polymers from 5-

Hydroxymethylfurfural (5-HMF) – one application being the replacement of PET used 

in packaging.
32

  Mitsubishi Chemical currently offers poly(isosorbide carbonate)
33

 with 

improved optical properties compared to well-established, industry standard bisphenol A 

polycarbonate. Itaconix, a long-time producer of itaconic acid-based products, partnered 

with AkzoNobel in 2017 to bring itaconic acid polymers to the coatings and construction 

industries.
34

  Meanwhile, Succinity
35

, BioAmber
36

, and Reverdia
37

 have commercialized 

processes to produce bio-based succinic acid from fermentation of sugar as a drop in 

replacement of petrochemically-based succinic acid commonly used in polyesters, 

polyamides, and polyurethanes.
38
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Figure 1-1.  Structures of Twelve “Top Value Added Chemicals from Biomass” 

Identified by the Department of Energy Through the Pacific Northwest National Lab and 

the National Renewable Energy Lab. 

 

 

 

 The volume of production in industry requires straightforward chemistry, 

scalable technologies, and competitive costs compared to the more fundamental 

developments of renewable polymers at an academic level.  At the academic level, 

higher-cost natural products and chemistries may be used in multistep syntheses of new 

monomers and polymers based on terpenes
39

 or flavonoids
40

, for example.  These 

academic forays into lower volume, higher cost raw materials serve several important 
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purposes:  (1) they add to chemical knowledge through fundamental understanding and 

application of reactions
41,42

 to natural product substrates, (2) help elucidate and expand 

upon polymer structure-property relationships, and (3) ultimately introduce new 

monomers and polymers for which there may be no petrochemically-based equivalent by 

taking advantage of the breadth of natural product chemical and structural diversity.  

This last point is the foundation by which new, renewable resources may one day be 

converted into beneficial products for society and reduce reliance on petrochemically-

derived polymers.  Furthermore, it would be advantageous to translate the therapeutic or 

biochemical properties of a renewable resource into a polymer in its final application.  

 One important distinction should be made and, that is, although this aim to 

replace petrochemically-based resources with natural products/renewable resources for 

polymer production is a goal in and of itself, it does not necessarily mean that all 

renewable polymers are degradable or will have no net effect on polymer waste or the 

environment.
43

  However, when it is desired, polymeric materials may also incorporate 

degradable features by harnessing the chemical diversity of natural product starting 

materials and introducing these properties with synthetic polymer chemistry techniques.  

Degradable and bioresorbable, renewable polymers are certainly aims in the field as it 

has been estimated in 2012 that over one hundred million metric tons of plastic end up 

littered and unrecycled per year.
2
  In the same vein, not all choices of chemical reagents 

in the synthesis of new, renewable polymers will be either economical or waste-

minimizing with respect to large scale applications.  However, this is yet another aim 

that is also eventually required to advance the ideals of renewability in polymer science. 
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1.2. Neolignans – Honokiol and Magnolol 

 

 

 Although the chemical and structural diversity of natural products is 

exceptionally large – it is estimated that there are over one million natural products 

produced in plants alone
44

 – their potential use in polymeric materials, even at an 

academic level, requires easy access to quantities sufficient to produce bulk materials.  

The Wooley lab has identified renewable resources which are amenable to bulk material 

production including polyols and phenols such as glucose
45-47

, quinic acid
48

, 

isosorbide
49

, ferulic acid
50

, tyrosine
51

, quercetin
40

, and other peptide-based
52,53

 structures.  

Polymers from these renewable resources are possible on account of their availability 

from both plant and food sources
54-56

, as well as their chemical functionality which 

makes them amenable to synthetic organic transformations into readily-polymerized 

monomers. 

 Two classes of natural products that have not been investigated previously for the 

production of renewable polymers are lignans and neolignans.  (Neo)lignans are 

structurally diverse scaffolds that are synthesized through the oxidative dimerization of a 

core phenylpropanoid (C6-C3) unit and exist in nature in the stem, leaf, bark, root, and 

seeds of over seventy plant families
57

 both in free form and as glycoside derivatives.
58

  

Neolignans are structurally different from lignans and classified by the dimerization 

linkage (Figure 1-2):  when dimerization occurs at C8 (also referred to as the β-carbon of 

the propyl moiety) of both phenylpropanoid cores, the natural product belongs to the 

“lignin” class.  Any structure that does not contain a C8-C8ʹ bond is broadly classified as 
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a “neolignan”.
59

  Lignans and neolignans are synthesized from cinnamic acid derivatives 

originating from chorismic acid produced via the Shikimate metabolic pathway.
54

  Based 

upon the structural connectivity and variations in oxidation along the backbone, lignans 

are further subdivided into eight groups while neolignans contain fifteen subgroups, only 

two of which are shown in Figure 1-2. 

 

 

 

Figure 1-2.  General Biosynthetic Pathway to Lignans and Neolignans 
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 Of the neolignans, honokiol and magnolol can be found in relatively high 

concentrations of several percent by weight throughout a number of plants in the 

Magnolia family.
60-61

  Currently, honokiol and magnolol are harvested from the bark of 

Magnolia officinalis, Magnolia obovata, and Magnolia grandiflora which are native to 

China, Japan, and the United States.  Typically found as mixtures, advances in 

separation
62-65

 have led to efficient isolation of single, pure compounds.  Their 

longstanding use in traditional Chinese medicine have led to studies for a number of 

therapeutic applications, while total syntheses
66-70

, as well as derivative syntheses
71-75

 

particularly for biochemical assays, are reported. 

 One potential advantage of using a natural product, such as honokiol or 

magnolol, in polymeric materials is to leverage therapeutic benefits in a targeted 

application.  In this way, the therapeutic potential of the natural product
76-80

 may present 

in the polymer itself, or the designed degradation of a honokiol- or magnolol-based 

polymer would produce a small molecule to exert a beneficial biological effect.  In a 

similar fashion, the designed degradation of the polymer back to the unadulterated 

natural product would not add to polymer waste or microparticle accumulation in 

waterways.  This would be possible particularly in cases where hydrolytically labile 

carbonyl backbones, i.e. polyester or polycarbonate, are present. 

 From a synthetic polymer chemistry perspective, honokiol and magnolol are 

extremely attractive for monomer and polymer design given that they are highly 

functional, containing both allylic and phenolic moieties.  Both the allylic and phenolic 

moieties are suitable for selective transformations and both are amenable to broad 
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number and types of chemical transformations, in general.  For example, in this thesis, 

only a small subset of these transformations are outlined in Figure 1-3 wherein 

polycarbonates, olefin materials, and thermosets may be accessed in short synthetic 

sequences.  Honokiol and magnolol are also readily available to apply these synthetic 

sequences with current pricing $ 0.75/gram (on kilogram batches) in 98% purity. 

 

 

 

Figure 1-3.  Synthetic Outline from Honokiol and Magnolol to Three Different Polymer 

Classes: Polycarbonates, Thiol-ene Thermosets, and Olefin Materials. 
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 This dissertation focuses on the synthesis, characterization, and development of 

polymeric materials from the neolignans honokiol and magnolol.  Several guiding 

principles have encompassed the synthesis of both renewable monomers and polymers 

including the use of straightforward, scalable, and translatable chemistries. The 

monomers and polymers are designed such that the resulting material properties are 

easily controlled and manipulated while also incorporating modalities that allow for 

further functionalization and fine tuning.  To our knowledge, this work is the first 

instance of honokiol and magnolol raw materials incorporated as polymers.  As such, it 

was an aim of this work to effectively introduce new raw materials into the field of 

polymer science and lay a foundation from which new chemistries and engineering or 

biomedical applications may be explored with honokiol and magnolol. 
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CHAPTER II 

BIO-BASED POLYCARBONATES DERIVED FROM THE NEOLIGNAN 

HONOKIOL* 

 

 

2.1 Overview 

 

 

 Honokiol, a highly functional phenolic- and alkenyl-containing neolignan natural 

product isolated from several Magnolia plant species, is an interesting bio-based 

resource, which is shown to be useful directly as a monomer for the rapid and scalable 

synthesis of poly(honokiol carbonate) (PHC).  PHC was synthesized in one step from the 

natural product using condensation polymerization methods.  Polymers of number 

average molecular weight (Mn) ranging from 10–55 kDa were obtained on gram scales in 

yields up to 80%.  Thermal analysis demonstrated high thermal stability, with 

degradation temperatures in excess of ca. 450 °C.  Mechanical testing of several PHC 

polymers indicated a generally increasing storage modulus with increasing Mn and a 

similar trend with Tg.  With an interest toward cardiovascular applications, initial 

cytotoxicity and fluorescence cell imaging studies were conducted and showed no 

cytotoxicity toward coronary venular endothelial cells (CVECs), which proliferated on 

PHC thin films up to a month.  Bulk PHC is a robust material, as it underwent slow  

*
Adapted from “Bio-based polycarbonates derived from the neolignan honokiol”, by 

Kevin T. Wacker, Samantha L. Kristufek, Soon-Mi Lim, Sarosh Khan, and Karen L. 

Wooley, 2016, RSC Advances, 6, 81672-81679, Copyright 2016 by the Royal Society of 

Chemistry.   
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hydrolytic degradation under basic conditions (ca. 0.1%/day under 1 M NaOH(aq)), and 

no observable degradation under acidic and neutral conditions, each at 37 °C over 130 

days.  These polycarbonates serve as potential specialty engineering- or bio-materials 

derived from a commercially-available natural product monomer. 

 

 

2.2 Introduction 

 

 

  There has been a keen interest in developing renewable resources to supplement 

or replace petroleum-based feedstocks used in the production of specialty engineering 

plastics, as well as, materials for biomedical applications.
81-83

  This interest stems 

primarily from suggested dwindling resources of petroleum-based feedstocks
84-85

 and the 

health
86

 and environmental
2, 87-88

 risks associated with non-degradable polymer waste.  

On an industrial scale, products such as the Tritan™ line of polymers from Eastman 

Chemical Company and Durabio™ from Mitsubishi are being used to replace materials 

associated with potential endocrine disrupting properties.
89,90

  Currently, lignin and 

polysaccharide-based
91-93

 raw materials dominate as renewable sources for production of 

small molecules used in sustainable and renewable polymer manufacture processes.
94

  

These renewable sources yield a variety of monomers that can be used in polyester, 

polyurethane, polyamide, and polycarbonate – including poly(isosorbide carbonate), 

(PIC) – production, among others.
95-101

  However, renewable polymers constitute less 

than 1% of the yearly production of polymers worldwide.
81

  Of the polymer classes 
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derived from renewable sources, polycarbonates have shown promise as materials that 

could reduce waste in aqueous environments, as they have potential to yield CO2 and 

alcohols or phenols upon hydrolytic degradation.  This attractive feature has led to the 

interest in developing new natural product- and bio-based polycarbonates for a number 

of applications, such as biomedical applications.
102,49

  For example, glucose has been 

utilized as a monomer, where biocompatibility and biodegradability could be 

desirable.
45,103

  In addition, bio-based polycarbonates for specialty engineering materials 

such as PIC have potential toward replacing poly(bisphenol A carbonate), BPA-PC, and 

other bisphenol A-containing materials,
97-99, 104

 which have been linked to potential 

carcinogenic and toxic effects.
105,106

  Although it is important to develop new, 

renewable, biocompatible, and potentially (bio)degradable materials, it will be 

imperative not to compromise performance in comparison to current petrochemical-

derived standards.  From a performance aspect, yet another aim in utilizing renewable 

materials is to develop polymers that are unique in having characteristics for which there 

are no current comparable petrochemically-derived equivalents.  The vast chemical and 

structural diversity of renewable materials is ideal for the development of polymers for 

new technologies.  

 Currently, many interesting classes of natural products, such as lignans and 

neolignans, remain undeveloped for use in material or polymer applications.  Lignans 

and neolignans are structurally diverse secondary plant metabolites produced through 

oxidative dimerization of a core phenylpropanoid unit.
57

  Of the neolignans, honokiol 

and its isomers have been widely studied, as they are readily extracted from several 
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Magnolia plant species and have shown promise for a number of therapeutic applications 

in cancer, neuronal disease, inflammation, and cardiovascular disease, among others.
60, 

79, 107-110
  In addition, honokiol has been used as a therapeutic in several drug delivery 

and nanoparticle formulations for in vitro studies.
111,112

  These features, along with the 

potential to synthesize a number of structurally- and chemically-diverse materials 

directly from honokiol or its derivatives, prompted our initial investigation into the 

synthesis and characterization of the linear polymer, poly(honokiol carbonate), PHC.  

Furthermore, we envisioned that the development of a new monomer from a renewable 

resource may further the replacement of non-renewable, petroleum-based feedstocks.  

For applications as a potential natural product-based biomaterial, particularly in 

cardiovascular diseases, we examined cellular responses to PHC with cytotoxicity assays 

and fluorescence cell imaging.  We anticipate that this initial demonstration of honokiol 

as a highly functional phenolic- and alkenyl-containing bio-based resource for the direct, 

rapid, and scalable production of polycarbonates will lead the efforts toward expansion 

to other (neo)lignans as starting materials/monomers for the synthesis of polymeric 

materials. 
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2.3 Experimental Section 

 

 

2.3.1 Materials 

 

 

 Pyridine (>99.8%), N,N-Diisopropylethylamine (99.5%), triethylamine (≥99%), 

poly(bisphenol A carbonate) (Mw = 42.1 kDa, Mn = 21.4 kDa), poly(lactic acid) (Mw = 

60 kDa, Mn = 30 kDa), dimethyl sulfoxide, fetal bovine serum (FBS), penicillin-

streptomycin, 1.5% bovine gelatin, Phalloidin-Alexa488, and anti-vinculin antibody 

were purchased from Sigma Aldrich (St. Louis, MO).  N,N-Diisopropylethylamine, 

triethylamine, and pyridine were distilled over CaH2 prior to use unless otherwise noted; 

all other materials was used as received.  Diphosgene (98%) was purchased from Alfa 

Aesar (Ward Hill, MA) and triphosgene (98%) was purchased from Oakwood Chemical 

(West Columbia, SC), and both were used as received.  Caution:  Special precautions 

should be taken when working with phosgene precursors, including diphosgene and 

triphosgene.  They are highly toxic by inhalation and ingestion; use of appropriate 

personal protective equipment is strongly recommended.  Solvents were purchased from 

EMD Millipore (Darmstadt, Germany) and used as received.  All solvents were of ACS 

grade or higher.  Honokiol (>98%) was purchased from Stanford Chemicals (Irvine, CA) 

and stored in a desiccator prior to use.  Bovine coronary venular endothelial cells 

(CVECs) were kindly gifted by Professors Cynthia J. Meininger and Andreea Trache at 

Texas A&M Health Science Center.  Glass-bottom cell culture dishes used in PHC thin 

film coatings were obtained from MatTeck (MatTeck, Ashland, MA) and ninety-six-well 

plates for cytotoxicity assays were purchased from Argos Technologies (Illinois, USA). 
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2.3.2 Characterization 

 

 

 NMR spectra (500 MHz for 
1
H and 125 MHz for 

13
C) were recorded on a Varian 

Inova 500 spectrometer.  Chemical shifts were referenced to CHCl3 at 7.26 ppm (
1
H) 

and 77.16 ppm (
13

C), respectively.  IR spectra were recorded on a Shimadzu IR Prestige 

attenuated total reflectance Fourier-transform infrared spectrometer (ATR-FTIR) and 

analyzed using IRsolution v. 1.40 software.  Size exclusion chromatography (SEC) 

measurements were performed on a Waters Chromatography Inc. (Milford, MA) system 

equipped with an isocratic pump model 1515, a differential refractometer model 2414, 

and a four-column set of 5 μm Guard (50 × 7.5 mm), Styragel HR 4 5 μm DMF (300 × 

7.5 mm), Styragel HR 4E 5 μm DMF (300 × 7.5 mm), and Styragel HR 2 5 μm DMF 

(300 × 7.5 mm) using DMF (0.05 M LiBr) as the eluent (1.00 mL/min) at 40 °C.  

Polymer solutions were prepared at concentrations of 5-10 mg/mL and an injection 

volume of 200 μL was used.  Analysis was performed using Empower 2 v. 6.10.01.00 

software (Waters, Inc.).  The system was calibrated with polystyrene standards (Polymer 

Laboratories, Amherst, MA) ranging from 580 to 1,233,000 Da.  Glass transition 

temperatures (Tg) and the melting transition temperature (Tm) were measured by 

differential scanning calorimetry (DSC) on a Mettler-Toledo DSC822 (Mettler-Toledo, 

Inc., Columbus, OH) under N2 with a heating rate of 10 °C/min unless otherwise noted.  

The glass transition and melting transition temperatures of honokiol were measured by 

heating the sample to 100 °C and immediately transferring the sample into a liquid 

nitrogen bath before scanning from -50 °C to 100 °C.  The measurements were analyzed 

using Mettler-Toledo STAR
e
 v.10.00 software.  The Tg was taken on the third heating 
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cycle as the extrapolated onset temperature from the intersection of the tangent drawn 

from the transition curve with the greatest slope with the extrapolated baseline before the 

transition.  Thermogravimetric analysis (TGA) was performed using a Mettler-Toledo 

model TGA/DSC 1, with a heating rate of 10 °C/min under an Ar atmosphere.  The 

measurements were analyzed using Mettler-Toledo STAR
e
 v.10.00 software.  

Rectangular dynamic mechanical analysis (DMA) samples were prepared using 

poly(honokiol carbonate) powder, which was ground with a mortar and pestle and 

pressed into an aluminum mold (2.0 cm × 0.5 cm × 0.2 cm).  The powder was then 

heated in a VWR Symphony Vacuum Oven at ambient pressure using a heating cycle 

optimized for each number-average molecular weight polymer for a total heating cycle 

of no more than 48 hours.  Samples were then allowed to cool to room temperature 

before being removed from the mold.  Samples were sanded using 100 or 150 grit 

sandpaper to uniform dimensions.  DMA was performed on a Mettler-Toledo TT-DMA 

system (Mettler-Toledo AG, Schwerzenbach, Switzerland). Sample dimensions were ca. 

7 × 5 × 0.6 mm.  Samples were analyzed in tension via thermal scan (3 °C/min) from 0 

ºC to 200 ºC or 20 ºC to 250 ºC in autotension mode, with a frequency of 1 Hz, a preload 

force of 1 N, and a static force of 2 N.  DMA data were obtained from Triton Laboratory 

software and exported to Origin Pro 8.0 for analysis. 

 

2.3.3 Poly(honokiol carbonate) – PHC 

 

 

 The following consist of general procedures for the optimized syntheses of 

poly(honokiol carbonate) at varying initial molar concentrations of honokiol: 
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2.3.3.1 Procedure 1 

 

 

 Honokiol (1.104 g, 4.063 mmol), dry N,N-Diisopropylethylamine (1.00 mL, 5.74 

mmol), and pyridine (3.00 mL) were added to a flask, which was then placed in an ice 

bath and purged with nitrogen.  Diphosgene (0.45 mL, 4.5 mmol) was then added to the 

flask over ca. 35 min and the reaction was allowed to proceed for ca. 60 h while 

warming to room temperature before being quenched with saturated aqueous sodium 

bicarbonate solution.  The mixture was then diluted in dichloromethane (40 mL) and 

washed (deionized water) (40 mL × 2), followed by extraction of the aqueous phase with 

dichloromethane (10 mL).  The combined organic layers were then dried over MgSO4, 

filtered, and concentrated.  The crude polymer was then precipitated into cold methanol 

(30 mL), centrifuged (10k RPM, 15 ºC, 10 min), and decanted twice.  The polymer was 

dried in vacuo to afford poly(honokiol carbonate).  ATR-FTIR  υmax (cm
-1

) 3085-2820, 

1771, 1639, 1608, 1484, 1432, 1234, 1173, 1112; 
1
H NMR (500 MHz, CDCl3) δ 7.60-

6.60 (br, 6H), 6.10-5.70 (br, 2H), 5.30-4.90 (br, 4H), 3.60-3.10 (br, 4H) ppm; 
13

C NMR 

(125 MHz, CDCl3) δ 151.9, 151.8, 151.7, 151.4, 149.0, 148.9, 148.8, 148.7, 146.4, 

146.3, 139.0, 138.7, 136.9, 135.5, 133.8, 133.4, 132.1, 131.9, 131.3, 130.9, 129.1, 128.4, 

122.1, 116.9, 116.6, 39.6, 34.6, 34.2 ppm. 

 

2.3.3.2 Procedure 2 

 

 

 Honokiol (1.110 g, 4.086 mmol), dry triethylamine (0.85 mL, 6.1 mmol), and 

pyridine (4.15 mL) were added to a flask then placed in an ice bath and purged with 
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nitrogen.  Diphosgene (0.45 mL, 4.5 mmol) was then added to the flask over ca. 35 min 

and the reaction was allowed to proceed for ca. 60 h while warming to room temperature 

before being quenched with saturated aqueous sodium bicarbonate solution.  The 

mixture was then diluted in dichloromethane (40 mL) and washed (deionized water) (40 

mL × 2), followed by extraction of the aqueous phase with dichloromethane (10 mL).  

The combined organic layers were then dried over MgSO4, filtered, and concentrated.  

The crude polymer was then precipitated into cold methanol (30 mL), centrifuged (10k 

RPM, 15 ºC, 10 min), and decanted twice.  The polymer was dried in vacuo to afford 

poly(honokiol carbonate). 

 

2.3.4 Cell Culture 

 

 

 Coronary venular endothelial cells (CVECs) were kindly provided by Profs. 

Cynthia J. Meininger and Andreea Trache (Texas A&M Health Science Center, College 

Station, TX, USA).  CVECs were cultured in GIBCO
®
 Dulbecco's Modified Eagle 

Medium: Nutrient Mixture F-12 (DMEM/F-12) from Invitrogen (Invitrogen, Carlsbad, 

CA), along with 10% FBS, 100 U/mL penicillin - 100 U/mL streptomycin - 0.25 mg/mL 

amphotericin B (Lonza, Walkersville, MD), and 20 units/mL heparin (Midwest Vet 

Supply, Lakeville, MN).  For subculture and experiments, cells were trypsinized and 

quenched with media.  Trypsin was removed after centrifugation at 250 G for 4 minutes.  

Resuspended cells were plated on 1.5 % bovine gelatin-coated flasks for subculture or 

50 × 10
3 

cells were plated on glass-bottom dishes coated with 1.5 % bovine gelatin or 

polymer coated glass-bottom dishes for experiments. 
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2.3.5 MTT Assay 

 

 

 Cells (10 x 10
3
 cells/well) were plated in 96-well plate (coated with 1% gelatin) 

and incubated at 37 C in a humidified atmosphere containing 5% CO2 for 24 h to 

adhere.  Then, the medium was replaced with a fresh medium 1 h prior to the addition of 

20 L of poly(honokiol carbonate) stock solution (DMSO) to 100 L of the medium 

(final concentrations ranged from 10 - 0.0048 M ).  The cells were incubated with the 

formulations for 72 h, and then the medium was replaced with 100 μL of the fresh 

complete media.  MTS combined reagent (20 μL) was added to each well (Cell Titer 96
®
 

Aqueous Non-Radioactive Cell Proliferation Assay, Promega Co., Madison, WI).  The 

cells were incubated with the reagent for 2 h at 37 C in a humidified atmosphere 

containing 5% CO2 protected from light.  Absorbance was measured at 490 nm using 

SpectraMax M5 (Molecular Devices Co., Sunnyvale, CA).  The cell viability was 

calculated based on the relative absorbance to the control-untreated cells.  IC50 values of 

the polymer could not be determined because high cell-viabilities were observed at the 

range of the tested concentrations (10 - 0.0048 M). 

 

2.3.6 Polymer Thin Films for Cell Culture   

 

 

 A PHC thin film was prepared by solvent casting from polymer solutions in 

dichloromethane (DCM) on glass-bottom cell culture dishes.  A 1% solution was 

prepared by dissolving 10 mg of PHC in 1.0 mL of DCM, and diluted to 0.1 % and 0.01 
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% in DCM.  Dried dishes were sterilized under UV for 1 h in the biosafety cabinet and 

washed with sterile PBS before plating cells.  Cells were plated on polymer-coated 

glass-bottom dishes for experiments.  As a control, cells were plated on glass-bottom 

dishes coated with 1.5 % bovine gelatin.  Cell media was replaced with fresh media 

every 2-3 d, and proliferation and morphology of cells were continuously monitored up 

to one month. 

 

2.3.7 Immunofluorescence and confocal imaging  

 

 

 Cells were fixed with 2% paraformaldehyde and stained with Alexa Fluor 488® 

phalloidin & anti-vinculin with secondary antibody conjugated with Alexa Fluor 647® 

after 24 h, 1 week, and 1 month from plating to stain actin proteins in cytoskeleton and 

vinculin protein in focal adhesions, respectively.  Laser scanning confocal microscopy 

was used to acquire fluorescence images.  Excitation and emission filter settings were 

adjusted according to fluorophore spectra provided by the manufacturer.  3D confocal 

images were acquired as stacks of 15-18 planes with 0.5 μm step size.  Overall, cell 

population was identified from the large filter view with a 10x objective.  Details of cell 

morphology were investigated from fluorescence images acquired with a 20x objective 

with 2x zoom (40x magnification equivalent). 
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2.3.8 Degradation of Poly(honokiol carbonate) 

 

 

 Samples were prepared from a home-built silicon cylindrical mold and were ca. 

2.0 mm × 1.5 mm diameter and ca. 100 mg.  Five to six samples (Mn = 21 kDa) were 

used for each set of degradation conditions: 1 M NaOH(aq), 1 M HCl(aq), and 1x PBS.  All 

samples were placed in 1 dram vials and set in an incubating shaker at 37 °C at 60 RPM.  

For the HCl(aq) and NaOH(aq) samples, each solution was replaced every 2-3 days in 

order to maintain constant concentration of reagent, while 1x PBS was replaced every 

week.  At predetermined times, samples were removed from the shaker, blotted dry, 

weighed, dried under vacuum at 45 °C to constant weight and reweighed.  Swelling 

percentage was taken as the mass difference between wet and dry sample relative to the 

dry sample mass. 

 

 

2.4 Results and Discussion 

 

 

 The condensation polymerization of honokiol required optimization of the 

carbonylation agent and the conditions to obtain high molecular weight polycarbonates.  

The condensation reaction of honokiol was first attempted with relatively mild 

carbonylation reagents including 1,1’-carbonyldiimidazole (CDI), ethyl chloroformate, 

and 4-nitrophenyl chloroformate with triethylamine in N,N-dimethylformamide at 70 °C 

for 60 h or in bulk at elevated temperatures with diethyl- or diphenylcarbonate under 

dynamic vacuum.  Upon workup, there was no precipitation of polymer from cold 
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methanol and only starting material and small molecules were recovered.  Subsequently, 

the polymerization was attempted with phosgene analogues triphosgene and diphosgene 

(Figure 2-1).  Caution:  Special precautions should be taken when working with 

phosgene precursors, including diphosgene and triphosgene.  They are highly toxic by 

inhalation and ingestion; use of appropriate personal protective equipment is strongly 

recommended.  Polymers of number average molecular weight, Mn, of up to 82 kDa 

(DPn = 280) were obtained using triphosgene in dichloromethane with pyridine, but 

yields were markedly low – typically less than 10% – and produced, largely, an 

intractable gel upon workup.  Similar results were obtained when switching to 

diphosgene in pyridine without any additional base at reaction times of 60 h – the 

reaction mixture became increasingly viscous as the reaction volume decreased, and 

vigorous stirring was required to prevent gelation.   

 

 

 
Figure 2-1.  General Poly(honokiol carbonate) Synthesis 
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 Conditions were then screened with the aim of reducing the viscosity of the 

reaction mixture and increasing isolated yield by addition of organic co-bases and 

reduction in the molarity of the monomer at t0.  N,N-Diisopropylethylamine (DIPEA) 

and triethylamine (TEA) proved most successful with an optimal ratio of 0.75 eq. 

DIPEA or TEA/phenol moiety (Table 2-1).  Reaction conditions utilizing 1 M initial 

honokiol concentration in pyridine and DIPEA with phosgene precursor (1.0 

eq./hydroxyl) and no additional solvent yielded poly(honokiol carbonate) in up to 80% 

yield. 

 

 

Table 2-1.  Synthesis of Poly(honokiol carbonate) with Phosgene Analogues 

Reagents 
Honokiol Conc. 

(M) 
Mn (kDa) Ð Yield (%) 

Triphosgene 1.0 82 2.3 5 

Diphosgene 1.0 37 3.3 3 

Triphosgene/DIPEA
a
 1.0 20 2.0 79 

Diphosgene/DIPEA 1.0 55 2.5 80 

Diphosgene/DIPEA 0.5 43 2.6 77 

Diphosgene/DIPEA 0.3 27 2.8 79 

Diphosgene/DIPEA
b
 1.0 15 2.5 44 

a
All polymers were comparable when DIPEA was replaced with TEA.  

b
DIPEA not 

distilled. 
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 When reducing the initial concentration of honokiol by dilution with pyridine, 

high yields were still obtained while the Mn of poly(honokiol carbonate) varied as 

expected with all other reaction conditions being equal: 0.50-0.80 M, ca. 42 kDa; 0.35 

M, 27 kDa.  The polycondensation was also fairly susceptible to moisture, as using non-

distilled base resulted in polymers with lower molecular weights and yields (Table 1, 

final entry).  The Mn and polydispersity, Ð, of all polymers were calculated using size 

exclusion chromatography (SEC) in N,N-dimethylformamide (0.05 M LiBr) eluent and 

compared to polystyrene standards (Figure 2-2).  (PHC also showed markedly good 

solubility in many organic solvents, including chloroform, dichloromethane, 

tetrahydrofuran, dimethylsulfoxide, etc.)  Confirmation of polymer formation was also 

noted with ATR-FTIR through disappearance of the O-H stretch of the hydroxyl 

moieties at 3300 cm
-1

 and appearance of the carbonate moiety with a carbonyl stretch at 

1771 cm
-1

 and the symmetric and asymmetric C-O stretches at 1173 and 1234 cm
-1

 

(Figures 2-3 & A-1). 

 

 



 

26 

 

Figure 2-2.  SEC Traces of PHC in DMF (0.05 M LiBr) Eluent. 
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Figure 2-3.  ATR-FTIR Spectra Comparing PHC-55 kDa and Honokiol. 

 

 

 Initial thermal analyses had indicated high thermal stability yet relatively low 

glass transition temperatures, therefore, extensive thermal analyses were conducted for 

the series of PHCs, with comparisons to honokiol, a poly(bisphenol A carbonate) 

standard, Mn = 21.4 kDa, Ð = 2.0, literature reports for PIC under similar conditions, and 

a poly(lactic acid) standard, Mn = 30 kDa, Ð = 2.0.  Thermal stabilities were evaluated 

by thermogravimetric analysis (TGA).  PHCs of varying Mn all showed markedly good 

thermal stability in comparison to the poly(bisphenol A carbonate), poly(lactic acid), and 
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poly(isosorbide carbonate) (Figure 2-4), as noted by high onsets of thermal degradation 

(PHC: 454-462 °C vs BPA-PC: 504 °C, PLA: 338 °C, and PIC: 346 °C 
97, 113

).  The 

onsets of thermal degradation for the BPA-PC and PLA standards were in good 

agreement with other reports.
114-115

  Interestingly, the side chain alkenyl groups did not 

cause a significant reduction in thermal stability relative to BPA-PC and no degradation 

of the PHC carbonate backbone was observed prior to reaching the onset temperature of 

degradation for the monomer, honokiol (Figure 2-5).  While both standards, PLA and 

BPA-PC, showed one mass loss event, the PHCs exhibited two-stage degradation 

profiles with a second mass loss event ca. 600 °C.  Complete degradation of the PHCs, 

as noted by remaining char mass or total mass loss, was observed only at temperatures 

above 700 °C.  Both PHC and BPA-PC have shown much higher thermal stability than 

reports for PIC (340-346 °C).
97, 113
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Figure 2-4.  PHC Thermal Degradation Compared with Standards. 

 

 

 

Figure 2-5.  TGA – Thermal Degradation of Honokiol and PHC Having a Mn of 33 kDa. 
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 Differential scanning calorimetry (DSC) showed one thermal transition for each 

PHC polymer when using temperature sweeps ranging from 0-200 °C with a single 

transition and onset in the range of 60-65 °C, corresponding to the glass transition 

temperature, (Tg) (Table 2-2).  Further analysis up to 400 °C provided no additional 

thermal transitions corresponding to a melting transition, which suggests PHC to be non-

crystalline.  The amorphous nature was further confirmed by X-ray powder diffraction 

(data not shown).  We initially predicted the glass transitions of PHC to be lower 

compared to our BPA-PC standard (Tg = 146 °C) and literature precedence for PIC (Tg ≈ 

165 °C )
97

 as honokiol contains two allylic side chains which are absent in both BPA-PC 

and PIC and can increase the free volume between the polymer chains of PHC.  

However, as measured by DSC, the Tg for the original, powder PHC samples were lower 

than expected, and comparable to current, widely used biomaterial polymers such as 

poly(lactic acid) (Tg = 57 °C, in agreement with the literature
,116

). 
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Table 2-2.  Thermal Data of Honokiol, PHC, and Standards, as Measured by DSC and 

TGA 

Monomer/Polymer 
Tg (°C) – 

powder
 

Tg (°C) – 

bar
a Tm (°C) Td (°C) 

Honokiol -24 ̶ 86 431 

PHC-15 kDa 64 ̶ ̶ 460 

PHC-23 kDa 63 67 ̶ 454 

PHC-31 kDa 66 76 ̶ 458 

PHC-33 kDa 63 ̶ ̶ 462 

PHC-37 kDa 67 88 ̶ 459 

PHC-55 kDa 65 ̶ ̶ 454 

BPA-PC-21 kDa 146 ̶ ̶ 504 

PIC-28 kDa
b 

167 ̶ ̶ 346 

PLA-30 kDa 57 ̶ 177 338 

a
 Bar samples were fabricated from powder as in experimental 

b 
Ref. 18 

 

 

 Additional thermomechanical properties of the bio-based poly(honokiol 

carbonate) were determined by dynamic mechanical analysis, DMA, with further 

comparison to BPA-PC, PIC, and PLA.  Samples of PHC with Mn = 23, 31, and 37 kDa 

were analyzed in tension using temperature sweeps ranging from 0 °C to 200 °C or 20 

°C to 250 °C at 1 Hz in triplicate.  As shown in Figure 2-6, there is an increase in the 
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glass transition temperature as measured by the peak of the loss modulus, Eʺ, for 

poly(honokiol carbonate) with increasing Mn at room temperature, as well as a general 

increase in the storage modulus, Eʹ.  Most notably, Eʹ of all PHC (1.1 – 1.7 GPa) were 

comparable to reported values for PLA (1.6 GPa), PIC (2.7 GPa), and BPA-PC (2.2 

GPa), as reported using DMA under similar conditions.
113, 117-119

  Furthermore, it was 

intriguing to note the Tg  of the highest Mn PHC tested (37 kDa, Tg = 106 °C) was 

substantially higher than values observed by DSC – all consistently in the range of 60-65 

°C – while the Tg of the 23 kDa PHC (76 °C) was in good agreement with the DSC 

measurements.  The DMA samples were then submitted to DSC characterization to 

compare thermomechanical changes between the original powder samples and the heat 

processed bars prepared for DMA.  By DSC, similar trends were observed for the bar 

samples as with DMA, wherein PHC of increasing Mn showed steady increases in Tg and 

higher values than those observed for powder samples (Figure 2-7 and 2-8).  For 

example, by DSC when bar samples were heated at the same rate as powder samples (10 

°C/min), PHC-31 kDa and PHC-37 kDa displayed Tgs of 76 and 88 °C, respectively.  

These values are, at least, 10 °C higher than powder samples of any molecular weight.  

PHC-23 kDa had a Tg similar to the powder sample (67 °C).  These effects are more 

noticeable when bars were heated at a faster rate (40 °C/min) (Figure 2-9).  It is evident 

that the heat annealing process to form the bars allowed for reorganization of the 

polymer chains and results in Tgs with higher values than powder samples, more in line 

with other aromatic and rigid polycarbonates.  It is hypothesized that polymers of these 

Mn and degree of polymerization values, 77 < DPn < 126, have not yet reached the 
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theoretical glass transition temperature limit of an infinite molecular weight polymer.  

Furthermore, difficulties were encountered with processing of uniform sample bars that 

could survive DMA measurement.  In fact, several samples were prone to failure before 

the full temperature scan completed (Figure A-14).  Future work will expand upon the 

relationship of these bulk thermomechanical properties, Eʹ and Tg, with Mn,
120,121

 as well 

as modification of synthetic conditions to allow access to higher molecular weight PHC 

in large quantities and processing conditions to afford uniform DMA samples. 
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Figure 2-6.  Preliminary DMA Results of PHC.  (a) Average Eʹ (25 °C) Scaled with Mn.  

Scale Bars Represent Standard Deviation; n = 3.  (b) Increasing Tg with Mn as Measured 

by Peak of the Loss Modulus. Tg, 23kDa = 75 °C, Tg, 31 kDa = 87 °C, Tg, 37 kDa = 106 °C. 
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Figure 2-7.  DSC Traces of Powder PHC Samples Showing Tgs All in the Range of 60-

65 °C. 

 

 

 

 
Figure 2-8.  DSC Traces of PHC Bars Used in DMA Analyses Showing an Increase in 

Tg Higher Than Powder Samples.  Heating Rate: 10 °C/Min. 
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Figure 2-9.  DSC Traces of PHC Bars Used in DMA Analyses Showing an Increase in 

Tg with Increase in Molecular Weight.  Heating Rate: 40 °C/Min. 

 

 

 

 As honokiol has been well studied as a potential therapeutic, particularly in 

cardiovascular applications,
107,60

 several assays were used to assess biocompatibility and 

cytotoxicity of PHC to coronary venular endothelial cells (CVECs).  The endothelium is 

the inner-most layer of the blood vessel and functions as a barrier between the blood 

lumen and vessel wall.  Malfunction in the endothelium leads to hyperpermeability of 

the blood vessel that is often associated with cardiovascular diseases and tumor vessel 

leakage.
122

  Therefore, we sought to test adaptability of endothelial cells to PHC, 

especially for long-term culture, using fluorescence imaging and cytotoxicity assay.  

Four polymers of Mn = 20, 28, 31, 37 kDa were used in MTS assays and showed no 
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cytotoxic effects to CVECs at all concentrations tested (10 - 0.0048 M).  IC50 values of 

the polymers could not be determined because high cell-viabilities were observed at the 

range of the tested concentrations and PHC promoted cell growth at the higher 

concentrations (Figure 2-10).  PHC effect on cell morphology was tracked with 

fluorescence imaging (Figure 2-11).  CVECs were plated and cultured up to one month, 

and actin fibers and focal adhesions were visualized by staining with fluorophores.  Cell 

sensitivity to the extracellular environment and effects on actin fibers and focal adhesion 

distribution were monitored.
123-124

  CVECs plated on PHC-coated cell culture dishes 

proliferated to reach confluency and maintained the monolayer with refreshed medium 

every 2-3 days.  CVECs cultured on PHC were compared to the cells on gelatin-coated 

dishes, which is a common substrate for endothelial cell culture.  Cells on PHC showed 

an intact monolayer with well-structured actin fibers and punctate focal adhesions 

comparable to the cells on the control surface. 
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Figure 2-10.  MTS Cytotoxicity Assays Comparing Cell Viability to Control Group. 
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Figure 2-11.  Bovine Coronary Venular Endothelial Cells (CVECs) on Poly(honokiol 

carbonate).  Cells Were Fixed After 1-Month of Culture on the Polymer and Stained 

with Phallodin-Alexa488® (Green) and Vinculin Antibody and Secondary Antibody 

Conjugated with Alexa647® to Show Cytoskeleton and Focal Adhesions, Respectively.  

Images were Acquired with a Laser Scanning Confocal Microscope with 20x Objective 

and 2x Magnification. Scale Bar 30 mm. 
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 To assess the stability and response of bulk PHC to physiological and accelerated 

degradation conditions, five or six cylindrical samples were prepared and immersed in 

acidic (1 M HCl(aq)), basic (1 M NaOH(aq)), and PBS solutions and allowed to stir in an 

incubator shaker at 37 °C.  Degradation of the samples was followed for 130 days 

(Figure 2-12), while the acidic & basic solutions were replaced every 2-3 days and every 

week for PBS solutions.  Weights remained constant for the samples in PBS and acidic 

solutions, however, the samples swelled gradually to maxima of ca. 5 and 10% at 130 

days in PBS and HCl(aq) solutions, respectively.  In the case of samples subjected to 1 M 

NaOH(aq), slow, but steady degradation occurred at a mass loss rate ca. 0.1% day
-1

.  At 

the completion of the study, 18% average total mass loss was observed under basic 

environment.  Analogous to the acidic and PBS samples, swelling increased with time, 

yet reached a higher relative percentage, ca. 15%.  These results suggest PHC could 

serve as a robust biomaterial in most aqueous environments. 
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Figure 2-12.  Stability and Swelling of PHC in Aqueous Media. 

 

 

2.5 Conclusions 

 

 In summary, we have presented a short, straightforward synthesis of a 

polycarbonate from a renewable resource, honokiol.  Unlike other renewable feedstocks, 

neolignans have been undeveloped until now and additionally do not compete with food 

production.  Thermal characterization of the polymers yielded degradation and glass 

transition temperatures comparable to industry standards.  Thermomechanical 

characterization has shown generally increasing moduli and Tg as Mn increases and an Eʹ 

for PHC that is comparable to reported values for BPA-PC, PIC, and PLA at ambient 
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conditions.  In addition, the bulk polymers are robust and stable under physiological and 

acidic conditions yet also biocompatible to endothelial cells in vitro.  These results 

suggest potential application of poly(honokiol carbonate) as an engineering or 

biomedical material where robust features and biocompatibility may be necessary. 
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CHAPTER III  

HARNESSING THE CHEMICAL DIVERSITY OF THE NATURAL PRODUCT 

MAGNOLOL FOR THE SYNTHESIS OF RENEWABLE, DEGRADABLE 

NEOLIGNAN THERMOSETS WITH TUNABLE THERMOMECHANICAL 

CHARACTERISTICS AND ANTIOXIDANT ACTIVITIES 

 

 

3.1 Overview 

 

 

 Magnolol, a neolignan natural product with antioxidant properties, contains 

inherent, orthogonal, phenolic and alkenyl reactive groups that were used in both direct 

thermoset synthesis, as well as, the stepwise synthesis of a small library of monomers 

followed by transformation into thermoset materials.  Each monomer from the small 

library was prepared via a single step functionalization reaction of the phenolic groups of 

magnolol.  Thermoset materials were realized through solvent-free, thiol-ene reactions, 

and the resulting crosslinked materials were each comprised of thioether and ester 

linkages, with one retaining the hydrophilic phenols from magnolol, another having the 

phenols protected as an acetonide, and two others incorporating the phenols into 

additional crosslinking sites via hydrolytically-labile carbonates or stable ether linkages.  

With this diversity of chemical compositions and structures, the thermosets displayed a 

range of thermomechanical properties including glass transition temperatures, Tg, 29-52 

°C, onset of thermal degradation, Td, from ca. 290-360 °C, and ultimate strength up to 50 

MPa.  These tunable materials were studied in their degradation and biological 
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properties with the aim of exploiting the antioxidant properties of the natural product.  

Hydrolytic degradation occurred under basic conditions (pH = 12) in all thermosets, but 

with kinetics that were dependent upon their chemical structures and mechanical 

properties: 20% mass loss was observed at 5, 7, 27, and 40 weeks.  Isolated degradation 

bproducts and model compounds displayed antioxidant properties similar to magnolol, 

as determined by both UV-vis and in vitro reactive oxygen species (ROS) assays.  As 

these magnolol-based thermosets were found to also allow for extended cell culture, 

these materials may serve as promising degradable biomaterials. 

 

 

3.2 Introduction 

 

 

 There is a great interest to incorporate renewable resources into monomers and 

polymers in order to reduce use of petroleum-based materials, comply with legal and 

societal standards, and to develop advanced polymeric materials with emergent 

properties, particularly for engineering or biomedical applications.
32, 125-127

  

Concurrently, thiol-ene reactions have become pervasive methods for the development 

of polymeric materials on account of the inherent chemoselectivity, high yields, and 

often solvent-free reaction conditions associated with their chemistry.
128-130

  The union 

of these two areas has been the subject of much attention recently and has resulted in the 

synthesis of natural product-based monomers from eugenol,
131-132

 isosorbide,
49, 133-134

 

limonene,
23, 135-136

 phenolic acids,
137

 polyols,
48

 and others
125

 en route to polymers via 
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thiol-ene chemistry.  There is particular interest in polymers that retain the biological 

properties of the natural products from which they are made, as is the case of 

antibacterial networks from linalool and isosorbide.
134

  Natural products and their 

derivatives that are amenable to thiol-ene polymerization may serve as starting points in 

the design of polymers that include interesting biological properties.  Furthermore, the 

potential to produce new materials with emergent properties for which there may be no 

close petrochemical equivalent drives the exploration of new natural products for 

polymeric materials. 

 One class of natural products that has been underdeveloped for renewable 

monomers and polymers is neolignans.  Neolignans are structurally-diverse natural 

products synthesized through oxidative dimerization of a core phenylpropanoid unit
57

 

and have been well-studied for their anti-inflammatory and antioxidant properties, 

among others.
60

  A recent example of a neolignan-based polycarbonate developed in our 

lab from honokiol, a natural product containing both phenolic and alkenyl 

functionalities, showed excellent cell compatibility and cell culturing capabilities.
138

  

The regioisomeric neolignan, magnolol, was unable to undergo carbonylation of the 

phenolic groups to establish an analogous linear polycarbonate, likely due to steric 

constraints.  However, the 2,2’-biphenolic structure of magnolol provides opportunities 

for chemical modification or protection via ring closure to afford tricyclic structures that 

retain the alkenyl moieties.  Magnolol is of particular interest, therefore, not only for 

potential biological properties, but also in that it is highly functional, allowing for either 

direct polymerization, or the rapid and scalable syntheses of diverse libraries of both 
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renewable monomers and polymers.  Because the antioxidant properties
139

 of magnolol 

involve intriguing redox chemistry of the phenols in the presence of peroxyl radicals,
140

 

without reliance on the allylic moieties, we designed a strategy whereby the alkenyl 

moieties could be used in forming a polymer network via thiol-ene chemistry, with 

variation in the chemistry conducted upon the phenolic groups to allow for monomer and 

polymer diversification and investigation of the physicochemical, thermomechanical, 

and biological properties. 

 Herein, we present the scalable syntheses of thermoset materials based on 

magnolol by solvent-free polymerization with a commercially-available, multifunctional 

thiol comonomer through photo-initiated thiol-ene chemistry.  The partially bio-based, 

tunable thermosets were thoroughly characterized and differences in the resulting key 

thermomechanical properties were rationalized by the structure-property relationships of 

the magnolol-based monomers.  Selective thermoset degradation, as well as cytotoxicity 

studies of both pristine thermosets and degradation compounds, directed radical 

scavenging and antioxidant assays.  These studies have shown promising results for use 

of magnolol-based thermosets in biomedical applications where tunable polymer 

properties, including degradation, are desired and where beneficial biological activity of 

the degrading thermoset might be leveraged without the need for additional small 

molecule therapeutics. 
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3.3 Experimental Section 

 

 

 All chemicals were commercially available and used without further purification 

unless otherwise stated.  Solvents were of ACS grade or higher.  Magnolol (>98%) was 

purchased from Stanford Chemicals (Irvine, CA) and purified by silica column 

chromatography (15% EtOAC in hexanes) prior to direct thermoset synthesis and model 

reactions.  NMR spectra (500 MHz for 
1
H and 125 MHz for 

13
C) were recorded on a 

Varian Inova 500 spectrometer.  Chemical shifts were referenced to CHCl3 at 7.26 ppm 

(
1
H) and 77.16 ppm (

13
C) or DMSO at 2.50 ppm (

1
H) and 39.52 ppm (

13
C), respectively.  

IR spectra were recorded on a Shimadzu IR Prestige attenuated total reflectance Fourier-

transform infrared spectrometer (ATR-FTIR) and analyzed using IRsolution v. 1.40 

software.  Glass transition temperatures (Tg) were measured by differential scanning 

calorimetry (DSC) on a Mettler-Toledo DSC822 (Mettler-Toledo, Inc., Columbus, OH) 

under N2 with a heating rate of 10 °C/min.  The measurements were analyzed using 

Mettler-Toledo STAR
e
 v.10.00 software.  The Tg was taken on the third heating cycle as 

the extrapolated onset temperature from the intersection of the tangent drawn from the 

transition curve with the greatest slope with the extrapolated baseline before the 

transition.  Thermogravimetric analysis (TGA) was performed using a Mettler-Toledo 

model TGA/DSC 1, with a heating rate of 10 °C/min under an Ar atmosphere.  The 

measurements were analyzed using Mettler-Toledo STAR
e
 v.10.00 software and the 

temperature for onset of thermal degradation, Td, is reported.  Rectangular dynamic 

mechanical analysis (DMA) samples were prepared in an aluminum mold (2.0 cm × 0.5 
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cm × 0.2 cm).  Samples were sanded using 100 or 150 grit sandpaper to uniform 

dimensions.  DMA was performed on a Mettler-Toledo TT-DMA system (Mettler-

Toledo AG, Schwerzenbach, Switzerland).  Samples were analyzed in tension via 

thermal scan (3 °C/min) from -40 ºC to 120 ºC in autotension mode, with a frequency of 

1 Hz, a preload force of 1 N, and a static force of 1 N.  Submersion DMA was performed 

by submerging samples directly into phosphate-buffered saline (PBS) at 37 °C and 

following the storage modulus decay isothermally over time.  Three samples were used 

in each analysis.  DMA data were obtained from Triton Laboratory software and 

exported to Origin Pro 8.0 for analysis.  Exponential fitting was performed, as 

appropriate, to determine average storage modulus lifetimes.  Chi-square and adjusted r-

square were used to determine fit and the average storage modulus lifetimes for 

multiexponential kinetics which are given as tavg = Σ(ai • ti
2
) / Σ(ai • ti).  Mechanical 

testing was conducted to failure on ASTM type V dog bone samples (n = 5) using a dual 

column Instron model 5965 tensile tester with a 500 N load cell and 1000 N high 

temperature S5 pneumatic grips.  The dog bone samples were cut from a film with a 40 

W Gravograph LS100 CO2 laser.  Ultraviolet-visible spectroscopy (UV-vis) absorption 

measurements were made on a Shimadzu UV-2550 spectrophotometer using matched 

quartz cuvettes and the spectra were analyzed with UV-Probe v. 2.33 software. 
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3.3.1 Cell culture 

 

 

 Bovine coronary venular endothelial cells (CVECs) were gifted from Professors 

Cynthia J. Meininger and Andreea Trache at Texas A&M Health Science Center.  

CVECs and MC3T3 cells were cultured in Dulbecco's Modified Eagle Medium:  

Nutrient Mixture F-12 (DMEM/F-12) from Invitrogen (Invitrogen, Carlsbad, CA) 

supplemented with 10% Fetal Bovine Serum, 100 U/mL penicillin - 100 U/mL 

streptomycin - 0.25 mg/mL amphotericin B (Lonza, Walkersville, MD), and 20 units/mL 

heparin (Midwest Vet Supply, Lakeville, MN).  Cells were plated on polymer coated 

round glass coverslips or on 1.5% bovine gelatin (Sigma-Aldrich, St. Louis, MS) for 

control.  Polymer-coated coverslips were placed in a 35-mm glass-bottomed dish, 

sterilized under UV for 1 h in the biosafety cabinet, and washed with sterile PBS before 

cell placement.  Cells were trypsinized, quenched with media, centrifuged to remove 

trypsin, and resuspended in fresh medium prior to plating as 25,000 cells per each dish.  

Cell medium was changed to fresh medium every 2 – 3 days and proliferation and 

morphology of the cells were monitored up to a month. 

 

3.3.2 Dihydromagnolol-3,3’-bis(thioetherpropionic acid) (1) 

 

 

3.3.2.1 Small Scale 
 

 

 Magnolol (0.1962 g, 0.7366 mmol) and 2,2-dimethoxy-2-phenylacetophenone 

(0.019 g, 0.074 mmol) were dissolved in 0.835 mL of deuterated dichloromethane in a 
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vial in the dark.  3-Mercaptopropionic acid (0.128 mL, 1.46 mmol) was then added and 

an aliquot of solution was transferred to an NMR tube prior to irradiation (λ = 352 nm, 

40W).  Starting material conversion was monitored by 1H NMR and reaction kinetics 

are shown in Figure A-15. 

 

3.3.2.2 Large Scale 

 

 

 To a dry flask containing magnolol (2.3465 g, 8.810 mmol) and 2,2-dimethoxy-

2-phenylacetophenone (0.2540 g, 0.9910 mmol) was added degassed dichloromethane 

(10 mL) under nitrogen.  3-Mercaptopropionic acid (1.55 mL, 17.6 mmol) was then 

added via syringe and the solution was irradiated (λ = 352 nm) in the dark.  Aliquots 

were removed via syringe and conversion was monitored by 1H NMR.  Upon total 

conversion of magnolol, the solution was concentrated and purified by column 

chromatography (15%  100% EtOAc in hexanes).  The viscous oil was dried in vacuo 

and allowed to solidify in a chemical fume hood at room temperature (3.7769g g, 7.891 

mmol, 90% yield).  
1
H NMR (DMSO, 500 MHz) δ 12.25 (br, 2H), 8.98 (br, 2H), 6.96 

(br, 4H), 6.80 (d, J = 8.8 Hz, 2H), 2.67 (t, J = 7.1 Hz, 4H), 2.57 (t, J = 7.6 Hz, 4H), 2.50 

(m, 8H), 1.77 (dt, J = 15.0, 7.6 Hz, 4H) ppm; 
13

C NMR DMSO (125 MHz) δ 173.00, 

152.36, 131.54, 131.32, 127.80, 125.76, 115.70, 34.54, 33.29, 31.22, 30.52, 26.34 ppm; 

FTIR (ATR):  3600-2400, 1692, 1615, 1510, 1497, 1435, 1420, 1378, 1343, 1302, 1259, 

1239, 1198, 1150, 1116, 1066, 949, 933, 918, 891 cm
-1

; ESI-MS [M + Na]
+
 calculated:  

501.1382, found:  501.1429. 
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3.3.3 Magnolol acetonide (2) 

 

 

 The synthesis was adapted from a previously reported procedure.
62

  To a solution 

of magnolol (16.2128 g, 0.05965 mol) in 2,2-dimethoxypropane (70 mL) was added 

catalytic p-toluenesulfonic acid monohydrate (0.10 g).  The reaction proceeded at room 

temperature overnight and was then concentrated, diluted with ether, and washed 

subsequently with aqueous sodium bicarbonate followed by water.  The ether layer was 

then dried, filtered, and concentrated before purifying the orange-yellow oil by column 

chromatography (010% EtOAc in hexanes) to yield a clear oil (14.8780 g, 0.4855 mol, 

81% yield).  
1
H NMR (CDCl3, 500 MHz) δ 7.32 (d, J = 2.2 Hz, 2H), 7.16 (dd, J = 8.1, 

2.2 Hz, 2H), 7.04 (d, J = 8.1 Hz, 2H), 6.03 (ddt, J = 16.8, 10.0, 6.7 Hz, 2H), 5.17 – 5.09 

(m, 4H), 3.46 (d, J = 6.7 Hz, 2H), 1.65 (s, 6H) ppm; 
13

C NMR (125 MHz, CDCl3) δ 

150.16, 137.56, 136.86, 133.21, 128.80, 128.46, 123.26, 116.08, 115.40, 39.92, 25.25 

ppm; FTIR (ATR):  3080-2800, 1638, 1493, 1423, 1381, 1371, 1254, 1247, 1219, 1201, 

1134, 1115, 1041, 992, 975, 910, 894 cm
-1

; ESI-MS [M + Li]
+
 calculated:  313.1780, 

found:  313.1782. 

 

3.3.4 Magnolol di(allylcarbonate) (3) 

 

 

 To a purged flask containing magnolol (15.6051 g, 0.05742 mol) and 

tetramethylethylenediamine (9.5 mL, ρ = 0.775 g/mL, 0.062 mol) in dichloromethane 

(110 mL) was added allyl chloroformate (18.0 mL, 0.164 mol) in DCM (30 mL) at 0 °C 

by addition funnel over 1 h.  The reaction was allowed to stir for an additional hour 
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before the solution was washed with saturated sodium bicarbonate solution and then 

water.  The organic was dried, filtered, and concentrated and subjected to column 

chromatography (5  10 % EtOAc in hexanes) to yield the monomer as a clear oil 

(15.2400 g, 0.03508 mol, 74% yield).  
1
H NMR (CDCl3, 500 MHz):  δ 7.21 (dd, J = 8.2, 

2.2 Hz, 2H), 7.17 (d, J = 8.2 Hz, 2H), 7.14 (d, J = 2.2 Hz, 2H),  5.96 (ddt, J = 16.9, 10.2, 

6.7 Hz, 2H), 5.83 (ddt, J = 17.3, 10.6, 5.7 Hz, 2H), 5.24 (dd, J = 17.2, 1.4 Hz, 2H), 5.19 

(dd, J = 10.5, 1.4 Hz, 2H), 5.09 (m, 4H), 4.57 (m, 4H), 3.40 (d, J = 6.7 Hz, 4H) ppm; 
13

C 

NMR (CDCl3, 125 MHz):  δ 153.34, 146.87, 138.06, 137.02, 131.49, 131.36, 129.76, 

129.36, 122.17, 118.88, 116.39, 69.02, 39.63 ppm; FTIR (ATR):  3080-2820, 1758, 

1639, 1493, 1362, 1236, 1205, 1190, 1099, 1035, 992, 915 cm
-1

; ESI-MS [M + Na]
+
 

calculated:  457.1627, found:  457.1622. 

 

3.3.5 Magnolol di(allylether) (4) 

 

 

 To a flask containing magnolol (7.3326 g, 0.02698 mol) and potassium carbonate 

(17.9210 g, 0.1296 mol) in acetone (100 mL) was added allyl bromide (9.5 mL, 0.11 

mol) before refluxing the mixture overnight.  The filtrate was then collected, 

concentrated, and taken up in dichloromethane before washing with water.  The organic 

was then dried, filtered, concentrated and the resulting crude oil was purified by column 

chromatography (5% EtOAc in hexanes) to yield the monomer as a clear oil (6.8225 g, 

0.01969 mol, 73% yield).  
1
H NMR (CDCl3, 500 MHz):  δ 7.12 – 7.07 (m, 4H), 6.87 (d, 

J = 8.1 Hz, 2H), 6.04 – 5.96 (m, 2H), 5.96 – 5.87 (m, 2H), 5.22 (dd, J = 17.3, 1.8 Hz, 
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2H), 5.14 – 5.03 (m, 6H), 4.48 (d, J = 4.8 Hz, 4H), 3.36 (d, J = 6.6 Hz, 4H) ppm; 
13

C 

NMR (CDCl3, 125 MHz):  δ 154.61, 137.99, 133.89, 131.94, 131.91, 128.36, 128.33, 

116.44, 115.58, 112.63, 69.29, 39.56 ppm; FTIR (ATR):  3100-2790, 1638, 1605, 1495, 

1453, 1421, 1381, 1360, 1269, 1221, 1135, 1105, 1021, 993, 910 cm
-1

; ESI-MS [M + 

Na]
+
 calculated:  369.1831, found:  369.1858. 

 

3.3.6 General procedure for thiol-ene polymerization with magnolol derivatives 

 

 

 To a covered vial containing magnolol-based monomer and pentaerythritol 

tetrakis(3-mercaptopropionate) (1:1 mol alkene:thiol) was added freshly ground 2,2-

dimethoxy-2-phenylacetophenone (1 wt%:thiol).  The resin was mixed in the dark until 

all photoinitiator was dissolved.  The resin was then pipetted into molds or between 

PTFE-treated glass slides to generate rectangular bars, pellets, and films.  The 

polymerization proceeded in a UV oven for 4-6 h followed by a postcure at 110 °C for 2 

h. 

 

3.3.7 Procedure for thiol-ene polymerization with magnolol 

 

 

 In a 20 mL scintillation vial was added magnolol, pentaerythritol tetrakis(3-

mercaptoproprionate) (1:1 mol alkene:thiol), and 2,2-dimethoxy-2-phenylacetophenone 

(3 wt%:thiol).  The thick tan solid mixture was then heated at 110 °C for several minutes 

until a clear, colorless, homogenous oil was produced.  The oil, still warm, was pipetted 

into molds or between PTFE-treated glass slides to generate rectangular bars, pellets, 
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and films.  The polymerization proceeded in a UV oven for 2 h followed by a post-cure 

at 110 °C for 2 h. 

 

3.3.8 Hydrolytic degradation 

 

 

 Thermosets were prepared from a home-built silicon cylindrical mold and were 

ca. 2.0 mm × 1.5 mm diameter.  The cylindrical pellets were added to 1 dram vials, 3 

samples for each degradation condition.  4 mL of appropriate PBS solution (acidic:  pH 

= 3.0, basic:  pH = 12.0, physiological:  pH = 7.4) were added to each vial and the vials 

were placed in an incubator shaker at 37 °C, 60 RPM.  Swelling and degradation 

measurements were taken by removing the pellet, blotting dry, and then weighing the 

pellet.  Pellets were then dried to constant weight at 50 °C under vacuum and reweighed.  

The samples were added back to the appropriate vials and degradation solutions were 

replaced.  Degradation solutions were lyophilized and saved for use in later experiments.  

Swelling percentage was taken as the mass difference between wet and dry samples 

relative to the dry sample mass. 

 

3.3.9 Antioxidant/Radical Scavenging (DPPH
•
) assay 

 

 

 The procedure to assess radical scavenging was adapted from Scherer and 

Godoy
141

 using the 2,2-diphenyl-1-picrylhydrazyl (DPPH
•
) radical.  Methanol (HPLC 

grade, ≥ 99.9%) solutions of DPPH
•
 were first prepared to assess linearity and stability 
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before a calibration curve and the time necessary for the reaction to reach the steady 

state was determined (S4).  Samples used in the assay included model degradation 

compound (1) and degradation compounds which were prepared separately by 

lyophilization of the degradation solutions obtained from hydrolytic degradation.  

Briefly, the lyophilized degradation product was dissolved in 10 mL of MeOH, 

sonicated for two minutes, and filtered through a syringe filter (Pall Life Science, 

Acrodisc® syringe filter with nylon membrane, 0.45 μm).  Antioxidant activity was 

determined by adding 100 μL of model degradation compound (4.95 × 10
-4

 M stock 

solution) or degradation solutions to 3.9 mL of DPPH
• 
stock solution (3.0 × 10

-4
 M) and 

were analyzed by UV-vis spectroscopy at 0 h and 3 h.  The reaction solutions were kept 

in the dark otherwise.  The experiments were performed in triplicate for each compound 

and degradation solution.  The radical scavenging ability was determined by following 

the change in absorbance of DPPH
• 
at 514 nm over time compared to a reference blank 

(0.1 mL MeOH and 3.9 mL DPPH
•
 stock solution). 

 

3.3.10 Immunofluorescence and Confocal Imaging 

 

 

 Cells were fixed with 4% paraformaldehyde with 5% sucrose prior to membrane 

permeabilization with Triton X-100.  Cytoskeleton structure was visualized by staining 

with phalloidin-Alexa 488
®
 (Invitrogen, Carlsbad, CA).  Focal adhesions were stained 

with vinculin antibody (Sigma-Aldrich, St. Louis, MS) followed by secondary antibody 

conjugated with Alexa 647
®
 (Invitrogen, Carlsbad, CA).  Fluorescence images were 
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acquired with a FV1000 confocal microscope (Olympus, Center Valley, PA) with an IX-

81 inverted base and PMT detectors.  Alexa 488
®
 and Alexa 647 fluorophores were 

excited with 488 nm from an Ar laser and 635 nm from a diode laser, and emissions 

were collected from 500 – 550 nm and 660 – 710 nm simultaneously.  Cell populations 

on polymer substrate were compared to cells cultured on 1.5% gelatin from a large filter 

view with a 10× objective lens (Olympus).  Details of cell morphology were investigated 

with 4× zoom with the same objective lens (equivalent to 40× magnification).  3D 

confocal images were acquired as stacks of 4 - 8 planes with 3 m step size for 1× zoom 

and stacks of 16 - 20 planes with 1m step size for 4× zoom.  Images were acquired and 

contrast was adjusted using Fluoview Viewer software. 

 

3.3.11 In Vitro Reactive Oxygen Species (ROS) Scavenging Assay 

 

 

 Model degradation compound (1) was used to test as a ROS scavenger by co-

culturing the CVECs in the presence of 1% FBS and peroxide reagent.  Cells were plated 

at a density of 30,000/well and were then incubated at 37 °C in a humidified atmosphere 

containing 5% CO2 for 24 h to adhere.  1 and magnolol were dissolved in DMSO, 

sterilized under UV for 1 h in the biosafety cabinet, and then further diluted with 

DMEM/F-12 – phenol free 1% FBS medium to desired concentrations.  After incubating 

the CVECs with 1 or magnolol solutions for 24 h, the  medium was replaced with the 

formulations in phenol-free 1% FBS medium with the addition of 1 µL of 0.5 mM of 

tert-butyl hydroperoxide (tBHP)  (Sigma-Aldrich, St. Louis, MO) in 100 μL of cell 
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medium and incubated for 2 h at 37 °C with 5% CO2.  The medium was finally replaced 

with 50 µM of 2’,7’–dichlorofluorescin diacetate (DCFDA) (Sigma-Aldrich, St. Louis, 

MO) in phenol-free 1% FBS medium and incubated for 30 min at 37 °C with 5% CO2.  

ROS levels were measured from the fluorescence of DCFDA at 529 nm with excitation 

at 495 nm. 

 

 

3.4 Results and Discussion 

 

 

 Because the antioxidant characteristics of magnolol are due to the radical 

scavenging ability of its phenolic groups, our original aim to employ the alkenyl 

functionalities for thiol-ene copolymerization of magnolol with multi-functional 

comonomers necessitated a study of its reactivity in a model photo-initiated thiol-ene 

reaction (Figure 3-1, lower left).  A mono-functional thiol was used for these model 

studies to be able to monitor the reaction and isolate the products as small molecules for 

detailed analyses to confirm that the thiol-ene reaction would proceed in high conversion 

without significant radical scavenging by the phenols that could lead to 

cyclohexadienone formation and other side reactions.  In addition, the mono-functional 

thiol was selected to be 3-mercaptopropionic acid, specifically, as the 

bis(thioetherpropionic acid) adduct 1 and its mono-thioether analog have the chemical 

structures of the hydrolytic degradation products from the thiol-ene copolymerization of 

magnolol with pentaerythritol tetrakis(3-mercaptoproprionate) (PETMP).  In the 
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presence of ca. 0.05 mol% photoinitiator (2,2-dimethoxy-2-phenylacetophenone, 

DMPA, m.p. = 70 °C), two equivalents of 3-mercaptopropionic acid were allowed to 

undergo reaction with magnolol under ultraviolet irradiation (λ = 352 nm, 40W) in 

deuterated dichloromethane at room temperature.  The reaction was monitored by 1H 

NMR spectroscopy and found to reach 100% conversion at 10 m, with no undesirable 

by-product formation noticed (Figure A-15).  The model reaction was then scaled up 

from ca. 100 mg magnolol to several grams in a round bottom flask with degassed 

dichloromethane to model the scale at which polymerizations would occur and to yield 

desirable quantities of this model compound for future studies.  At this larger scale but 

under identical conditions, full alkene conversion required 2 h.  The viscous oil was 

purified by column chromatography (15100% ethyl acetate in hexanes) and then 

allowed to solidify under atmospheric conditions to afford 1 in 90% yield.   

Although the phenols of magnolol did not significantly impede the model thiol-

ene reaction in solution, direct thermoset synthesis in the bulk utilizing magnolol as an 

A2 monomer and widely-available pentaerythritol tetrakis(3-mercaptoproprionate) 

(PETMP) as a tetra-functional B4 comonomer encountered challenges.  At room 

temperature, the solid magnolol monomer and photoinitiator did not dissolve well into 

the viscous thiol comonomer (Figure A-16).  Attempts to realize bulk polymerization 

through photoinitiation at room temperature were unsuccessful.  However, with 

manageably low melting points for DMPA and magnolol (m.p. = 102 °C), the mixture of 

comonomers and photoiniator were melted at 110 °C in an oven to produce a clear oil 

that was transferred hot into pre-shaped molds.  The resins were then polymerized in a 
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UV oven (352 nm, 40W total) for 2 h followed by a post cure at 110 °C for an additional 

2 h.  Similar to the observed differences in the model reactions performed on small and 

large scales in solution, thermoset synthesis in bulk performed on scales up to several 

grams in molds (ca. 0.5 cm thick) necessitated a longer UV exposure for gelation.  The 

resulting clear, colorless magnolol/PETMP (MAG/PETMP) thermosets were stiff but 

pliable after handling.  Notably, attempts to thermally initiate DMPA and yield polymer 

in the absence of UV irradiation were unsuccessful, even after heating for 10 h at 110 °C 

– no gelation was observed and solid precipitated from the mixture upon cooling to room 

temperature.   

 Initial characterization was performed to determine the thermomechanical 

properties and chemical resistance under basic, acidic, and physiologically-relevant pH 

at physiological temperature (Figure 1).  The MAG/PETMP thermoset was thermally 

stable (onset of thermal degradation, Td = 350 °C) and showed modest storage modulus 

(Eʹ @ 25 °C = 1.10 ± 0.14 GPa).  The glass transition temperature, Tg, was slightly 

above room temperature, as measured by dynamic mechanical analysis (DMA) (Tg = 29 

± 1 °C).  The thermomechanical properties also appeared to have an effect on the 

hydrolytic stability in that, although hydrophobic, at physiological temperature, the 

MAG/PETMP thermoset immediately swelled and began hydrolytic degradation in basic 

PBS media (pH = 11.0) (Figure 3-2, bottom).  Full degradation occurred by 18 weeks 

under basic conditions, while samples exposed to acidic and pH = 7.4 conditions 

displayed little swelling and no degradation over the course of the study.  It is expected 
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that degradation occurred through hydrolysis of the ester moieties of the repeat units 

derived from PETMP. 
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Figure 3-1.  Synthetic Approach to Magnolol Monomers, Thermosets, and Model Compound. 
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 To expand upon the performance of this initial thermoset, a small library of 

magnolol-based monomers was desired, wherein crosslinked polymer networks would 

be synthesized via thiol-ene polymerization and the resulting thermomechanical and 

degradation properties could be controlled through the initial monomer design and 

further exploited in material applications without requiring extensive synthetic 

procedures or processing.  With this in mind, magnolol was functionalized in three 

separate reactions to yield di- or tetra-functionalized monomers on multigram (up to 

decagram) scales and > 70% yields.  Magnolol acetonide, MA (2), a tricyclic, di-

functional A2 monomer containing an acid-labile phenolic protecting group was 

synthesized by organic acid-catalyzed acetonide formation with 2,2-dimethoxypropane 

in 81% yield through a procedure adapted from Schinazi and coworkers.
62

  Of the tetra-

functional A4 monomers, magnolol bis(allyl carbonate), MBAC (3) – intended to serve 

as a base-labile monomer – was synthesized in 74% yield by addition of allyl 

chloroformate to a solution of magnolol in dichloromethane and 

tetramethylethylenediamine at 0 °C following a similar procedure from previously 

reported work in our group,
48

 while magnolol bis(allyl ether), MBAE (4), a 

hydrolytically-stable monomer, was prepared in 73% yield using slight excess of allyl 

bromide with potassium carbonate in acetone under reflux (Figure 3-1).  
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Figure 3-2.  Characterization of Thermosets Synthesized Directly from Magnolol and 

PETMP.  Dynamic Mechanical Analysis Exhibiting Loss in Mechanical Properties Near 

Room Temperature and Tg, as Measured by the Peak in the Loss Modulus, Eʹʹ, at 29 °C 

(Top).  Degradation of Thermoset Pellets (n = 3, ca. 110 mg each), in PBS Media (pH = 

3.0, 7.4, and 11.0, Bottom). 

 

 

Similar to the direct synthesis of thermosets from magnolol, highly-crosslinked 

thermosets were achieved through reaction of 2, 3, or 4 with PETMP using 

stoichiometric equivalences of functional group and in the presence of 1 wt% 

DMPA:thiol under UV irradiation followed by a post-cure at 110 °C.  Although 

magnolol is a beige solid in its commercial form (> 98% purity), the magnolol-based 
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monomers 2–4 were transparent, colorless oils and mixed well with comonomer and 

photoinitiator.  No heating was required to mix or transfer the resin to the molds and the 

solvent-free polymerizations ultimately yielded transparent films.  Comparison of FTIR 

spectra of the films to the spectra of the monomers did not indicate the presence of free 

thiol (S-H stretch, ca. 2600 cm
-1

) (Figure A-17) and showed good consumption of alkene 

(str. C-H bend, ca. 900 cm
-1

) (Figure A-18) in the thermosets. 

 

 

Table 3-1.  Magnolol Thermosets Showing Tunable Thermomechanical Properties by 

TGA, DSC, DMA, and Tensile Testing 

Thermoset Td 

(°C) 

Tg – 

DSC 

(°C) 

Tg – 

DMA
a
 

(°C) 

Eʹ 

(GPa)
b 

Er 

(MPa)
c
 

Modulus 

(MPa) 

Ultimate 

Strength 

(MPa) 

Strain 

(%) 

MAG/PETMP 350 23 29 
1.10 ± 

0.14 
4 386 ± 65 28 ± 5 

68 ± 

25 

MA/PETMP 359 30 33 
1.25 ± 

0.09 
7 384 ± 37 26 ± 3 

131 ± 

29 

MBAC/PETMP 293 46 52 
1.33 ± 

0.02 
38 735 ± 48 48 ± 2 18 ± 6 

MBAE/PETMP 361 47 52 
1.21 ± 

0.13 
41 794 ± 91 50 ± 2 20 ± 7 

a
As measured by the peak of the loss modulus, Eʹʹ.  

b
Measured at 25 °C.  

c
Measured at 

100 °C. 

 

 

 

 As was expected, the thermoset compositions containing monomers with higher 

functionality (and a greater expected degree of crosslinking), MBAC/PETMP and 
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MBAE/PETMP, displayed higher Tgs by DSC (46 and 47 °C) as compared to the 

difunctional magnolol-based thermosets, MA/PETMP (30 °C) and MAG/PETMP (23 

°C) (Table 3-1).  Interestingly, the same trend was not observed thermogravimetrically, 

as MAG/PETMP, MA/PETMP, and MBAE/PETMP showed significantly higher 

thermal stabilities – 350, 359, and 361 °C, respectively – compared to MBAC/PETMP, 

which began degrading at ca. 295 °C (Figure 3-3).  The MBAC/PETMP thermoset did 

display a second thermal degradation event near ca. 360 °C and a final thermal 

degradation event near ca. 425 °C as did the thermosets synthesized from monomers 2, 

4, and 5.  All other variables equivalent, and given the high conversion of monomers to 

thioether, we hypothesize this difference in thermal stability amongst the polymers is a 

result of a more thermally-labile carbonate linkage in MBAC/PETMP.  Similar 

degradation temperatures have been observed for other polycarbonate crosslinked 

networks synthesized via thiol-ene chemistry.
48-49

 

 With these results, we decided to further investigate by DMA (dry and 

submersion) and tensile testing analyses the fundamental materials properties and 

potential performance of the thermosets relevant to biomedical materials.  The same Tg 

trend was observed by DMA as for DSC, whereby the MA thermoset showed a 

transition at 33 °C (as measured by the peak of the loss modulus, Eʹʹ), just below 

physiological temperature, while MBAC and MBAE thermosets were ca. 20 °C higher 

(Figure 3-4).  All Tgs were higher than the thermoset synthesized directly from magnolol 

(MAG/PETMP, 29 °C).  Although containing the same degree of crosslinking, assuming 

a complete thiol-ene reaction, the slightly higher glass transition of MA/PETMP may be 
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attributed to the rigidity of this monomer with its tricylic structure compared to the 

thermoset from the magnolol monomer which is able to undergo rotation about the 

biphenyl C-C bond.  Given the differences in Tg, there is a greater than 1000 MPa 

difference in the storage moduli, Eʹ, between MBAE/PETMP (1250 MPa) or 

MBAC/PETMP (1210 MPa) and MA/PETMP (100 MPa) or MAG/PETMP (110 MPa) 

at 37 °C.  These results are in contrast with the material properties at room temperature, 

which show little change in Eʹ.  Additionally, the degree of crosslinking was noticeably 

higher in A4B4 MBAC and MBAE thermosets compared to the A2B4 MA/PETMP and 

MAG/PETMP thermosets as measured by the rubbery modulus, Er, in accordance with 

the theory of rubber elasticity.
142

  These differences, although seemingly modest at room 

temperature, may have large effects under physiological conditions. 
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Figure 3-3.  TGA Analyses of Thermosets Under Nitrogen Atmosphere. 
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Figure 3-4.  Thermomechanical Results Comparing MAG/PETMP, MA/PETMP, 

MBAC/PETMP, and MBAE/PETMP.  (a) Storage Moduli, Eʹ, Showing Distinct 

Differences Above Physiological Temperature, Particularly in Rubbery Modulus, Er , 

Measured at 100 °C.  (b) Tgs as Measured by the Peak in the Loss Modulus, Eʹʹ.  (c) 

Tensile Testing Performed at Room Temperature, 5 mm/min Strain Rate. 
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Figure 3-5.  Submersion DMA (PBS, pH 7.4, 37 °C) and Lifetime Measurements. 

 

 

 The effects of compositional and structural differences of the thermosets on 

mechanical properties were also revealed by tensile testing.  Each thermoset displayed a 

modest ductile behavior at a strain rate of 5 mm/min, however, MA/PETMP showed a 

drastically higher strain at failure and lower modulus and ultimate strength than the more 

highly-crosslinked counterparts.  The mechanical behavior of MAG/PETMP was similar 
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to MA/PETMP, with the exception of having early strain at break.  In addition to the 

chemical composition differences across this series of thermosets, the relatively lower 

crosslinking density for the MA- and MAG-derived A2B4 materials and their associated 

lower Tg values vs. the A4B4-based structures may have contributed to the mechanical 

properties effects, due to the testing conditions (room temperature ≈ 27 °C) being near 

their glass transitions but still 25 °C lower than thermosets from MBAC and MBAE 

(Figure 3-4c).   

 As the dry thermoset properties may be altered in response to plasticization under 

physiological conditions, in situ matrix relaxation DMA was also performed in PBS at 

37 °C.  The wet material properties may yield additional insight into the ultimate 

material performance in a biological application.  The change in Eʹ over time followed a 

similar trend to the Tg of the dry thermosets.  The results were fitted to dual-exponential 

decay models which yielded average storage moduli lifetimes, τ, of 8 min 

(MAG/PETMP), 10 min (MA/PETMP), 27 min (MBAC/PETMP), and 41 min 

(MBAE/PETMP) (Figure 3-5).  The dual-exponential fit accounts for the response of the 

thermosets to both temperature change (room temperature to physiological temperature, 

Δ 12 °C) followed by solvent plasticization of the thermosets.  The overall loss in 

mechanical properties, as measured by the change in the storage moduli, ΔEʹ, followed 

an inverse relationship, whereby MAG/PETMP had the largest loss over time (ΔEʹ = 

1200 MPa) while MBAE/PETMP showed the least significant change (ΔEʹ = 400 MPa).  

MA/PETMP similarly displayed a large and quick change in mechanical properties when 

placed under physiological conditions and we anticipated that swelling and subsequent 
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hydrolysis might occur most readily in this thermoset (compared to MBAC and MBAE 

thermosets) at a rate comparable to the degradation observed for MAG/PETMP.  

Interestingly, the surface chemistry did not appear to have a substantial effect on the 

plasticization and loss in mechanical properties upon submersion in PBS.  Furthermore, 

there was not a significant effect of the chemical composition on the water contact 

angles, other than the phenol-containing MAG/PETMP was slightly more hydrophilic 

(water = 75°) than the thermosets having the phenolic groups consumed (water =  88 - 

94°) (Figure 3-6). 
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Figure 3-6.  Static Water Contact Angles on MAG (a), MA (b), MBAE (c), and MBAC 

(d) Samples and Average Contact Angles for Each Substrate;  n ≥ 3.. 

  

(b) MA/PETMP: 88 ± 5° 

(c) MBAE/PETMP: 88 ± 3° 

(d) MBAC/PETMP: 94 ± 4° 

(a) MAG/PETMP: 75 ± 3° 
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Figure 3-7.  Hydrolytic Degradation and Swelling in PBS (a) MA/PETMP, (b) 

MBAC/PETMP, (c) MBAE/PETMP Under Basic, Acidic, and Physiological pH at 37 

°C. 
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 Previous reports have examined renewable resources in degradable polymers to 

affect a biological response as the polymer degrades.  Salicylic acid-based 

poly(anhydride ester)s
143-144

 and polyesters,
145-146

 as well as ferulic acid-based 

poly(carbonate amide)s
51

 and poly(anhydride ester)s
147

 have been studied for the 

potential antimicrobial or antioxidant properties of their degradation products.  Salicylic 

acid-based polymers have similarly been examined as an antioxidant coating in drug 

eluting stents,
148

 while materials based on naturally-occurring biopolymers, such as 

modified dextran polymers
149

 and melanin nanoparticles
150

, have been utilized to 

efficiently scavenge hydrogen peroxide and other reactive oxygen or nitrogen species.  

Polymer peroxide scavenging may also be leveraged as a cue for polymer degradation 

and release of therapeutic.
149, 151

  As these polymers and others
152

 often show antioxidant 

properties as a result of the inherent radical scavenging ability of phenol moieties, 

functionalized magnolol thermosets which hydrolytically degrade to yield a phenol may 

similarly scavenge radicals and protect cells from oxidative stress.  This may be 

particularly advantageous as protection in the local cellular environment from the 

response of the host immune system to a biomaterial.  The crosslinking and modest 

hydrophobicity inherent to these polymer networks should also result in a slow, 

controllable degradation and a sustained release of the magnolol degradation products.

 Degradation studies were again performed in acidic, basic, and physiological pH 

PBS media at physiological temperatures but with samples from the phenolic-

functionalized thermosets.  MA/PETMP began degrading within 2 weeks under basic 

conditions, had less than 50% mass remaining by week 12 and was fully degraded by 
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week 30.  The MBAC/PETMP thermoset showed only 5% degradation at week 15 while 

MBAE/PETMP did not exhibit significant mass loss until after week 17 under identical 

conditions (Figure 3-7).  Visually, the pellets display distinct differences both in size and 

surfaces even by week 10 (Figure A-19).  There was no significant degradation observed 

for thermosets under acidic or neutral conditions during this time period – MA/PETMP 

had ca. 96% mass remaining under acidic and neutral conditions at 27 weeks while 

MBAC and MBAE thermosets still had ca. 99% mass remaining.  The < 4% mass loss 

from MA/PETMP under acidic or neutral conditions may result, in part, from hydrolysis 

of the acetonide moiety that releases acetone but preserves the crosslinked polymer 

network.  The stark difference in degradation behavior is likely a result of differences in 

the thermal response and plasticization of the polymers at physiological temperatures 

that initially leads to basic hydrolytic degradation of the pentaerythritol ester backbone.  

This hypothesis is supported by the results obtained from submersion DMA experiments 

and the observed Tgs of the dry material. 
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Figure 3-8.  Radical Scavenging by DPPH
•
 Reduction.  (a) Model Degradation 

Compound, 1, Compared to Known Natural Product Antioxidant, Magnolol at Working 

Concentrations of 0.12 × 10
-4

 M.  (b) Radical Scavenging of MAG/PETMP and 

MA/PETMP Degradation Products Compared to Mass Loss from the Thermosets.  

 

 

 

 We turned our attention toward translation of magnolol biological properties to 

the crosslinked networks.  As a proof of principle, the radical scavenging ability of 

magnolol and a model degradation compound 1 – which would result from complete 
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hydrolysis of MA/PETMP, MAG/PETMP, and MBAC/PETMP – were assessed using 

the DPPH
•
 assay.  Results in Figure 3-8 show that the model degradation compound 

contained similar radical scavenging ability to the unadulterated natural product.  

Additionally, as the thermosets degrade, the solubilized degradation fractions should 

contain analogous degradation products with phenol moieties that may scavengeradicals.  

Samples from the basic degradation of thermosets were prepared in the same manner as 

magnolol and model degradation compound 1 after lyophilization.  DPPH
•
 reduction 

exhibited a linear relationship to percent mass loss from both MAG/PETMP and 

MA/PETMP thermosets while control samples from thermosets in which no degradation 

occurred showed no radical scavenging ability.  In light of the controllable degradation 

of these samples, the release of radical scavenging degradation products could be used 

for the steady delivery of antioxidant supplementary to, or in replacement of, any 

additional therapeutic.  It should be noted that for samples in which hydrolytic 

degradation would not lead to a phenol, such as the thermosets from 4, there should be 

no significant antioxidant activity when comparing to MAG/PETMP or MA/PETMP for 

the same mass loss from the respective thermosets.  DPPH
•
 reduction from 

MBAE/PETMP samples does not rise above background levels, however as previously 

mentioned, both MBAE/PETMP and MBAC/PETMP degraded at a sufficiently slower 

rates under basic conditions than either MA/PETMP or MAG/PETMP and thus samples 

from each thermoset could not be compared on an equivalent mass loss basis. 
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Figure 3-9.  (Top) Cell Viability of Polymer Samples from Each Monomer (MBAE, 

MA, MBAC) and Control (PBS).  Polymer Samples Were ca. 35 mg and MTS Assay 

Was Performed in Triplicate.  (Bottom) MTS Assay of Model Degradation Compound 

Used in Antioxidant Assays. 
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Figure 3-10.  Laser Scanning Confocal Microscopy of Bovine Coronary Venular 

Endothelial Cells (CVECs) on Magnolol-Based Thermosets After 1 Day (Left) and 1 

Month (Right).  Cells Were Cultured on the Polymer or Gelatin (Control) Coated Glass 

Surface and Fixed with 4% Paraformaldehyde.  Cytoskeleton and Focal Adhesions Were 

Visualized by Co-Staining with Phalloidin-Alexa488 (green) and Vinculin Antibody 

with Alexa647-Conjugated Secondary Antibody (Red).  Scale Bar 30 µm. 

  

Control 

MA 

MBAC 

MBAE 

1 day 1 month 
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 To demonstrate valuable antioxidant activity in vitro, cytotoxicity assays were 

first performed on the polymer films and model degradation product, 1.  All thermosets 

showed high cell viability.  1 also allowed for good viability at mM concentrations 

(Figure 3-9) in several cell lines, namely MC3T3 fibroblasts and coronary venular 

endothelial cells (CVECs) that we have previously used in investigating poly(honokiol 

carbonate) as a culture surface in biomedical applications.
138

  In order to determine 

adaptability of cells over longer periods of time to the thermosets, such as during 

placement of a biomaterial in vivo, CVECs were plated on thin films of the polymers and 

media was replaced every 2–3 days to allow for culturing up to one month.  Cells were 

fixed and actin fibers and focal adhesions were visualized with phalloidin and 

appropriate antibody-fluorophore conjugate staining followed by imaging with confocal 

microscopy.  The CVECs maintained a monolayer, showed good proliferation and 

adhesion to the thermosets during this time period, and were similar to the control film at 

both short and long time periods (Figure 3-10). 

 Antioxidant activity of 1 was then assessed using a reactive oxygen species 

(ROS) assay performed with tert-Butyl hydroperoxide (tBHP) in the presence of 

CVECs.  Increasing concentrations of the model compound resulted in a general 

reduction of the ROS (Figure 3-11), however, the reduction was not as strong as that of 

magnolol (positive control) at a similar concentration – 10% reduction vs. 20% reduction 

in ROS.  Although not essential for radical scavenging, the allylic moieties of magnolol 

may also participate in scavenging radical species.  Accounting for all radical 

scavenging moieties in the substrates may help explain this difference between 1 and 
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magnolol, however the specific roles of the alkene and carboxylic acid moieties in the 

test compound were not further investigated for these in vitro studies. 

 

 

 
 

Figure 3-11.  ROS Reduction Assay with CVECs in 1% FBS and 5 µM tBHP, 

Comparing Negative Control (Red), Magnolol (Positive Control, Blue), and Model 

Degradation Compound, (1) (Green).  Data Are Presented as Mean ± Standard 

Deviation.  Significance Respect to Negative Control Was Evaluated at p < 0.05 with 

Welch’s t test.   

 

 

 

3.5 Conclusions 

 

 

 In conclusion, we have developed a scalable, straightforward, and generally 

applicable route to renewable materials from the neolignan magnolol – a previously 

unexplored natural product in polymer production.  The judicious choice of the highly-
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functional starting material allowed for both direct thermoset synthesis and the 

development of a small library of monomers for solvent-free thiol-ene chemistry.  The 

thermosets showed tunable thermomechanical properties and hydrolytic degradation 

rates that were influenced by the monomer design.  Knowledge of the structure property 

relationships led to leveraging of the tunable thermomechanical properties in order to 

take advantage of the well-known, inherent radical scavenging and antioxidant 

properties of the natural product from which the polymer networks were synthesized.  

While no thermosets showed degradation under acidic and physiological pH, at basic 

pH, hydrolytic degradation occurred with drastically different rates on account of the 

thermomechanical properties and relative degree of crosslinking between the thermosets.  

Degradation products isolated from the thermosets synthesized from magnolol acetonide 

and magnolol displayed radical scavenging by the DPPH
•
 assay.  These results were 

further corroborated by in vitro antioxidant assays with endothelial cells and a model 

degradation compound.  This work lays a foundation for neolignan-based polymers 

wherein inherent biological properties of the natural product may be leveraged in 

degradable biomaterials and where straightforward, scalable chemical transformations 

are used to control the structure-property relationships for novel, bio-based polymers. 
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CHAPTER IV  

OLEFIN MATERIALS VIA METATHESIS POLYMERIZATION OF MAGNOLOL 

DERIVATIVES 

 

 

4.1. Overview 

 

 

 The natural product, magnolol – readily isolated from numerous Magnolia plants 

– was used in the synthesis of a small library of monomers for acyclic dience metathesis 

polymerization (ADMET).  The phenolic moieties of magnolol provided synthetic 

handles with which to create a series of monomers with isopropylidene, ethylene, and 

propylene carbon spacers each prepared in one synthetic step.  The olefin-containing 

polymers were produced in highest yields and thermomechanical properties when 

Grubbs 2
nd

 generation (G2) catalyst was used at 1 mol%:monomer in dichloromethane 

or toluene.  Thermal degradation temperatures were consistently ≥ 400 °C, yet the post 

polymerization modifications explored here resulted in drastic changes to the glass 

transitions and solubility of the materials.  With the short synthetic sequence from 

natural product to modified polymer, magnolol is an interesting renewable resource that 

avoids both the need to install an α,ω-diene and lengthy synthetic procedure common to 

many new, renewably-sourced, functional materials produced via ADMET. 
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4.2 Introduction 

 

 

 Metathesis chemistry, in particular, ring-opening metathesis polymerization 

(ROMP) and acyclic diene metathesis (ADMET) polymerization have proven 

exceptional tools in the development of new polymers and polymer architectures from 

olefin-containing small molecules.
153-154

  The controlled, living nature of ROMP affords 

monodisperse species that are diverse in their chemical and structural properties by 

either varying the functionality of a strained cyclic olefin monomer, polymerization 

scheme, or through post-polymerization modifications.
155

  ADMET polymerization, an 

equilibrium polymerization process, has been important for the precise introduction of 

functional groups along a polymer backbone
156

 and is superior to ROMP in monomer 

breadth given that any molecule containing two terminal olefins may polymerize via 

ADMET.
157

  A natural interest in metathesis polymerization of renewable resources has 

emerged given the structural and chemical diversity which may be translated to the final 

polymer and yield emergent properties or new polymers for which there is no 

petrochemically-based equivalent.
5, 126

  Renewable resources including oils, terpenes, 

sugars, and lignin have been explored in recent years as raw materials in an attempt to 

address both the fundamental
41,158

 synthetic challenges and the practical design of new 

renewable monomers and polymers via ADMET
159

 or ROMP.
160,161-162

  However some 

drawbacks still exist including extensive synthetic procedures and/or the required 

installation of one or more alkene moieties to produce a viable monomer.  For example, 

oils and fatty acid derivatives are common renewable resources that contain inherent 
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alkenes with which to perform metathesis polymerizations.  The simple (often linear) 

hydrocarbon backbone of these oils, which may be appended to another core 

functionality, leads to polymers with sub-optimal thermomechanical properties and little 

chemical functionality or structural diversity.
30, 163-164

  These monomers or polymers 

containing oils that do display varied structural or chemical diversity typically require 

multiple synthetic steps or rely on another incorporated component for varied polymer 

properties.
96, 165-167

  To move forward in the use of renewable monomers in ADMET or 

ROMP, reducing the number of synthetic steps required to produce monomer, as well as 

taking advantage of those renewable resources which inherently contain the necessary 

chemical functionality for polymerization, is highly desired. 

 One class of natural products that may be amenable to metathesis chemistry and 

other polymerization techniques, but has not been well studied, is neolignans.  

Neolignans are secondary plant metabolites generated through the oxidative dimerization 

of phenylpropanoid units
57

 and show potential in numerous biological applications.
76, 168-

169
  In particular, our group has recent interest in the polyphenolic neolignans honokiol

138
 

and magnolol.  Honokiol and magnolol offer the opportunity to rapidly synthesize 

numerous monomers and polymers on account of the inherent alkene and phenol 

moieties.  These inherent alkene moieties make the use of honokiol or magnolol for 

metathesis polymerization superior to other renewable resources that require installation 

of this necessary functional group.
170-175
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4.3 Experimental Section 

 

 

4.3.1 Magnolol acetonide, MA  

 

 

 The synthesis was adapted from a previously reported procedure.
62

  To a solution 

of magnolol (16.2128 g, 0.05965 mol) in 2,2-dimethoxypropane (70 mL) was added 

catalytic p-toluenesulfonic acid monohydrate (0.10 g).  The reaction proceeded at room 

temperature overnight and was then concentrated, diluted with ether, and washed 

subsequently with aqueous sodium bicarbonate followed by water.  The ether layer was 

then dried, filtered, and concentrated before purifying the orange-yellow oil by column 

chromatography (010% EtOAc in hexanes) to yield a clear oil (14.8780 g, 81% yield).  

1
H NMR (CDCl3, 500 MHz) δ 7.32 (d, J = 2.2 Hz, 2H), 7.16 (dd, J = 8.1, 2.2 Hz, 2H), 

7.04 (d, J = 8.1 Hz, 2H), 6.03 (ddt, J = 16.8, 10.0, 6.7 Hz, 2H), 5.17 – 5.09 (m, 4H), 3.46 

(d, J = 6.7 Hz, 2H), 1.65 (s, 6H) ppm; 
13

C NMR (125 MHz) δ 150.16, 137.56, 136.86, 

133.21, 128.80, 128.46, 123.26, 116.08, 115.40, 39.92, 25.25 ppm; ESI-MS [M + Li]
+
 

calculated:  313.1780, found:  313.1782. 

 

4.3.2 Magnolol-O,O’-ethylether, MEE 

 

 

 To a 1 L flask containing magnolol (14.6742 g, 0.053995 mol) in acetonitrile 

(500 mL) with potassium carbonate (37.4 g, 0.270 mol) was added 1,2-dibromoethane 

(4.65 mL, 0.0539 mol).  The solution was refluxed overnight before concentrating and 

taking up in dichloromethane.  The salt was then filtered and the organic was washed 



 

87 

 

with water and brine before drying, filtering, and concentrating.  The viscous oil 

obtained was then purified by column chromatography (10% EtOAc in hexanes) and 

extensively dried to yield a white powder (4.9642 g, 31% yield).  
1
H NMR (500 MHz, 

CDCl3) δ 7.18 (dd, J = 8.1, 2.2 Hz, 2H), 7.15 (d, J = 2.2 Hz, 2H), 7.08 (d, J = 8.1 Hz, 

2H), 5.99 (ddt, J = 17.0, 10.1, 6.8 Hz, 2H), 5.10 (m, 4H), 4.41 (d, J = 8.9 Hz, 2H), 4.05 

(d, J = 8.9 Hz, 2H), 3.41 (d, J = 6.8 Hz, 4H). 
13

C NMR (125 MHz) δ 156.66, 137.54, 

136.28, 132.00, 130.55, 129.73, 122.43, 116.05, 73.46, 39.78; ESI-MS [M + Li]
+
 

calculated: 299.1623, found: 299.1625 

 

4.3.3 Magnolol-O,O’-propylether, MPE 

 

 

 To a round bottom flask equipped with a condenser was charged magnolol 

(13.819 g, 0.050849 mol) and acetonitrile (860 mL) followed by addition of potassium 

carbonate (60.199 g, 0.43556 mol) and 1,3-dibromopropane (5.3 mL, 0.052 mol).  The 

solution was set to reflux overnight before concentrating the organic, taking up in 

dichloromethane and washing (x3) with water.  The organic was dried, filtered, and 

concentrated and product was purified by column chromatography (5% EtOAc in 

hexanes) and extensively dried to yield a white powder (5.1280 g, 33% yield). 
1
H NMR 

(500 MHz, CDCl3) δ 7.13 (dd, J = 8.2, 2.3 Hz, 1H), 7.09 (d, J = 2.3 Hz), 7.03 (d, J = 8.2 

Hz), 6.00 (ddt, J = 16.9, 10.0, 6.8 Hz), 5.15 – 5.05 (m), 4.36 – 4.30 (m), 3.42 – 3.36 (m), 

1.99 (p, J = 5.4, 5.0 Hz); 
13

C NMR (125 MHz) δ 155.62, 137.77, 134.73, 131.95, 130.19, 
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128.70, 117.82, 115.88, 71.35, 39.80, 30.24; ESI-MS [M + Li]
+
 calculated: 313.1780, 

found: 313.1768  

 

4.3.4 ADMET Polymerization Representative Procedure – G1 

 

 

 A solution of magnolol-O,O’-propylether (0.4431 g, 1.446 mmol) in DCM was 

degassed three times by freeze-pump-thaw cycles in a Schlenk flask.  Grubbs 1
st
 

generation catalyst (0.0114 g, 0.0134 mmol, 1 mol% to monomer) in DCM (degassed) 

was then transferred to the monomer solution at 35 °C to achieve a total initial monomer 

concentration of 1M.  The reaction was allowed to proceed overnight under dynamic 

vacuum before quenching with ethyl vinyl ether.  The polymer was then precipitated into 

cold methanol three times and allowed to dry. 

 

4.3.4.1 Poly(magnolol acetonide) 

 

 

 Yield: 16% 
1
H NMR (CDCl3) δ 7.47, 7.43, 7.37, 7.29, 7.18, 7.04, 6.47, 6.23, 

5.80, 3.60, 3.45, 2.86, 2.59, 1.89, 1.64 ppm; 
13

C NMR (125 MHz) δ 150.77, 135.19, 

133.34, 130.47, 129.38, 128.77, 128.64, 128.27, 126.28, 126.13, 125.99, 125.80, 125.77, 

125.66, 125.60, 123.39, 123.37, 123.20, 115.42, 76.91, 35.62, 35.19, 33.19, 25.26, 

18.64; FTIR 3018.60, 2987.74, 2933.73, 2852.72, 1680.00, 1602.85, 1490.97, 1421.54, 

1381.03, 1371.39, 1255.66, 1201.65, 1134.14, 1114.86, 1039.63, 964.41, 893.04, 

840.96, 777.31, 717.52 cm
-1 
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4.3.4.2 Poly(magnolol ethylether), PMEE 

 

 

 Yield: 55% 
1
H NMR (CDCl3, 500 MHz) δ 7.18, 7.16, 7.07, 5.99, 5.75, 5.71, 

5.13, 5.09, 5.07, 4.39, 4.03, 3.53, 3.39, 1.26 ppm; 
13

C NMR (125 Hz) δ 156.66, 156.59, 

137.53, 136.92, 136.26, 132.09, 132.01, 131.97, 130.61, 130.55, 130.49, 130.35, 129.70, 

129.65, 129.62, 129.50, 129.47, 129.29, 122.50, 122.41, 116.05, 73.41 ppm; FTIR 

3022.45, 2951.09, 2918.30, 2864.29, 1639.49, 1492.90, 1429.25, 1417.68, 1377.17, 

1284.59, 1242.16, 1215.15, 1203.58, 1157.29, 1111.00, 1053.13, 1020.34, 975.98, 

948.98, 912.33, 898.83, 877.61, 831.32, 794.67, 773.46, 719.45 cm
-1

 

 

4.3.4.2 Poly(magnolol propylether), PMPE 

 

 

 Yield: 75% 
1
H NMR (CDCl3, 500 MHz) δ 7.15, 7.12, 7.04, 6.38, 6.17, 6.02, 

5.74, 5.09, 4.33, 3.53, 3.39, 1.99, 1.87 ppm; 
13

C NMR (125 MHz) δ 155.51, 137.73, 

135.42, 134.67, 131.85, 130.61, 130.15, 130.05, 129.29, 128.61, 128.56, 128.46, 117.78, 

115.86, 71.30, 39.78, 38.50, 32.95, 30.21 ppm; FTIR 3018.60, 2931.80, 2883.58, 

2113.98, 1637.56, 1604.77, 1492.90, 1456.26, 1421.54, 1384.89, 1267.23, 1211.30, 

1118.71, 1056.99, 1033.85, 968.27, 937.40, 914.26, 889.18, 819.75, 763.81, 734.88 cm
-1 
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4.3.5 ADMET Polymerization Representative Procedure – G2 

 

 

 The polymerization was performed similarly to the method previously described, 

but the catalyst used was Grubbs 2
nd

 generation: A solution of magnolol-O,O’-ethylether 

(0.4339 g, 1.484 mmol) in toluene was degassed three times by freeze-pump-thaw cycles 

in a Schlenk flask.  Grubbs 2
nd

 generation catalyst (0.0130 g, 15.3 μmol, 1 mol% to 

monomer) in toluene was then transferred to the monomer solution at 90 °C to achieve a 

total initial monomer concentration of 1M.  The reaction was allowed to proceed 

overnight under dynamic vacuum before quenching with ethyl vinyl ether.  The polymer 

was then precipitated into cold methanol three times and allowed to dry. 

 

4.3.5.1 Poly(magnolol acetonide) 
 

 

 Yield: 68% 
1
H NMR (500 MHz, CDCl3) δ 7.73, 7.67, 7.50, 7.33, 7.17, 7.04, 

6.53, 6.41, 6.23, 3.61, 1.88, 1.64 ppm; 
13

C NMR (125 MHz) δ 151.44, 151.03, 150.68, 

150.23, 150.05, 137.58, 137.02, 136.24, 135.22, 134.63, 133.63-132.87, 130.73-130.38, 

130.11, 129.32-128.88, 128.76, 128.55, 128.38, 128.18, 127.92, 126.96-125.97, 125.74, 

125.58, 123.67, 123.45, 123.37, 123.24, 115.66, 115.48, 40.12, 39.09, 38.70, 38.62 ppm; 

FTIR 3022.45, 2989.66, 2935.66, 1680.00, 1604.77, 1492.90, 1422.54, 1381.03, 

1371.39, 1255.66, 1201.65, 1134.14, 1114.86, 1039.63, 972.12, 964.41, 893.04, 839.03, 

777.31, 717.52 cm
-1
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4.3.5.2 Poly(magnolol ethylether) 

 

 

 Yield: 93% 
1
H NMR (500 MHz, CDCl3) δ 7.49, 7.33, 7.21, 7.17, 7.07, 6.73, 

6.48, 6.33, 6.19, 5.72, 5.58, 5.22, 5.08, 4.40, 4.03, 3.55, 3.39, 1.86, 1.67, 1.26 ppm; 
13

C 

NMR (125 MHz) δ 157.46, 156.74, 156.55, 136.96, 136.39, 133.96, 131.94, 130.59, 

129.60, 128.90, 128.38, 127.18, 126.55, 122.59, 122.50, 122.39, 116.04, 73.34, 39.74, 

38.90, 38.57, 38.48, 18.62, 18.05 ppm; FTIR 3022.44, 2973.59, 2922.16, 2866.22, 

1602.85, 1571.99, 1492.90, 1440.83, 1415.75, 1379.10, 1284.59, 1240.23, 1217.08, 

1203.58, 1163.08, 1112.93, 1055.06, 1020.34, 966.34, 894.97, 829.39, 769.60, 719.45 

cm
-1

 

 

4.3.5.3 Poly(magnolol propylether) 

 

 

 Yield: 78% 
1
HNMR (500 MHz, DMSO-d6) δ 7.58-6.90, 6.51-6.10, 5.72-5.43, 

4.44-3.99, 3.54-3.37, 3.33-3.15, 1.93-1.70, 1.68-1.55 ppm; 
13

C NMR (125 MHz) δ 

156.24, 155.37, 134.62, 131.74, 131.48, 130.22, 129.41, 128.19, 117.84, 70.84, 37.47, 

29.48 ppm; FTIR 3020.53, 2931.80, 2883.58, 1602.85, 1492.90, 1456.26, 1421.54, 

1382.96, 1267.23, 1213.23, 1118.71, 1056.99, 1033.85, 964.41, 891.11, 819.75, 763.81, 

717.52 cm
-1
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4.3.6 Hydrogenation of ADMET Polymers 

 

 

 A solution of polymer (0.1061 g, 0.380 mmol alkene), p-toluenesulfonyl 

hydrazide (0.450 g, 2.34 mmol, 6.2 eq:alkene), and trace BHT in 3.5 mL of xylenes was 

degassed by freeze-pump-thaw cycles twice.  The solution was then heated at 120 °C to 

produce a clear solution that was stirred until no more gas evolution occurred.  The flask 

was then allowed to cool to room temperature and the solution was partially 

concentrated before precipitating the polymer into cold methanol twice.  

 

4.3.6.1 Hydrogenated poly(magnolol acetonide) 

 

 
 1

HNMR (500 MHz, DMSO-d6) δ 7.43-7.28, 7.28-7.07, 7.05-6.85, 3.00-2.76, 

2.73-2.44, 2.02-1.78, 1.66-1.39, 1.33-1.16, 0.95-0.77 ppm;  
13

C NMR (125 MHz) δ 

149.24, 138.90, 138.67, 138.18, 132.45, 128.72, 128.45, 127.81, 122.77, 114.72, 36.74, 

34.38, 32.71, 30.72, 24.69, 13.65.ppm; FTIR 2987.74, 2933.73, 2856.58, 1492.90, 

1423.47, 1371.39, 1255.66, 1203.58, 1134.14, 1114.86, 1041.56, 974.05, 931.62, 

894.94, 840.96, 810.10, 653.87, 584.43 cm
-1 

 

4.3.6.2 Hydrogenated poly(magnolol ethylether) 
 

 
 1

HNMR (500 MHz, DMSO-d6) δ 7.22-7.02, 4.32, 3.86, 2.60-2.50, 1.88, 1.55, 

0.86 ppm, 
13

C NMR (125 MHz) 155.92, 138.03, 137.77, 136.01, 131.32, 130.38, 129.84, 

129.19, 122.09, 72.71, 36.59, 34.24, 32.74, 30.72, 24.24, 21.78, 21.11, 13.68 ppm; FTIR 

3022.45, 2926.01 2856.58, 1595.13, 1492.90, 1440.83, 1415.75, 1379.10, 1327.03, 
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1284.59, 1273.02, 1240.23, 1217.08, 1202.58, 1163.08, 1141.86, 1112.93, 1055.06, 

1020.34, 896.90, 885.33, 829.39, 769.60, 653.87 cm
-1

 

 

4.3.6.3 Hydrogenated poly(magnolol propylether) 
 

 
 1

HNMR (500 MHz, DMSO-d6) δ 7.15-6.92, 4.26-4.07, 2.62-2.42, 1.90-1.71, 

1.63-1.47, 1.32-1.22, 0.90-0.81.ppm; 
13

C NMR (125 MHz) δ 155.08, 145.08, 142.12, 

136.30, 136.02, 131.36, 130.38, 129.84, 129.30, 128.05, 127.12, 117.57, 70.57, 39.52, 

36.63, 34.27, 33.36, 32.87, 30.86, 29.55, 21.11, 20.92, 20.55, 13.75 ppm; FTIR 3018.60, 

2916.37, 2848.86, 1600.92, 1492.90, 1454.33, 1421.54, 1330.88, 1263.37, 1211.30, 

1163.08, 1118.71, 1055.06, 1035.77, 941.26, 887.26, 815.89, 763.81, 651.91 cm
-1

 

 

4.3.7 Acetonide Deprotection of Poly(magnolol acetonide) 

 

 

 Poly(magnolol acetonide) (0.5430 g) was added to a flask containing 

trifluoroacetic acid in dichloromethane (1:1 v:v, 3 mL total) at room temperature.  The 

reaction was stirred for 2 hours and concentrated.  The polymer was then precipitated 

into methanol twice and dried.
 
 Yield: 81% 

1
H NMR (500 MHz, DMSO-d6) δ 9.29, 9.02, 

7.33, 6.96, 6.80, 6.36, 6.18, 5.61, 3.22 ppm; 
13

C NMR (125 MHz) ; FTIR 3325.42, 

3024.51, 2965.68, 2933.85, 2900.10, 2875.02, 2835.48, 1780.37, 1674.28, 1606.77, 

1493.93, 1417.74, 1373.38, 1219.06, 1203.63, 1135.16, 1113.94, 970.24, 891.15, 

821.71, 723.34 cm
-1 
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4.3.8 General Procedure for Alkylether Deprotection of Poly(magnolol ethers) 

 

 

 To a 25 mL flask containing polymer (0.1146 g, 0.4120 mmol) was added dry 

dichloromethane (3 mL) at room temperature.  The flask was then cooled in an ice bath 

before addition of boron tribromide (1M in DCM, 3.5 mL, 0.0035 mol) over 15 min.  

The reaction solution immediately turned blue and was allowed to stir overnight, 

followed by quenching with methanol.  The solution was partially concentrated and 

polymer was then precipitated into ether.  Further purification by precipitation was not 

possible as the polymer had extremely limited solubility in common organic solvents 

(DCM, DMF, THF, chloroform, benzene, and acetone). 
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4.4 Results and Discussion 

 

 

 

Figure 4-1.  Synthetic Approach Toward Magnolol Monomers for ADMET 

Polymerization 

 

 

 

 Analogous to our previous studies in directly polymerizing magnolol via thiol-

ene chemistry with a suitable multifunctional thiol compound, we were initially 

interested in whether the renewable resource could also polymerize via ADMET without 

any prior functionalization or monomer synthesis by exposing magnolol to Grubbs 1
st
 

(G1) and 2
nd

 generation (G2) catalysts in dichloromethane or toluene.  Unfortunately, no 



 

96 

 

polymer was isolated – insoluble black precipitate immediately formed upon catalyst 

addition.  We expected that the biphenol moiety was playing a role in catalyst 

decomposition and subsequently synthesized a small library of monomers from 

magnolol each produced via a single step phenol functionalization reaction.  The 

phenolic ethers were synthesized also to probe the effect of monomer rigidity on final 

polymer properties with a series of carbon spacer units (1-3) between the phenols 

(Figure 4-1).  Specifically, the three monomers – magnolol acetonide (MA), magnolol 

ethylether (MEE), and magnolol propylether (MPE) – were designed to yield polymers 

with initial high thermomechanical properties by constricting rotation of the phenyl 

rings, yet would also allow for deprotection following polymerization.  The synthesis of 

magnolol acetonide followed previous work, while magnolol ethylether and magnolol 

propylether were both synthesized by Williamson ether reactions involving weak base 

and alkyl dihalides at reflux.  Larger size alkyl rings could not be synthesized, i.e. those 

≥ 10-membered rings, and typically produced mono-functionalized product or dimer of 

magnolol.  Additionally, attempts were made toward the synthesis of monomers for 

ROMP by first performing ring-closing metathesis on MA, MEE, and MPE under high 

dilution.  A ring-closed monomer was produced only with MEE as the starting material 

in the presence of 5% Stewart-Grubbs catalyst at 90 °C in toluene (0.05 M) but 

contained a mixture of both E- & Z-olefin, along with the cross-metathesis adduct of 

MEE and isopropoxyphenylmethylene catalyst ligand.  DFT calculations at the 

B3LYP/6-31G level further suggested that the E-isomer is the thermodynamically 

favored product by 17.2 kcal/mol in the case of MEE (Figure 4-2) and that the ring-
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closed products from MA or MPE were sufficiently higher strain energy and endergonic 

products.  However, there are continued efforts to investigate controlling the E/Z ratio 

with Z-selective catalysts to afford the desired Z-olefin monomer for ROMP. 

 

 

 

Figure 4-2.  DFT Calculations (B3LYP/6-31G) Comparing Desired Z-Isomer and E-

Isomer in the Attempted Syntheses of Ring-Closed Products Using Grubbs Catalysts for 

Use in ROMP. 
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Table 4-1.  Thermal Analyses of Polymers Synthesized with G1 and G2 in DCM. 

Monomer 
Grubbs 1

st
 Gen.

b 
Grubbs 2

nd
 Gen.

b 

Td (°C) Tg (°C) Td (°C) Tg (°C) 

Magnolol
a 

– – – – 

MA 400 99 427 168 

MEE 423 107 422 112 

MPE 418 120 405 178 
a
Magnolol immediately formed black precipitate upon catalyst addition.  

b
1 mol % 

catalyst at 1M [monomer]i. 
 

 

 The monomers were next screened under various conditions in ADMET 

polymerization.  G2 catalyst was more effective than G1 at producing high molecular 

weight polymers in DCM or toluene under dynamic vacuum in good yields.  The 

resulting olefin-based polymers were thermally robust with onsets of thermal 

degradation ≥ 400 °C (Table 1) and Tgs ≥ 100 °C – up to ca. 180 °C in the case of 

poly(magnolol propylether), PMPE produced with 1 mol% G2 in DCM at 35 °C.  

Reaction times could be significantly short (1h) or left overnight with no noticeable 

change in molecular weight of the polymers when G2 was used.  By 
1
H NMR, it was 

noted that alkene isomerization
176

 had occurred significantly with G2 catalyst – a well-

known reaction for allylbenzene moieties in the presence of strong base and particularly 

with ruthenium catalysts such as those used in ADMET reactions.
177-178

  The integration 

of α-protons in PMA was ca. 24% lower than what would be expected with no 

isomerization with G2 (Figure 4-3).  Isomerization, as determined via NMR occurred 

irrespective of catalyst, solvent, and temperature conditions, but was more pronounced 

with G2 catalyst compared to G1.  This isomerization may be a contributing factor to the 

high glass transition temperatures on account of increased rigidity along the polymer 
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backbone with increasing conjugation and reduced rotational freedom provided by one 

less methylene unit compared to the non-isomerized product.  These high thermal 

properties along with the chemical functionality in the resulting polymers, served as 

starting points to further fine-tune the material properties through post-polymerization 

modification (PPM) of the protected phenolic moieties or olefin-containing backbone. 

 

 

 
Figure 4-3.  Isomerization of Allylbenzene Moiety During ADMET Polymerization 

with G2 catalyst.  a) Monomer MPE and Possible Diads Resulting from Isomerization.  

b) 
1
H NMR (CDCl3, 500 MHz) Indicates No Remaining Terminal Alkenes in Product 

but Significant Isomerization Occurred as Evidenced by Resonances Labeled g
*
. 
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 Post-polymerization modification of ADMET-produced polymers can 

significantly alter their final properties including degradation
179

, thermomechanical
180

, 

solubility
181

, and others.
182-183

  Modifications are performed either on the olefin 

backbone, typically via reduction, or along a designed backbone functionality.  In the 

case of the olefin-based magnolol polymers PMA, PMEE, and PMPE, we expected both 

phenol deprotection and olefin hydrogenation could provide convenient methods for 

further tuning thermomechanical properties.  We then systematically explored both the 

removal of phenolic protecting groups with either Brønsted or Lewis acids as well as 

olefin reduction with a hydrogen source.  As alcohols are non-solvents for the olefin 

polymers, a typical reduction with Pd/C, H2, and alcohol solvent was not possible.  

Previous reports
184-186

 have used p-toluenesulfonyl hydrazide as a hydrogen source for 

olefin reduction and this method was successful with magnolol polymers. (Figure 4-4)  

Specifically, when five to six equivalence of reagent:olefin in xylenes was used, NMR 

showed complete conversion of the isolated polymer.  Temperatures near reflux of 

solvent (120 °C) were required in order to fully dissolve both polymer and reagent.  

Although the thermal degradation temperatures were unaffected, the Tgs (shown in Table 

4-2) were significantly reduced:  63 °C and 57 °C for hydrogenated-PMEE and PMPE, 

respectively. 
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Figure 4-4.  Post-Polymerization Modifications Yielding Hydrogenated Backbone or 

Phenol. 

 

 

 

 For phenolic deprotections, the most straightforward procedure involved 

exposing PMA to a 1:1 v:v trifluoroacetic acid/DCM solution at room temperature.  

Within ten minutes, the solution turned a cloudy deep-blue color and the isolated 

polymer was purified as a blue powder (Figure 4-5) after precipitation.  
19

F NMR 

showed no fluorine resonances while 
1
H NMR confirmed the presence of phenolic 

protons and loss of isopropylidene.  The hypothesis for the color change involves the 

isomerization that had occurred during the synthesis of PMA using G2 and the decreased 

conformational constraints following post-polymerization modification.  Specifically, 

PMA synthesized with G2 exhibits increased conjugation on account of the stilbene and 

styrenyl-moieties along the polymer backbone.  In addition, following deprotection, 
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there is a thermodynamic driving force for the phenyl rings to rotate and increased 

conjugation may result through extending π-orbital overlap along the polymer backbone.  

This result was not unique to PMA: in the cases of PMEE and PMPE, both polymers 

were deprotected using BBr3 and solutions changed to the characteristic blue after ca. 15 

min.  Notably, these polymers were significantly less soluble in common organic 

solvents including DMSO, chloroform, acetone, THF, DCM, chloroform, and benzene 

even with heating, and, as such, NMR analyses were limited.  Thermal analyses, 

however, again showed distinct lowering of the glass transitions up to 100 °C e.g. PMPE 

displays a Tg ca. 155-180 °C that subsequently drops to ca. 85 °C upon ring-opening and 

PMEE displays a Tg ca. 112-130 °C  that decreases to 83 °C. 

 

 

 

Figure 4-5.  Deprotected Polymer Showing Distinct Color Change Potentially Resulting 

from Increased Conjugation in the Polymer Backbone.  Structures are Idealized Repeat 

Units Resulting from No Isomerization. 
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Table 4-2.  DSC Results from Hydrogenation or Deprotection of Magnolol Olefin 

Polymers 

Parent Polymer 
Hydrogenation 

– Tg (°C) 

Phenol 

Deprotection – Tg 

(°C) 

PMA 64 51 

PMEE 63 85 

PMPE 57 83 

 

 

 

4.5 Conclusions 

 

 

 Herein we have introduced magnolol as a renewable resource amenable to 

metathesis chemistry through straightforward, one step reactions to monomers for 

ADMET polymerization.  The small library of polymers displayed high thermal 

degradation temperatures and glass transition temperatures and, furthermore, these 

properties were fine-tuned through post polymerization modifications.  The phenolic 

deprotections and hydrogenations produced new polymers that retained high thermal 

degradation temperatures while lowering the Tg by ca. 100 °C in some cases.  Side 

reactions during the polymerization, namely allylbenzene isomerization, resulted in 

highly conjugated polymers that, upon phenolic deprotection reactions, displayed drastic 

color changes.  Future work will look to further control isomerization and subsequent 

photophysical properties of the polymers, as well as further fine tuning 

thermomechanical properties through sequential post polymerization modifications.  We 
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are also interested in tangential work toward the synthesis of monomers from magnolol 

for ring opening metathesis polymerization. 
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CHAPTER V  

CONCLUSIONS AND FUTURE WORK 

 

 

5.1 Conclusions 

 

 

This dissertation has presented new renewable resources for the production of 

polymers that were initially studied in their fundamental properties for potential 

engineering and biomedical applications.  Honokiol and magnolol are regioisomers 

belonging to the neolignan natural product class and have been examined in the 

academic and industrial communities for several decades in small molecule form for 

potential therapeutic applications.  This work has laid a foundation to expand honokiol 

and magnolol use to include the production of renewable polymers with emergent 

properties.  Both honokiol and magnolol contain phenolic and allylic moieties that are 

amenable to broad numbers and types of organic synthetic transformations and thus 

spurred the synthesis of chemically and structurally diverse monomers and polymers 

including polycarbonates, thermosets, and olefin-based materials.  Polymer properties 

were controlled through the design of the monomer by the incorporation of various 

chemical functionalities or by the optimization of synthetic conditions employed in the 

polymer synthesis. 

Chapter II focused on the direct synthesis of a polycarbonate from honokiol: 

poly(honokiol carbonate), PHC.  Although under the conditions used in this study, 

polymers from magnolol were not obtained, PHC was synthesized with controllable Mn 
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through simple manipulation of the starting monomer concentration.  PHC of all 

molecular weights examined were thermally and chemically robust, displaying thermal 

degradation temperatures above 450 °C and only modest chemical degradation with 1M 

sodium hydroxide solutions up to ca. 4 months.  These properties were comparable to 

the well-known engineering polymer, BPA-PC.  PHC thin films served as good 

substrates for cell growth over the course of a month and, as such, may allow for 

replacement of BPA-PC in food contact applications or in biomedical use where BPA-

PC is restricted. 

In Chapter III, thermosets were synthesized using the alkene moieties of 

magnolol or magnolol derivatives in thiol-ene reactions with a multifunctional thiol 

comonomer and photoinitiator.  The design of the magnolol-based monomer library, 

including the incorporated chemical functionalities and total number of moieties 

involved in the polymerization, was crucial to the ultimate material properties.  This 

design led to controllable thermomechanical characteristics as well as tunable 

degradation rates under basic aqueous conditions.  More importantly, those thermosets 

that were designed to degrade and expose the phenolic moieties of the magnolol 

component displayed antioxidant/radical scavenging capabilities akin to what has been 

known for the unmodified natural product.  Polymer films allowed for extended cell 

culture and model compounds displayed no cytotoxic effects.  These results 

demonstrated that properties inherent to small natural products can be translated to 

polymeric materials and leveraged for biomedical applications.  It was also demonstrated 
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that future biomedical applications are feasible given the short, straightforward synthetic 

sequences and solvent-free polymerization that is controlled via an external light source. 

Chapter IV explored new olefin-based polymers produced via acyclic diene 

metathesis polymerization of functionalized magnolol monomers.  The natural product 

was not amenable to direct metathesis chemistry with ruthenium catalysts and, as such, 

magnolol was protected by alkylation to form several tricyclic monomers that contained 

functionalities allowing post polymerization modification, i.e. they were removable after 

the polymer synthesis.  The post polymerization modifications were not limited to 

deprotections and, additionally, included hydrogenation of the polymer backbone.  Well-

known allylbenzene isomerization was noted in the polymer backbone and, as a result, 

the stiff polymer chains displayed high glass transition temperatures, up to 180 °C.  

Through post polymerization modification the glass transition temperatures were 

significantly modified, up to 100 °C in some cases.  This work expands the scope of 

natural product-based polymers synthesized via metathesis chemistry without requiring 

lengthy synthetic procedures or the need to install a terminal diene necessary for alkene 

metathesis.  

 

 

5.2 Future Work 

 

 

 There is significant future potential for new monomers and polymers synthesized 

from renewable resources and the small subset of work done here with magnolol and 
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honokiol has only just begun.  Future work should and will include developing a deeper 

understanding of those polymers already synthesized and exploring new applications in 

which they may prove well suited.  Additionally, the chemical functionality inherent to 

magnolol and honokiol allows for expanding the polymer types and classes synthesized. 

 In the case of polycarbonates from honokiol or magnolol, a change in the 

synthesis of poly(honokiol carbonate) to replace phosgene-based carbonlyation reagents 

with non-toxic carbonylation chemistries would be in-line with the ideas of green and 

renewable chemistry.  Currently, there are efforts towards CO fixation that yield diethyl 

carbonate or diphenol carbonate without the need for phosgene.  Honokiol 

polymerization with diphenol carbonate has potential to better control molecular weights 

of the resulting polycarbonate, as well as increase molecular weights (compared to what 

has been achieved currently) by shifting the chemical equilibrium with the removal of 

byproduct, i.e. phenol, during polymerization.  This polymerization chemistry would be 

significantly more energy intensive however as vacuum and temperatures in excess of 

180 °C are typically required.  An additional benefit of higher molecular weight 

poly(honokiol carbonate) via this route would be improved thermomemchanical 

properties.  Aside from honokiol, magnolol-based polycarbonates via a ring opening 

polymerization scheme have been studied.  The seven-membered cyclic carbonate 

monomer is unique in that there are very few examples in the literature of polymers 

synthesized from cyclic carbonates of this size.  A 2,2’-biphenol moiety is required and 

currently there are no known examples of an organocatalytic ring opening 

polymerization of a seven-membered aromatic cyclic carbonate.  Currently, it has been 



 

109 

 

shown that 4-methylbenzyl alcohol will initiate the monomers, magnolol carbonate and 

tetrahydromagnolol carbonate.  Additionally, propagation does occur, however, polymer 

has not been isolated.  Success in this endeavor may bring new insights for 

organocatalytic polymerization of medium size rings.  Furthermore, post polymerization 

modification of these polycarbonates may be used to 1) adjust thermomechanical 

properties, 2) intra- or intermolecularly crosslink polymers, and 3) append biomedically-

relevant moieties such as a drug or imaging agent.   

 Current work on the thermoset materials from Chapter III involves 3D printing 

applications.  As these thermosets are synthesized via a photo-controlled process and are 

tunable in their thermomechanical, degradation, and antioxidant properties, biomedical 

devices such as a stent for cardiovascular applications or degradable orthopedic devices, 

including a bone screw or plate, are of interest.  This collaborative work has initially 

focused on optimization of a resin composition for 3D printing (which may include 

multiple magnolol- or honokiol-based monomers), as well as, printing optimization, and 

material characterization.  Eventual aims are to develop a prototype device and begin 

animal model studies.  

 The olefin-based materials of Chapter IV are currently the least understood from 

this dissertation:  the photophysical properties resulting after phenol deprotection 

certainly necessitate thorough examination.  In parallel to these investigations, further 

synthetic work would examine controlling allyl isomerization with the use of additives 

as well as performing sequential post polymerization modifications to a) further fine 

tune the thermomechanical properties that have been examined to date and b) to 
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investigate the role of the free phenol and isomerized backbone on the photophysical 

properties.  Aside from the ADMET polymerization, tangential work would investigate 

the ring-closing metathesis reaction to selectively form monomers containing Z-isomer 

that may polymerize via ROMP. 

 Finally, in this student’s opinion, honokiol and magnolol have a great 

opportunity that is not possible for all renewable resources in that many different 

polymer types are accessible from honokiol and magnolol in few synthetic steps.  

Toward that end, future work should also include the synthesis, characterization, and 

development of new polymer classes not explored here.  For example, phenolic raw 

materials are a backbone for advanced materials in industries including aerospace, 

automotive, wind, construction, and electronics.  The phenolic raw materials used in 

these industries are suitable for a myriad of thermoset chemistries based on 

benzoxazines, cyanate esters, and epoxy, among others.  Honokiol and magnolol may 

similarly make for good renewable resources in the replacement and advancement of 

advanced materials based on the chemistries just listed. 
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APPENDIX 

 

 

  

  

 

Figure A-1.  ATR-FTIR spectra comparing PHC and honokiol. 
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Figure A-2.  
1
H (500 MHz) and 

13
C (125 MHz) NMR spectra for honokiol. 
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Figure A-3.  
1
H (500 MHz) and 

13
C (125 MHz) NMR spectra for poly(honokiol 

carbonate) having a Mn of 15 kDa. 
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Figure A-4.  
1
H (500 MHz) and 

13
C (125 MHz) NMR spectra for poly(honokiol 

carbonate) having a Mn of 33 kDa. 
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Figure A-5.  
1
H (500 MHz) and 

13
C (125 MHz) NMR spectra for poly(honokiol 

carbonate) having a Mn of 55 kDa. 



 

132 

 

 

Figure A-6.  TGA – Thermal degradation of PHC having a Mn of 15 kDa. 

 

 

Figure A-7.  TGA – Thermal degradation of PHC having a Mn of 33 kDa. 
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Figure A-8.  TGA – Thermal degradation of PHC having a Mn of 55 kDa. 

 

 
Figure A-9.  TGA – Thermal degradation of poly(BPA carbonate) having a Mn of 21 

kDa. 
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Figure A-10.  TGA – Thermal degradation of poly(lactic acid) having a Mn of 30 kDa. 

 

 
Figure A-11.  DMA – Representative dynamic mechanical analysis of PHC having a Mn 

of 23 kDa. 
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Figure A-12.  DMA – Representative dynamic mechanical analysis of PHC having a Mn 

of 31 kDa. 

 

 
Figure A-13.  DMA – Representative dynamic mechanical analysis of PHC having a Mn 

of 37 kDa. 
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Figure A-14.  DMA – Composite of storage moduli traces collected for each of the PHC 

samples having Mn values of (a) 23 kDa, (b) 31 kDa, (c) 37 kDa. 
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Figure A-15.  Reaction kinetics for the synthesis of 1.  Both reactions were performed 

under identical conditions (vide supra) with either ca. 100 mg (small scale) and ca. 2.0 g 

(large scale) of starting material, magnolol 
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Figure A-16.  Magnolol, PETMP, and DMPA mixture at room temperature. 
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Figure A-17.  ATR-FTIR of magnolol thermosets. 
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Figure A-18.  FTIR comparisons of monomers to thermosets. 
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Figure A-19.  Pellet degradation at 0, 10, and 30 weeks, comparing different thermoset 

compositions and hydrolytic conditions. 

 

Week 10 – Base Degradation: MBAE/PETMP (left), 

MA/PETMP (mid), MBAC/PETMP (right) 

Week 0 – No degradation: MA/PETMP 

Week 10 – MA/PETMP Degradation under varying 

hydrolytic conditions: Acidic (left), Basic (mid), 

Physiological pH (right) 

Week 30 – MBAC base (left), MBAC Physiological 

pH(mid-left), MBAE Basic (mid-right), MBAE 

Physiological (right) 
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Figure A-20.  UV-vis DPPH
•
 calibration curve (upper) and DPPH

•
 spectra (lower) in 

methanol. 


