





Figure 1.7: Ring opening of e-caprolactone through cationic mechanism

Activated monomer (AM) mechanism is another mechanism where in contrast to a
propagating active chain end, the addition of an activated monomer onto the chain end
occurs. This is an acid catalyzed process. The protonated lactone act as the cationic species
and the hydroxyl group at the chain end act as a nucleophile as shown in Figure 1.8. A
ROP proceeding via AM mechanism is less susceptible to undesired side reactions or

rearrangements such as ring formation or backbiting due to lack of a charged chain end.*

Figure 1.8: Acid catalyzed activated monomer mechanism for polymerization of e-CL

1.5 Lignin
The lignin component of the lignocellulose is also of importance because it is a
rich source of phenolic compounds. Figure 1.9 shows the three phenolic precursors that are

the hydroxycinnamic alcohols forming the structure of polymeric lignin. These are
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collectively termed monolignols, and when incorporated into the polymer they are referred
to as guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H) units, which are represented in

the schematic of lignin in the Figure 1.10.

OH OH OH
Z P Z
H,CO OCH; a OCH,
OH OH OH

(1) (2) (3)
Figure 1.9: Monomers of lignin polymer. (1) sinapyl alcohol, (2) p-coumaryl alcohol, (3)

coniferyl alcohol

Being the major component in woody biomass, lignin ranks as the most abundant aromatic
biopolymer on earth.*® In addition, it remains inexpensive and easily accessible. Out of
approximately 50 million tons of lignin that become available from the pulping processes,
a minimal amount of about 2% is commercially used** while the rest is burnt for energy.*®
In this context, the work presented in chapter 2 recognizes lignin as a potential aromatic
monomer source for renewably sourcing aromatic rich polymers such as phenol-
formaldehyde resin. However, it definitely is a challenging task to break down the intricate
structure of lignin to yield commodity chemicals. The major challenges to utilizing lignin
as a feedstock for monomers are its chemically inert nature, inconsistency across different
batches, and generation of complex mixtures of products upon depolymerization.*®4’
Specialized methods are needed to break lignin down into useful chemicals.*® Base, acid,

and metal catalyzed chemical depolymerization of lignin suffer from extreme reaction
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conditions, reactor designs, and catalyst stability such that implementation of these
processes has proved challenging.*®%%°15253 Thermal conversion techniques such as
pyrolysis of biomass have shown flexibility of utilizing a variety of biomass feedstocks
with minimal pretreatment.
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Figure 1.10: Representative structure of lignin polymer (Vanholme et al®)

1.5.1 Pyrolysis of lignin

The pyrolysis process relies on heating biomass at high temperatures of about 400—
500C in the absence of air, and then condensing the resultant vapor into a liquid. Scalable
processes for the pyrolysis of cellulosic biomass have been developed and while
lignocellulosic biomass has been catalytically pyrolyzed®>®657 with primarily zeolite
catalysts, challenges still remain.%® For example, Agblevor et al. used zeolite catalysis in a
fractional pyrolysis approach to depolymerize lignocellulosic biomass to yield gaseous
products from carbohydrates, while lignin decomposed into phenols, cresols, and
catechols.>® However, inherent technical issues exist for zeolite catalysts as they become
deactivated due to the carbonaceous residues (coke) that form on their surface.®
Additionally, these catalysts are fouled by the alkaline metals present in biomass

feedstocks.®1:5? Due to these limitations, alternative approaches have been sought for pure
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lignin pyrolysis. The pyrolysis of lignin in particular has been comparatively challenging
as it tends to swell and agglomerate at pyrolysis temperatures, which complicates
processing and reduces the overall yield.%3

Mukkamala et al. has reported a modified pyrolysis approach for lignin, formate
assisted fast pyrolysis (FAsP), which overcomes the above issues.®* Furthermore, the
decomposition of the formate salt during FASP provides an in situ reactive hydrogen source
that contributes to significant deoxyhydrogenation and promotes formation of phenol and
alkyl phenols by removing methoxy functionality from the resultant bio-0il.*#% Such
phenolic products are a significant improvement over conventional pyrolysis of pure lignin
that generates a variety of methoxy-substituted aromatic compounds.®®%768 This also
provides a great avenue as an aromatic monomer resource as discussed in the next chapter.
1.6 Conclusion

In conclusion, biomass is capable of providing a multitude of renewable chemicals
that can be utilized in many different chemistries and applications if harnessed sensibly
and resourcefully. Aligned with this scope, the focus of this dissertation is on renewably
sourced polymer material preparation. Chapter 2 presents the potential of lignin as an
aromatic resource for phenolic resin synthesis and discusses the use of a FAsP pyrolysis
generated, phenolic rich, bio oil mixture to replace the commercial phenol in resin
synthesis. Chapter 3 focuses on synthesis and purification of a functionalized lactone
monomer that could be sourced from the sugar derived platform molecule HMF. Chapter

4 investigates the polymerization behavior of the synthesized functional lactone.
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CHAPTER 2
RENEWABLY SOURCED PHENOLIC RESINS FROM LIGNIN BIO-OIL

2.1. Introduction

Phenol-formaldehyde (PF) resins are made by polycondensation of phenol and
formaldehyde (Figure 2.1). Presence of aromatic ring structures grant desirable physical
properties to polymeric material.%%"° for example, PF resins show high thermal stability,
excellent moisture resistance, and flame resistance.’”* Therefore, current petroleum derived
PF resins find widespread use as impregnating resins, molding compounds, adhesives for
wood composite material, constituents in paints and coatings, and numerous other
materials. Recently, with increasing emphasis on sustainability, development of renewably
sourced PF resins has focused on acquiring phenol monomers from biomass.”?> However,
instances of renewably sourced aromatic units are rare among currently available biomass

based polymers, owing to the difficulty of acquiring aromatic monomers from biomass.”"#
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Figure 2.1: Structure of phenol formaldehyde resin showing ortho-para (o,p), para-para

(p,p) and ortho-ortho (0,0) linkages
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The inherent phenolic functionality renders lignin a possible substitute for phenol
in PF resins, both in its macromolecular or monomeric form. Lignin-phenol-formaldehyde
resins have been synthesized by condensing lignin directly with phenol and formaldehyde
or by first reacting lignin with formaldehyde to generate reactive methylol functionalities
before incorporating into PF resins.”® However, complete substitution of phenol directly
with lignin is challenging despite its similarity to PF resin structure. Lignin is less reactive
than phenol due to having fewer reactive sites available per aromatic ring; therefore, lignin
PF resins do not cure to the same extent and tend to have impaired properties.””’® The
higher molecular weight of lignin further contributes to a higher degree of internal friction
that translates into increased viscosity.”® For this reason, techniques such as pyrolysing are
useful to deconstruct lignin into smaller compounds, thereby converting it to a suitable
aromatic monomer source with increased reactivity and lower viscosity.®

Bio-oils from the conventional pyrolysis of lignin or whole wood have been used
only as a partial phenol replacement in PF resins due to their methoxy-substituted aromatic
compounds. For example, Amen-Chen et al. used conventional bark derived pyrolysis oils
in PF resin synthesis to substitute phenol at 25 and 50 wt %.8! Kinetic behavior comparable
to standard PF resins was only observed at 25 wt % substitution level. Chan et al.
investigated wood adhesives based on PF resins replacing phenol with softwood bark
pyrolysis oil up to 35 wt %% Additionally, pyrolytic lignin extracted from pine wood
pyrolysis oil was used by Sukhbaatar et al. to replace phenol in PF resins yielding
properties comparable to control PF resin at 30 wt % substitution, while 40 and 50 wt %
substitutions exhibited inferior properties.®® The abundant methoxy substituted guaiacyl

and syringyl type compounds in conventionally produced bio oils are unable to fully
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replace phenol in PF resins due to their lower reactivity and higher viscosity. Pyrolysis
methods such as FASP that yield bio-oils with compositions more similar to phenol should
increase the possible concentration of bio-oils in PF resins.

This work investigated the feasibility of using lignin FAsP oil and extracts from
this oil as complete replacements for phenol in resins. The phenolic rich bio oil obtained
from the FAsSP pyrolysis also comprises a complex mixture of high molecular weight
compounds. Therefore, the homogeneity of lignin FAsP oil was enhanced by a
straightforward extraction that concentrated the identifiable phenolic compounds. The
original FASP bio-oil and a synthetic mimic of a further purified bio-oil extract were
polymerized and cured to create model resins. Physical and chemical analysis of the resins
before and after curing suggest that fully renewably sourced PF resins with properties
similar to petroleum sourced resins could be synthesized using the complex mixtures from
FASP pyrolysis oils.

2.2. Materials and methods

Indulin AT was purchased from MeadWestvaco (>400 mm particle size). Calcium
formate, magnesium sulfate, sodium hydroxide, phenol, hexamethylenetetramine, N-
methyl-N-(trimethylsilyl trifluoroacetamide (MSTFA), and dimethyl sulfoxide-d6 were
purchased from Sigma Aldrich. Formaldehyde (37%), sodium sulfate, hydrochloric acid,
2-methyl phenol, 1,2-benzenediol, and all solvents (methylene chloride, ethyl acetate, and
tetrahydrofuran) were purchased from Fisher Scientific. 4-Methyl phenol, 2,5-methyl
phenol, 2,4-methyl phenol, 3,5-methyl phenol, 2,6-methyl phenol, 3,4-methyl phenol,

oxalic acid were purchased from Acros Organics and 3-methyl phenol was purchased from
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Alfa Aesar chemicals. All compounds were used without further purification unless
otherwise noted.
2.2.1 Synthesis of Lignin FAsP Oil

Following a modified literature procedure,®®° the commercial lignin Indulin AT
(MeadWestvaco, >400 um particle size) was mixed with calcium formate in a 1:1.4 weight
ratio of lignin to calcium formate in 600 mL of water to make a slurry that was oven dried
at 100 C for 24 h. The resultant material was ground and sieved to a particle size of less
than 425 um. Pyrolysis was conducted in a laboratory scale fluidized bed reactor with 100
g of sand as the heat transfer medium. The reactor temperature was 500 C and the feedstock
was fed into the reactor through a screw feeder at a feed rate of 1 to 2 g/min aided by a
nitrogen flow of 6 L/min. Char was separated from the product by a hot gas filter at 500 C.
The liquid oil was collected by a condenser at 4 T at 22% yield and an electrostatic
precipitator at 3.6% yield in series, giving an overall liquid yield of 26% based on the dry
lignin weight, assuming a 10% moisture level after drying the lignin/calcium formate
mixture. The highly viscous liquid that precipitated in the electrostatic precipitator was
used for analysis and resin synthesis. The used lignin bio-oil samples were collected from
two consecutive runs of the reactor and referred to as oila and oilg hereafter.
2.2.2 Solvent Extraction of the Lignin FAsP Oil

Lignin FASP oil (2.6 g) was diluted with methylene chloride (1:3 v/v) and extracted
thrice with aqueous sodium hydroxide (1:7 w/v), concentrating all base soluble compounds
in the aqueous layer 1. The aqueous layer 1 was then acidified slowly with conc. HCI to a
pH less than 5 and was extracted thrice with 15 mL methylene chloride to yield organic

layer 2 and aqueous layer 2. Aqueous layer 2 was set aside and the organic layer 2 was
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dried with anhydrous magnesium sulfate and rotary evaporated to remove all the methylene
chloride, generating a concentrated fraction of oil rich in phenol compounds (extract). A
flow chart of this protocol is shown in Figure 2.2. The extracts obtained from oils A and B

samples were labelled as Ea and Eg respectively.

Lignin
FAsP oil

extract
with
W/ aq. -
Aqueous NaOH Organic
layer 1 layer 1
! (massyield=35%)
acidify wt. HCI,
| precipitate
extract with CH,Cl, (mass yield=17%)
Organic Aqueous
layer 2 layer 2
I

evaporate
v

(massyield=29%)

Figure 2.2: Procedure to extract a concentrated phenolic fraction from FASP lignin bio-oil

2.2.3 Nuclear Magnetic Resonance (NMR) Spectroscopy of Oils and Extracts

Quantitative proton (*H) and carbon-13 (*3C) NMR spectroscopy was conducted for the
lignin FASP oil and the fractions using a 400 MHz Varian Inova instrument at 25 C,
according to the parameters specified by Joseph et al. using 50 to 100 mg of the sample

dissolved in 1 mL of DMSO-d6 with tetramethylsilane as internal standard.®*
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2.2.4 Gas Chromatography—Mass Spectrometry (GC-MS) of Oils

Following a previously reported procedure,®® the constituents in lignin FAsP oil
and phenol rich organic fraction were analyzed by GC-MS using Thermo Scientific Trace
GC Ultra/ISQ spectrometer equipped with a Restek, Rtx-5MS capillary column (5%
diphenyl/95% dimethyl polysiloxane) with 30 m length, 0.25 mm i.d., and 0.25 mm film
thickness (Phenomenex, Torrance,CA). Samples were injected in a pressure surge splitless
injection mode with a surge pressure of 2.7 kPa, a splitless time of 0.5 min, after which the
injector was flushed using a split flow of 50 mL/min. During a run, the oven temperature
was initially held at 40°C for 4 min, then increased at 2.5°C /min to 80C, and then increased
at 4C /min to 250 C, and finally heated to 310 C at 10 °'C /min with a final hold of 10 min.
The injection port was set at 280 C and 0.2 mL samples were injected with a Triplus
autosampler. Helium was used as the carrier gas at a constant flow rate of 1 mL/min. MS
transfer line temperature and ion source temperature were set at 280 and 250 C,
respectively. Data were collected in a full scan mode with a mass range m/z 41 to 500 in
electron ionization mode with electron impact energy set at 70 eV.

A mixture of normal alkanes (C8-C24) were used as internal retention index (RI)
standard. A stock solution of this RI standard was prepared by pipetting 25 pL of each
alkane into a 25 mL volumetric flask and making up to volume with ethyl acetate.
Authentic standards were carefully chosen according to previous analyses of fast pyrolysis
bio 0ils.® A subset of 63 authentic standards prepared previously were classified into 11
standards based on their similarity in functional groups as well as the number of carbons

in the side chain of the benzene ring. Each standard contained 20 uL of the liquid or
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approximately 20 mg of the solid, which was diluted in ethyl acetate to 25.00 mL in a
volumetric flask.

The authentic standards and bio-oil samples were derivatized with N-methyl-N-
(trimethylsilyDtrifluroacetamide (MSTFA) in ethyl acetate to form volatile tetramethyl-
silyl derivatives for GC-MS analysis. To derivatize the authentic standards, 100 uL of
MSTFA was added to 25 uL of each standard solution in a GC vial and the mixtures were
heated at 90 C for 1.5 h in the GC-oven. Then, 800 pL ethyl acetate and 100 uL of the RI
standard were added to each of the standards. To derivatize the bio-oil samples, a 50 mg
bio-oil sample was added to 0.2 mL MSTFA and heated at 90 C for 90 min followed by
addition of 0.5 mL of biphenyl solution in ethyl acetate (0.691 mg/L) and 0.3 mL ethyl
acetate to the mixture to create a stock solution. After mixing the stock solution, 50 pL of
the mixture was added to 100 uL of the retention index (RI) standard solution and 900 pL
ethyl acetate in a GC-MS vial to dilute the samples approximately into the range for
splitless injection.

2.2.5 Preparation of Extract Mimic

A mimic of the extracts of two different lignin FAsP oil syntheses (A and B) was
generated to have sufficient materials for polymerization and to serve as a model complex
phenolic mixture. Phenolic compounds identified by GC-MS with greater than 0.5% w/w
concentrations were used to create the mimic from purchased chemicals. A weighted
average of the identified phenolic compounds was used to create the mimic (Table 2.1).

The mimic was mixed at room temperature prior to resin synthesis.
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Table 2.1. Weight percent (wt %) and composition of phenolic compounds in the mimic.

Proposed Mimic composition
Compound % w/w (g)
phenol 21.9 1.834
2-methyl phenol 11.8 0.988
3-methyl phenol 21.2 1.776
4-methyl phenol 18.4 1.544
2,5-dimethylphenol 6.7 0.564
2,4-dimethylphenol 11.7 0.983
2,6-dimethylphenol 1.7 0.143
3,5-dimethylphenaol 2.6 0.219
3,4-dimethylphenol 3.9 0.326

2.2.6 Synthesis of Novolac Resins

Novolac resins with a formaldehyde/phenol (f/p) molar ratio of 0.8 were
synthesized. Commercial phenol and formaldehyde were used to generate a standard
phenol-formaldehyde resin (phenol resin). In a representative synthesis, phenol (2.82 g)
was added to a two-necked round bottom flask that was equipped with a reflux condenser
and an addition funnel. The reaction vessel was immersed in an oil bath maintained at 100
‘C and a catalytic amount of oxalic acid at 1/100 w/w of phenol (0.028 g) was charged into
the phenol melt. To this, a 37% formaldehyde solution (1.95 g) was added drop-wise
through the addition funnel and the reaction mixture was heated for 24 h with continuous
stirring. The resultant resin was removed from the flask and vacuum dried at 125 C for 24

h to remove water and unreacted monomers. Oil-formaldehyde resin (oil resin) with a f/p
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(formaldehyde/“total” phenol) of 0.8 was synthesized similarly using 1.68 g of lignin FAsP
oil (equivalent to 3.4 x 10 mol of total phenol), 0.22 g of formaldehyde, and catalytic
oxalic acid (0.016 g). The total concentration of identifiable phenolic compounds in the
lignin FAsSP bio-oils A and B were obtained and averaged to estimate a total phenol
concentration (2.02 x 10 mol/g) for bio-oil synthesis calculations. Mimic-formaldehyde
resins (mimic resin) with a f/p equal to 0.8 were synthesized using the procedure above
and the extract mimic mixture (Table 2.1, 8.38 g), formaldehyde (4.98 g), and catalytic
oxalic acid at a 1/100 phenol molar ratio (0.069 g).
2.2.7 Characterization of Resins
2.2.7.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

'H NMR spectroscopy was conducted for the resin samples before and after drying
using a 400 MHz Varian Inova instrument at 25 C with 2 s delay time and 16 scans. The
sample (50-100 mg) was dissolved in 1 mL of DMSO-d6 with tetramethylsilane as internal
standard.
2.2.7.2 Size Exclusion Chromatography (SEC)

Molecular weights and distributions of the resins were examined by an Agilent
1260 Infinity instrument equipped with two Phenogel 5 um columns (102 A and 50 A).
Samples were analyzed at 35 ‘C with tetrahydrofuran (THF) as the mobile phase with a 1
mL/min flow rate and using a refractive index detector calibrated with polystyrene
standards.
2.2.7.3 Differential Scanning Calorimetry (DSC)

Thermal analysis of resins was conducted on a TA Q2000 instrument using 5 to 10

mg of sample in a sealed hermetic pan and nitrogen purge gas at 50 mL/min. Samples were
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functionalized phenolics such as guaiacol, syringol, and their derivatives were not detected
in these oils, which is consistent with previous results.®* Further, the oxygen to carbon ratio
(O/C) of the product as compared to lignin decreased from 0.19 to 0.17 reflecting the
deoxygenation, while the hydrogen to carbon ratio (H/C) increased from 0.96 to 1.13,
confirming that the calcium formate helped hydrogenate the products.®* Some batch to
batch variability exists for the pyrolysis of lignin as some compounds are present at higher
concentrations in one reactor run as compared to the other, but in general the two runs
yielded similar concentrations of identifiable compounds (23.1 wt % for run B, Table 2.2)
with compositions consistent with previous reports on the FAsP of lignin.% Of these
identified compounds, nearly 50% of the mass is phenol and the three methyl phenols
(cresols). Individual cresols have been used to synthesize phenolic resins, suggesting that
this feedstock mixture of phenol, cresols, and dimethyl phenols could be used to synthesize

resins similar to commercially available materials.28°

25



chromatograms for this solid indicated that most of the compounds in this precipitate did
not volatilize during GC-MS analysis, indicating that these compounds are high molecular
weight phenolic oligomers. Extraction of the acidified fraction with CH2Cl, and subsequent

solvent evaporation yielded an extract of concentrated phenolic compounds (extract).

Table 2.4. Concentrations of GC-MS detected phenol compounds in the precipitates

phenol compound Ppta Ppts
Hg/ g Hg/ g
phenol 0.1% 0.09%
2-methyl phenol 0.11% 0.10%
3-methyl phenol 0.14% 0.13%
4-methyl phenol 0.15% 0.14%
2,5-dimethylphenol 0.08% 0.06%
2,4-dimethylphenol 0.12% 0.13%
3,5-dimethylphenol 0.04% 0.01%
2 ,6-dimethylphenol 0.03% 0.07%
3,4-dimethylphenol 0.02% 0.04%
4-isopropylphenol 0.04% 0.02%
2,3,5-trimethyl phenol 0.01% 0.01%

The H (Figure 2.3) and 3C NMR (Appendix A) spectra of the extract fraction had
fewer peaks and less integration in the alkyl and aromatic regions as compared to that of
the lignin FASP oil, supporting that extraction purified the bio-oil (Figure 2.3 and Table
2.5). The 'H NMR of the mimic shows a water peak due to the moisture content of the
commercial chemicals used for its preparation; however, a dried mixture was used for resin
synthesis.

The GC-MS analysis of the Extract could identify 51 wt % of the extract,

confirming that known phenolic compounds could be concentrated through the extraction
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process (Table 2.2). The H/C of the extract increased slightly to 1.14 from 1.13 of that of

oil due to concentration of known alkyl substituted phenol compounds in the extract.
mimic .

*
extract

Lignin
FAsP oil

Chemical shift (ppm)

Figure 2.3: Representative 'H NMR spectra of the lignin FAsP oil, extract, and extract

mimic; ¥*H.0, *DMSO.

The increased relative amounts of phenol and methyl phenols in the extract were
accompanied by the notable absence of benzenediols (Table 2.2). The O/C of the oil
decreased from 0.17 to 0.14 upon extraction, demonstrating this removal of catechol
compounds. The extract, compared to both the organic layer 1 and the precipitate indicate

a very high partitioning of the phenolics into it, suggesting high extraction efficiency.
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Removing catechols by extraction is also advantageous as it decreases the extract

heterogeneity.

Table 2.5 Integration values for *H NMR and *C NMR spectra for lignin bio-oil and the

fractions
Type of Hydrogen ;Tf? rrglr?gile Oil,  Oilg Fgr;c;ntg?:: Ex =
(ppm)
alkyl 0-3 53 55 73 67 41 57
methoxy 3-42 3 3 5 6 4 4
ROH, Hakene, Ar-CH5-O- 42-6 3 3 3 6 2 2
aromatic 6-8.25 38 38 15 18 38 43
CHO, ArOH 8.25- 11 2 2 4 4 2 2
COOH 11-12.4 0 0 0 0 0 0
Type of Carbon sChir:‘?chga; Percentages
e Oily, Oilg Orgy Orgg Ea Eg
alkyl hydrocarbon 0-54 18 22 42 42 15 18
-OCH,3, -C-OH 54 -70 0 0 0 0 0 0
carbohydrate 70-103 0 0 0 0 0 0
aromatic 103 - 163 80 66 39 51 84 82
carbonyl 163 - 215 3 18 24 8 1 0

To gain further insight regarding catechol separation, a model extraction of phenol
and 1,2-benzenediol was conducted using the same extraction protocol used for the FAsP
bio-oil (Appendix B). The 'H NMR spectrum after extraction (Figure B1) indicated that
only 34% of the initial catechol was extracted to the final extract, which is consistent with
lack of catechol in the extract of the FAsSP bio-oils. Organic layer 1 of this model system

yielded no compounds after drying with magnesium sulphate and subsequent rotary
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evaporation indicating no loss of phenol in the initial basification step. The results support
that the catechol in the aqueous fraction is not as efficiently extracted into the organic layer
as compared to phenol, leading to the observed loss of catechols in the final extract. Given
that a pH of 5 during the acidification step would facilitate protonation of catechol that
have pKa’s of 9.2 and 13,% a possible reason for inefficient extraction could be attributed
to its high solubility aqueous layer.®%%! Further, the ability of catechol and catechol
derivatives to undergo complexation with various metal ions including magnesium has
been reported.®>° Therefore, the magnesium sulfate used during the drying step could also
contribute to some degree of complexation of catechol compounds.
2.3.3 Resin Synthesis

Resins with a f/p of 0.8 were synthesized from commercial phenol, an extract
mimic, and lignin FASP oil through an acid catalyzed polymerization. A mimic mixture of
substituted phenols was designed to approximate the mixture of GC-MS identified
compounds if these identified, lighter substituted phenolic compounds were collected
through a distillation step after the extraction process. This idealized mimic was used
instead of actual purified extract to afford a reasonably sized sample for polymerization. A
significant volume of FAsP oil would be required to yield sufficient material for
polymerization (4% yield), which was not feasible with the current laboratory scale reactor
with non-optimized parameters. Future work will explore optimization of the FAsP process
and purification scale up. A few notable differences do exist between the mimic and the
extract as indicated by comparing their *H NMR spectra (Figure 2.3). Peaks are present in
the extract (ca. 1 ppm) that suggest compounds with ethyl chains are present in the extract

and not in the mimic. Moreover, the extract is a dark brown color from polyaromatic
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compounds, while the mimic is a significantly lighter, amber color. Though these
differences exist, the mimic is a close approximation of the complex mixture of phenolic
compounds that the extract could afford after purification and serves to test how the
complex mixture of the phenolic compounds present in the lignin FASP bio-oil extract will
affect resin synthesis and properties.

The reaction schematic for PF resin synthesis is presented in Figure 2.4, showing
how the substituted phenols reduce the number of reactive sites and form methylene
bridges in the resin structure. A gradual increase of the viscosity of all reaction mixtures

was observed as the reaction progressed for 24 h.

OH ' |
0 H '\ OH P OH
AL | |
fip=0.8
.H .H (f/p ) > H,C = CH, H,C = -
OH Oxalic acid (0.01 w/w phenaol) H H 3
100°C, 24 hrs < |
o
A
Hy
OH OH

Figure 2.4: Schematic of resin synthesis

Conversions of the phenol and mimic resin syntheses were calculated using *H NMR
integrations of the resins by comparison of available reactive sites and reacted sites after
synthesis as shown in Table 2.6. Total initial aromatic integration was calculated by
summation of final aromatic integration and methylene bridge integration, because
formation of one methylene bridge occurs at the expenditure of two aromatic reactive sites.
Once all aromatic proton integration is thus calculated, fraction of available aromatic
reactive sites were obtained by multiplying that with the ratio of available reactive sites per
ring to all aromatic sites. For example, for the phenol resin, this is the sum of ortho and
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para hydrogen positions, hence three out of the five protons (3/5), multiplied by all
aromatic integration. However, since the mimic resin has several compounds with different
numbers of available ortho and para hydrogens, the abovementioned ratio was calculated
for each compound separately and the weighted average was obtained for the mixture
which was 0.59. Therefore, the available aromatic integrations for the mimic was obtained
by multiplying the ““all aromatic” column integrations with thus obtained 0.59. The reacted
ortho and para sites were distinguishable from those that are unreacted as they appear at
slightly different chemical shifts in the *H NMR spectra. These were utilized for final
calculation of conversion, by comparing with the available aromatic site integration

calculated as explained above.

Table 2.6: Phenol reactive site conversion calculations using *H NMR spectroscopic data.

Resin 'H NMR spectra Integrations of the phenol and mimic resins
aromatic® -CHQ-b all aromatic aromatic  conversion

aromatic® available” reacted® %

1 18.88 10.61 29.49 17.69 10.61 60

phenol 5 4 g2 1.02 2.84 1.70 1.02 60
3 214 1 3.14 1.88 1 53

1 19.96 23.03 42.99 25.36 23.03 91

mimic 5 3519 42.79 77.89 45.96 42.79 93
3 1.03 1.13 2.16 1.27 1.13 89

3Includes unreacted meta, ortho, and para protons, "methylene bridges, sum of aromatic
proton and methylene bridge integrations, %fraction of the sites (ortho and para) that are
available for reaction in reaction mixture, ®sites that have actually reacted, from *H NMR

spectra.
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From the conversion percentages given in the Table 2.6, phenol resin had an average
conversion of 58+4% whereas it was 91+2% for the mimic resin. The conversion of
reactive sites for the lignin FASP oil polymerization could not be calculated as the original
composition is not entirely known. In addition, the ratio of methylene bridges to phenolic
monomers were 0.53 and 0.76 for phenol and mimic resins, respectively, confirming that
the mimic resin polymerized to a greater extent.

After vacuum drying to remove unreacted phenolic monomers, *H NMR
spectroscopy confirmed polymerization as newly formed methylene bridge protons [Figure
2.5 (a), peak ii] and broad peaks were present in all three resin spectra. The mimic resin
spectrum closely resembles the phenol resin spectrum with an additional peak due to the
methyl substitutions [Figure 2.5 (), peak i]. The *H NMR spectrum of the oil resin has
significantly broader peaks and regions which is consistent with the heterogeneous nature
of the lignin FASP oil. The unidentified compounds in the FASP oil appear to have reacted
in the resin synthesis as some of the peaks in the oil resin [Figure 2.5 (a), top] spectrum are
significantly broader than that of the original oil (Figure 2.3). The clearer mimic resin
spectrum [Figure 2.5 (a), middle] suggests that if an extraction or purification process could
yield a phenolic monomer mixture without the high molecular weight unknowns in the bio-

oil, it could be polymerized to yield a chemically comparable resin to phenol resin.
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Figure 2.5: (a) 'H NMR spectra for phenol resin (blue, bottom), mimic resin (green,
middle), oil resin (black, top); prior to obtaining spectra all resins were vacuum dried to

remove unreacted monomer. (b) Schematic representation of phenol formaldehyde resin

showing (i) alkyl hydrogens, (ii) -CH2— hydrogens, (iii) aromatic hydrogens. *DMSO.

SEC characterization of the resins shown in Figure 2.6 suggests some similarity of

the mimic and phenol resins, yet highlights that the molecular weights of the resins increase
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as more substitution is present on the phenolic compounds. The number average molecular
weights (My) of the phenol, mimic and oil resin samples were 110 + 1, 200 + 21, and 360
+ 50 g/mol on average. Not surprisingly, the oil resin had the highest molecular weight as
likely some of the oligomeric compounds were incorporated into the resin. The number
average degree of polymerization (Nn) was estimated for the mimic and phenol resins,
assuming a stoichiometric unbalanced step-growth polymerization, to be 2 and 5,
respectively (Appendix C). Since the mimic feed has fewer reactive positions per molecule
than the phenol (2.1 versus 3), the higher molecular weight of the mimic may be due to the
reaction mixture being closer to stoichiometric balance with the formaldehyde.
Stoichiometric balance is achieved when stoichiometrically equivalent amounts of
reactants are subject to polymerization, and this polycondensation, in essence, is meant to
be an stoichiometrically imbalanced reaction, because a f/p ratio of 0.8 was used that
provides an excess of aromatic reactive sites. However, since there are less number of
reactive sites in the mimic compared to phenol, the reaction mixture is closer to achieving
a stoichiometric balance, and the higher conversion of the available reactive sites contribute
to the observed high molecular weight. These results suggest that though the molecular
weights of the mimic and phenol resins are similar, the same molecular weights could be
targeted through modification of the f/p. Such optimization of the f/p in the future may be

necessary to ensure sufficient reactive positions for resin curing.
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Figure 2.6: SEC chromatograms of the synthesized resins; blue (bottom): phenol resin,

green (middle): mimic resin, black (top): oil resin.

2.3.4 Thermal Characterization of Resins

The glass transition temperatures (Tg) of all three resins were measured by DSC
(Figure 2.7) Thermal data are summarized in Table 2.7 and the average T values of the
three resins all fall within the range of 77 to 79°C and agree within their uncertainties. Both
the mimic and phenolic resins had relatively sharp glass transitions (25 and 33 TC,
respectively), whereas the oil resin spanned a broader temperature range upon transition
(60 C) as demonstrated in Figure 2.7. This variability in the oil resins is likely due to the
increased heterogeneity of the bio oil as compared to the phenol and mimic feedstocks as
well as some plasticization from unreacted aromatics that could not be removed. This is
not necessarily a disadvantage as there are materials with broader Tg’s that are used for
purposes like damping applications,®* however the results confirm that the purification of
the FASP bio-oil prior to polymerization improves the final resin properties when

compatibility to phenol resin is considered.
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Figure 2.7: Representative DSC thermograms; blue (top): phenol resin, green (middle):

mimic resin, black (bottom): oil resin.

From the TGA data, the resin decomposition temperatures (Tq), or otherwise the
onset of thermal degradation, were similar for all resins within the uncertainty of the

measurement (Table 2.7).

Table 2.7. Thermal and Curing Properties of the Resins.

Resin T, T4 Trax. Teure Ecure

(°9) (cQ) (°9) (cQ) (/g

Phenol 795 1928 393+%5 1342 44+ 9
Mimic 793 198+7 355+15 143 +1 32+1
Qil 7719 206+ 17 318+ 11 145 + 15 22+3

Tg: glass transition temperature, Tq: decomposition temperature, Tmax: temperature at

highest rate of thermal degradation, Tcure: ONset of curing, Ecure: Curing energy.
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The maximum rate of thermal degradation (Tmax) as indicated by the derivative of the mass
loss (DTG) was above 300 C for all resins (Figure 2.8) with the phenol resin having the
highest value. The bulk of the mass loss above 300 ‘C observed in the DTG plots is due to
bond scission in the resins.®* The trend of decreasing thermal stability with increasing
aromatic substitution is consistent with previous work.%%” Aromatic ring substitution
reduces the methylene bridge stability such that fragments can be volatilized easier in the
mimic and oil resins. Refining the bio-oil removes the highly substituted polyaromatic
compounds and as a result the thermal stability increases (Appendix D), confirming that
extraction and purification of the FAsSP bio-oil is needed to increase the thermal stability

of the resins.
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Figure 2.8: DTG thermograms for the three resins; blue: phenol resin, green: mimic resin,

black: oil resin.
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2.3.5 Resin Curing

All three resin types were cured with HMTA to form a crosslinked network as
illustrated in Figure 2.9. The resins were mixed with HMTA and cured while heating in
the DSC to find the cure onset temperature (Tcure) and the energy released (Ecure) during the
cure to measure the reactivity of the resins as shown in Figure 2.10. The Ecyre for the three
resins follows the expected trend as the more substituted resins have a decreased Ecure
(Table 2.7) as the Ecuwe is a measurement of the degree of curing. Like the resin
polymerization, the curing reaction occurs at the ortho- and para positions of the aromatic
rings. Since the substituted phenol resins (oil and mimic) have fewer ortho and para
positions available for curing as compared to phenol resins, the degree of curing (i.e., Ecure)
for mixtures of substituted phenols was anticipated to be lower. Removal of the high
molecular weight compounds in the bio-oil to yield the extract did increase the degree of
curing, confirming that such extraction is beneficial and that resins made with a mixture of

substituted phenols can be cured.
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Figure 2.9: Schematic representation of curing of phenol formaldehyde resin by HMTA
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Not only does the chemical make-up of the resins affect Ecure it also affects the Tcure. The
Teure Of the mimic and oil resins (Table 2.7) are about 10 C higher than that of the phenol
resin. The increase of Teure could be due to decreased reactivity of the reactive sites in the
mimic mixture and the oil because of the steric hindrance introduced by alkyl substitution
which would in turn correspond to a higher activation energy. The degree of curing for the
phenol resin was the highest at an Ecure 0f 4469 J/g because the phenol mixture offers the
highest amount of reactive sites (ortho and para positions) in contrast to substituted phenols
in the mimic mixture. Furthermore, the synthesized mimic resin had a higher initial overall
conversion of reactive groups as compared to the phenol resin (91% vs. 58%), leaving
fewer reactive sites for curing. These observations suggest that if the f/p values are adjusted
to yield a similar a conversion of reactive groups in the extract/mimic during the initial
polymerization, the Ecure could be increased to a value closer to that of the phenol resin.
These results confirmed that further research is needed to optimize the f/p when
synthesizing resins with substituted phenolics to yield a material with comparable

reactivity to the phenol resins.
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Figure 2.10: Curing DSC thermograms and curing energies for the resins; blue (bottom):

phenol resin, green (middle): mimic resin, black (top): oil resin.

2.3.6 Adhesive Properties of Cured Resins

To further evaluate how purification of the bio-oil can affect the properties of the
cured resin, resins were mixed with HMTA and used to glue southern white pine into lap
shear samples for tensile testing. The cured mimic resin adhesive had an average shear
strength of 2.0 = 0.2 MPa, while the cured oil resin had a shear strength of 0.9 + 0.4 MPa.
These results confirm that purification of the lignin bio-oil is essential to improve resin
curing and subsequent adhesion as the cured mimic resin had significantly improved shear
strength. As the curing energy indicated, the oil-based resin has highly substituted aromatic
compounds that are less reactive towards curing and reacting with the wood, forming a
weaker bond. The increased strength of the cured mimic resin adhesive as compared to the

cured oil resin is consistent with the higher measured Ecure for the mimic resin as more
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crosslinking is possible. These results further underscore the importance of this purification
step. For the mimic resin, room for improvement still exists as the cured phenol resin bond
was stronger than the mimic resin as it caused wood failure instead of adhesive failure,
which is consistent with its higher Ecure Value as compared to the mimic. As discussed
above, the Ecure for the mimic could be increased by decreasing the f/p value from 0.8 to
an optimal value that reduces the molecular weight of the resin and leaves additional
reactive sites available. These results underscore the fact that for complex mixtures of
substituted phenolics the f/p must be optimized to limit consumption of the reactive sites
so that the resin can achieve a higher degree of curing and thereby improved bonding
strength. Future studies of the detailed physical properties of the resins are planned to
investigate how the f/p of purified FASP bio-oil can be optimized to yield resins that upon
curing give similar physical properties to phenol resins.
2.4 Conclusion

A new approach has been developed to produce renewably sourced phenol-
formaldehyde resin using the FASP process on lignin to create a useful aromatic monomer
mixture predominated by phenol and substituted phenols as opposed to methoxy-phenols.
The FASP process overcame the practical difficulties associated with conventional lignin
pyrolysis and effectively deoxyhydrogenated lignin which is reflected by an O/C that
decreased from 0.19 to 0.17 and a H/C which increased from 0.96 to 1.13. In addition, the
demonstrated straightforward extraction process increased the GC identifiable compounds
from 21.7 to 51 wt %, yielding a phenolic mixture with fewer unidentifiable, high
molecular weight compounds. The properties of the resins demonstrated the potential of

this renewably sourced extract to completely and effectively replace commercial phenol
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and eliminate the need to rigorously separate only phenol from lignin pyrolysis products.
The resin synthesized from a mimic of purified FASP bio-oil extract had thermal properties
similar to phenol resin with glass transition temperatures around 79 C and decomposition
temperatures (192 for the mimic resin vs. 198 ‘C for the phenol resin). The mimic resin
could be cured with HMTA, but had a lower Ecure (32 vs. 44 J/g) as compared to the phenol
resin. This lower Ecure Was due to the reduced number of reactive sites of the mimic resin
which are a product of the increased substitution and increased initial degree of
polymerization. In future studies, the f/p ratio should be optimized for the polymerization
of substituted phenolic mixtures to ensure significant reactive sites remain for curing. The
improved adhesive strength properties of the cured mimic resin as compared to the cured
oil resin (2.0 vs. 0.9 MPa) highlighted the benefit of extraction to deliver better reactivity.
The weaker adhesion properties of the cured mimic resin as compared to the cured phenolic
resin further highlighted the need for future optimization of the f/p ratio for the

polymerization substituted phenolic mixture to enhance the observed properties.
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CHAPTER 3
SYNTHESIS OF METHOXY-A-HEXALACTONE

3.1. Introduction

Aliphatic polyesters were the first and simplest type of polyesters that received
attention due to the large availability of monomers and easy synthesis. This led to their
popularity as prospective thermoplastics because they also possessed useful properties such
as biodegradability and biocompatibility.® The simplest linear polyester polyglycolide
(PGA) saw its first active commercial use five decades ago,®® and since then many other
polyesters such as polylactide (PLA), polycaprolactone (PCL) and polyhydroxybutyrate
(PHB) have gained popularity, especially in the areas of biomedical applications.10%10%.102

Three different approaches of polymerization that have been used as possible routes
for polyesters are step growth polymerization of diacids and diols, ring opening
polymerization (ROP) of cyclic ketene acetals and ring opening polymerization of lactones.
The former two methods are not without their limitations such as requirement of high
temperatures,*®® broad polydispersity'® and difficulty of monomer synthesis.'® ROP of
lactones, that includes cyclic mono- and di-esters, have emerged as a more promising
approach for polyester synthesis and research has shown controlled ROP of simple lactones
yielding high molecular weight aliphatic polyesters. Among such lactones that are
currently being polymerized at industrial scale are g-caprolactone (e-CL) and lactide. Both
the resultant polymers have found a niche in tissue engineering'®®1%” and drug delivery
applicationsi®®1%° gver the years, but further advancement into other applications such as
automotive industry have not occurred, possibly due to their low mechanical strength!®

and low to moderate glass transition temperatures (Tg).1*%2 Similarly, other linear
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polyesters such as PGA and PHB are primarily used for medicinal applications such as
degradable sutures,®® and tissue engineering scaffolds.!**'4 However, for some
applications that use the above-mentioned polymers, measures have been taken to improve
and fine tune material properties by copolymerization of two different types of monomers
or blending two types of homopolymers.

An attractive strategy to extend the range of aliphatic polyesters to create material
with improved thermal properties, tailored mechanical properties and biodegradation rates
is synthesis of functionalized aliphatic polyesters. Functionalization can further facilitate
additional medicinal applications such as covalent attachment of drug molecules. Vert et
al 1% created functionalized polyesters by direct functionalization of PCL. Even though
very straightforward, this approach is rarely used present-day due to severe limitations
including side reactions and low percent functionalization.

A Dbetter strategy to prepare functionalized polyesters is to polymerize
functionalized lactone monomers. Early work that used this approach represent primarily
functionalized e-CL with halide or alkyl substitutions. For example, Vaida et al**® prepared
y-methacryloyloxy-g-caprolactone from 4-hydroxy cyclohexanone for copolymerization
with e-CL. In a different study, Habnouni et al'}” synthesized a-lodo-¢-caprolactone
monomer from ¢-CL. One limitation of these initial studies was that they lacked easy
strategies for replacement of functionality. In addition, their polymerization methods
comprised use of metal alkoxide initiators such as aluminum isopropoxide or metal
catalysts such as tin-2-ethylhexanoate. The sensitivity of the alkoxide initiators to common
functional groups such as alcohols, carboxylic acids, and amines limit the applicability of

this method, which requires chemical protection of such functionalities prior to
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polymerization. Post-polymerization removal of the protective groups can lead to polymer
chain degradation as well. Overcoming such tedious syntheses, ROP of lactones have
progressed to the use of alcohol initiators and organocatalysts today. This is mainly due
to the benefits from the lack of residual metal contaminants that affect the polymer
performance in biomedical and microelectronic applications.*'® With these advancements
in ROP techniques, more studies have been conducted on alkyl substituted
lactones,*°120:121 byt reports on alkoxy substituted lactone polymerization are scarce. It is
important to study a diverse host of lactone monomers to establish structure-property
relationships that would guide future sustainable polymer applications.

The novel lactone monomer reported in this work is methoxy-6-hexa lactone (2-
methoxymethytetrahydro-2-pyrone). A modification of the method described in Wang et
al'?? was adopted for full synthesis starting with the inexpensive commercially available
precursor methyl cyclopentanone-2-carboxylate as illustrated in Scheme 3.1. The five step
synthetic scheme included initial protection of the cyclic ketone, followed by reduction of
the remaining ester carbonyl moiety into an alcohol which can then be utilized in the
nucleophilic substitution of the iodine atom of iodomethane to yield the methoxy
functionality.'?? This presents an important strategy to attain different alkoxides by using
a different alkyl halide. Then a simple acidic cleavage of the protecting group regenerates
the cyclic ketone on which the final Baeyer-Villiger reaction would be conducted, to
prepare the desired lactone. The synthesis aimed to prepare pure monomer in high yield to

be used for polymerization.

47



(CH,OH), LlAIH4 o O

O o
—pTSOH__
7% 76%
é/(ocm, é/LLOCHa OH
NaH
CH,l
75%
mCPBA 5% HCI
NaHCOa THF
72%
OCH3 47% OCH; OCH,

Scheme 3.1: Proposed scheme for the synthesis of methoxy-6-hexalactone; 1: methyl
cyclopentanone-2-carboxylate, 2: 1,4-Dioxa-spiro[4.4]nonane-6-carboxylic acid methyl
ester, 3: 1,4-Dioxa-spiro[4.4]non-6-yl-methanol, 4: 6-Methoxymethyl-1,4-dioxa-
spiro[4.4]nonane, 5: 2-Methoxymethylcyclopentanone, 6: Methoxy-o-hexalactone (2-

Methoxymethyltetrahydro-2-pyrone).

3.2. Materials and methods

Methyl cyclopentanone-2-carboxylate was acquired from TCI America, and all
other chemicals were purchased from Sigma Aldrich. All chemicals were used as received.
3.2.1. Synthesis of 1,4-Dioxa-spiro[4.4]nonane-6-carboxylic acid methyl ester (2)

In a representative synthesis, 42 g (0.2 mol) of p-toluene sulfonic acid was
dissolved in 123 mL of ethylene glycol, into which 25 mL (0.2 mol) of methyl
cyclopentanone-2-carboxylate was added, followed by 40 g of 3A molecular sieves and the
mixture was stirred for 3 h at room temperature. After completion of the reaction period,
the reaction mixture was poured into 250 mL of 1 M potassium hydroxide solution (KOH)
saturated with sodium chloride (NaCl). The resultant solution was extracted three times
with 100 mL portions of ether and the combined ether extracts were washed with saturated

NaCl. The organic layer was then dried over anhydrous sodium sulphate (Na>SO4) and
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rotary evaporated to obtain 22 g of 1,4-dioxa-spiro[4.4]nonane-6-carboxylic acid methyl
ester corresponding to a percent yield of 58%. Best representative synthesis of this
compound was a 77%.

3.2.2. Synthesis of 1,4-Dioxa-spiro[4.4]non-6-yl-methanol (3)

In a representative synthesis, 41 g (0.2 mol) of previously synthesized 1,4-dioxa-
spiro[4.4]nonane-6-carboxylic acid methyl ester was added dropwise into a vigorously
stirring suspension of 11.7 g (0.3 mol) of lithium aluminum hydride (LiAlIH4) in
tetrahydrofuran (THF) maintained at 0°C. After the addition was complete, the mixture
was allowed to warm up to room temperature and was stirred overnight. The excess LiAIH4
was quenched by adding ethyl acetate until any gas evolution stopped and the reaction
mixture was then poured into 100 mL of ice-cold saturated sodium potassium tartrate
solution. The ethyl acetate layer was separated, dried over anhydrous Na;SO4 and rotary
evaporated to obtain 21 g of 1,4-dioxa-spiro[4.4]non-6-yl-methanol at a 76% yield.

3.2.3. Synthesis of 6-Methoxymethyl-1,4-dioxa-spiro[4.4]nonane (4)

In a representative synthesis, an amount of 21 g (0.5 mol) of sodium hydride (NaH)
was washed thrice with anhydrous THF to remove mineral oil. Then a volume of 24 mL
(0.4 mol) of methyl iodide was added to the NaH in THF and the resultant mixture was
vigorously stirred at 0 C. An amount of 21 g (0.1 mol) of previously synthesized 1,4-
dioxaspiro[4.4]non-6-yl-methanol was added dropwise in to the reaction mixture through
an addition funnel and stirring was continued overnight. Excess NaH was quenched by
pouring the reaction mixture over ~100 g of ice made from distilled water. The resultant
mixture was extracted with three 100 mL portions of ethyl acetate and the combined ethyl

acetate extracts were washed with 100 mL of 0.2 M KOH, 0.5 M HCI and saturated NaCl.
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The resultant organic layer was then dried over anhydrous potassium carbonate and rotary
evaporated to yield 22 g of 6-methoxymethyl-1,4-dioxa-spiro[4.4]nonane at a 75% vyield.
3.2.4. Synthesis of 2-Methoxymethylcyclopentanone (5)

In a representative synthesis, a solution of 5% HCI (w/ v) was added dropwise in
to a mixture of 16. 9 g (0.1 mol) of previously synthesized 6-methoxymethyl-1,4-dioxa-
spiro[4.4]nonane in ~50 mL of tetrahydrofuran. After stirring for 1 h, the mixture was
extracted thrice with three 100 mL portions of ethyl acetate. The combined organic layers
were washed with saturated NaCl, dried over anhydrous Na>,SO4 and rotary evaporated to
yield 7 g of 2-methoxymethylcyclopentanone at a 52% yield.

3.2.5. Synthesis of 2-Methoxymethyltetrahydro-2-pyrone (6)

In a representative synthesis, a suspension of 16 g (0.1 mol) of 3-
chloroperoxybenzoic acid (mCPBA) and 6.5 g (0.1 mol) of sodium bicarbonate was
prepared in methylene chloride. This was added dropwise into the previously prepared 2-
methoxymethylcyclopentanone in 20 mL methylene chloride at room temperature. After
addition, the mixture was stirred at room temperature for 3h and washed with 100 mL
portions of saturated Na,SO3z, NaHCO3s and NaCl. The organic layer was dried over
anhydrous Na>SO4 and rotary evaporated to obtain crude product which was purified by
flash chromatography using the solvent system hexane: ethyl acetate at 1:2 as mobile phase
and silica stationary phase. After this step, an amount of 1-2 g of monomer is typically
collected, and the best representative percent yield for the final purified monomer obtained

is therefore 47%.
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3.2.6. 'H NMR spectroscopy characterization

Samples for 'H NMR analysis were prepared by dissolving 5 -10 mg of compound
in 0.5 mL of deuterated CDCls. The mixture was transferred to a glass NMR tube and *H
NMR spectroscopy was performed using a Varian 400 MHz nuclear magnetic resonance
spectrometer. Delay and acquisition times of four seconds were used over 16 scans to
compile a spectrum. FID processing was performed using Mestrenova software.

3.3. Results and discussion
3.3.1. Synthesis of 1,4-Dioxa-spiro[4.4]nonane-6-carboxylic acid methyl ester (2)

The H NMR spectrum of the starting material methyl cyclopentanone-2-
carboxylate (1) is presented in Figure 3.1 (top) alongside the product resulting from the
protection of the cyclic ketone moiety shown at bottom. *H NMR chemical shifts for the
product are as follows: 3.85-4.00 (m, 4H), 3.67 (s, 3H), 2.89 (t, J = 8 Hz, 1H), 2.29 (m,
1H), 1.98-1.79 (m, 4H), 1.63 (m, 1H). Multiplets reflecting the presence of four protons at
3.85-4.00 ppm represent addition of the acetal protection group (f*), appearing slightly
downfield to the singlet peak (d’) at 3.67 ppm for the methoxy group in the *H NMR
spectrum of the product. All the existing peaks in the reactant has shifted upfield slightly
in the product, due to the change in chemical environment from electron withdrawing
carbonyl group in the reactant to the acetal group due to slightly increased electron
donating effect in the product. Typical yield achieved in a representative synthesis of the
protection step was 77%. Further, since acetal formation is a reversible reaction, there is
the possibility of the reactant not undergoing 100% conversion to the product. Therefore,
measures were sought to maximize the conversion by maintaining minimal to no water in

the reaction mixture. The Dean-Stark extraction of water could not be performed for this
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reaction because the boiling point of the reactant is at 105 C. Since the reactant ethylene
glycol is used in excess for the reaction, which also serves as the solvent, it is inevitable
that a large proportion of water comes from the ethylene glycol itself as well. Finally, use
of 3A molecular sieves to absorb water in the reaction mixture provided high conversions
(75-100%) of 1 to 2, whereas without molecular sieves the conversion was only 53%.
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Figure 3.1: 'H NMR spectra of the methyl cyclopentanone-2-carboxylate (1) - top and 1,4-

dioxa-spiro[4.4]nonane-6-carboxylic acid methyl ester (2) — bottom
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