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Abstract

The success of modern medicine to cure and treat ailments is contributed to the ability to
properly diagnose the cause of the symptoms. Fungal diseases are underestimated and often
disregarded as a potential public health risk. The misdiagnosis of ailments either caused or
exacerbated by fungal pathogens can endanger many lives. Fungal strains such as C. auris and C.
haemulonii exhibit resistance to many commonly used fungicides, suggesting a need for
alternative means of treatment. (-)-Drimenol has been found to work well at inhibiting the
growth of C. albicans at concentrations as low as 8 pg/ml and tolerable by Caenorhabditis
elegans (roundworms) at 100 pg/ml. In this thesis I discuss the inspiration and synthesis of
drimenol and analyze its potential as an antifungal agent.

Catalysis is the backbone of many industrial processes and reactions. Asymmetric
oxidations have been explored but there are still many shortcomings in terms of
enantioselectivity. Poly-N-vinylpyrrolidinone (PVP) is an efficient stabilizer for nanoclusters and
has been found to regulate aggregation of the metal atoms. Some researchers have reported
increased reactivity by these supported clusters, but enantioselective oxidations were still a
challenge. The Hua lab previously reported their success in performing stereo- and regioselective
oxidations on various alkenes and cyclic alkanes using C5-substituted PVPs stabilized Pd/Au and
Cu/Au bimetallic nanoclusters, respectively. In this thesis, I describe the synthesis of a second
generation C3-substituted PVP to determine how the alternate substitution may affect the

enantioselectivity.
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Chapter 1 - Synthesis and Characterization of (-)-Drimenol

1.1. Introduction

Fungal diseases are often neglected as a public health issue. Most fungal infections are caused by
contacting fungi that are commonly found in the environment. Although there are many harmless
fungal infections, there are some that pose a significant risk to people with weakened immune
systems. This includes people living with autoimmune diseases such as HIV, organ transplant
recipients, cancer patients, and premature neonates. The UNAIDS organization reported that 1.5
million people acquired HIV, and 37.7 million were currently living with it as of 2020 alone'. In
addition, mechanically ventilated COVID-19 patients have been found to be at risk of SARS-
CoV-2-associated pulmonary aspergillosis (CAPA)?. As the number of immunocompromised

people increase, so does the risk of falling victim to a fungal disease.

1.2 Discovery and Risks of Candida Auris

Candida auris was first reported in 2009, after being isolated from the discharge from the
external ear cavity of a 70-year-old patient at Tokyo Metropolitan Geriatric Hospital in Tokyo,
Japan®. Prior to the identification of C. auris, 8 cases of fungemia (blood infection caused by
fungi) and 15 cases of chronic otitis media (ear infection) from 5 separate hospitals in Korea
between 2004-2006*. Researchers originally identified it as the phenotypically similar C.
haemulonii, which was rarely seen to cause such invasive infections. The two strains are so
similar that molecular methods are required to differentiate them, but that may prove difficult for
facilities with limited resources. In addition, C. haemulonii was found to have resistance to the
antifungal agents amphotericin B, itraconazole and fluconazole by prior studies, after an

outbreak was observed among neonates>. In 2015, the US Centers for Disease Control (CDC)



assisted with an outbreak of bloodstream infections (BSIs) and positive urine cultures at a
hospital in Pakistan®. The origin of the infections was presumed to be caused by Saccharomyces
but were later identified as C. auris, which had not yet been previously reported by Pakistani
institutions. The CDC investigated similar incidents around the world and found cases in several
countries such as Venezuela, India, South Africa, and Kuwait’'°. Alarmingly, a substantial
number of cases seemed to originate from hospital settings®. This led to an increased interest in
understanding the epidemiology and extent of drug resistance of C. auris. Improper identification
of the strains and limited access to alternate antifungal agents will greatly limit the ability for

institutions to properly treat these infections.

1.3 Drimane Sesquiterpenoids as Potential Antifungal Agents

In an attempt to find an alternative drug to combat drug resistance in tuberculosis, researchers
turned their attention to the plant Warburgia salutaris''. W. salutaris is a flowering tree native to
South Africa that was traditionally used to treat the symptoms of chest and respiratory infections.
To this effect, the crude extract from the bark and purified isolated compounds were investigated
for their effect on mycobacterial growth, ultra-structural cell morphology, and on the activity of
pure recombinant mycobacterial arylamine N-acetyltransferase (NAT). The NATSs of
Mycobacterium tuberculosis and Mycobacterium bovis, the causative agents in tuberculosis,
were investigated, and isoniazid was found to activate NAT. Isoniazid was formerly used to
treat the virus'2. An overall increased expression of NAT in M. tuberculosis and other bacteria
was found to cause an increased resistance to INH and other arylamine-based drugs. The crude
extract was found to inhibit the growth of M. tuberculosis and the acetylation process, and the

partially purified crude was found to impair the outer cell wall structure of M. bovis!'!. The major



component isolated from the extract was 11a-hydroxycinnamosmolide, which was degraded to
cinnamodial by the liquid chromatography-mass spectroscopy (LC-MS) process during
characterization. 11a-Hydroxycinnamosmolide was found to be less effective in inhibiting the
NAT activity than the partially purified extract, suggesting either a synergistic effect with the
other minor products of the extract or that there is another compound that is more effective.
Previous studies have found drimane sesquiterpenoids to exhibit a range of biological

activities'®, leading us to consider them as potential antifungal agents'*.

1.4 Synthesis of (-)-Drimenol and analogues
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Scheme 1. Synthetic route for (-)-drimenol and analogues



The drimane sesquiterpenoids were synthesized from the commercially available 3aR-(+)-
sclareolide (6) following a previously reported method published from the Hua laboratory .
Compound 6 was hydroxylated using lithium diisopropylamide (LDA) in tetrahydrofuran (THF)
at -78°C treated with MoOsepyridineceHMPA (MoOPH) complex to afford a mixture of a- and
B- isomers of hydroxylactone 7. The molybdenum peroxide reagent, MoOPH, was previously
reported to facilitate the direct hydroxylation of a-methylenes'® and was used here for the
production of the hydroxylactones. The two stereoisomeric products were separatable by silica
gel column chromatography, but it is not necessary because the stereogenic center at C1 is
destroyed after the reduction with lithium aluminum hydride (LAH) in THF at room temperature
to afford triol 3. Compound 3 was then treated with sodium periodate in ethanol and water at
room temperature to perform an oxidative cleavage of the vicinal diol to produce the B-hydroxy
aldehyde 4. Compound 4 was then reduced with LAH in diethyl ether at 0°C to afford drimane-
8a,11-diol 5. The primary alcohol on 5 was then protected with zert-butyldimethylsilyl chloride
and imidazole in dichloromethane (DCM), and elimination of the tertiary alcohol was performed
using methanesulfonyl chloride and triethylamine in DCM. The tri- and di-substituted bicyclic
alkene precursors 9 and 10 (Scheme 2) are produced because of the thermodynamically and
kinetically favorable reactions, respectively. The more thermodynamically favored product 9 is
a result of the deprotonation of the methyl group, where the kinetic type 10 is formed from the
deprotonation of the B-methylene group. Interestingly, a 1:1 ratio of the two was obtained. The
two alkenes were then separated by column chromatography and desilylation of each was
performed using tetra-n-butylammonium fluoride (TBAF) to afford (-)-drimenol (1) and (+)-

albicanol (2).



1.5 Results

Compounds 1 - § were screened for their ability to inhibit the growth of C. albicans strain
SC5314 in our collaborator, Dr. Govindsamy Vediyappan’s laboratory, Division of Biology,
Kansas State University. (-)-Drimenol (1), (+)-albicanol (2), and the B-hydroxyaldehyde 4 were
found to be effective with 1 being the most potent agent. Drimenol’s ability to inhibit C. auris
growth was tested against Fluconazole (FLU), a commonly used antifungal agent, over a course
of 20 hours at 37°C. The test was performed using growing C. auris cells in 200 pL of RPMI
medium distributed among honeycomb microtiter wells, each measured at 0.07 ODgoo using a
Bioscreen-C growth monitor. Drimenol was found to be more effective at completely inhibiting
fungal growth at a concentration of 60 pg/ml than FLU using that same concentration, as seen in
Figure 1 below. Absorbance of the C. auris control group increased with time because as the
cells grow and propagate, the solution becomes cloudier and reduces transmittance. Drimenol
was found to inhibit and kill C. albicans cells at concentrations ranging from 8 — 64 pg/ml and to
be effective against Aspergillus, Cryptococcus and other FLU resistant strains such as C.

glabrata and C. krusei.
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Figure 1. Effect of drimenol and fluconazole on C. auris growth.
Reprinted with permission from {Microb Cell. 2020 Jun 1; 7(6): 146—159. Published

online 2020 Mar 12.}. Copyright © 2020 Edouarzin et al
Tolerance was then tested at various concentrations against Caenorhabditis elegans
(roundworms) that were cultured with C. albicans. The worms were protected from fungal-
mediated death and tolerated the presence of drimenol up to a concentration of 100 pg/ml with a
94% survival rate. Figure 2 shows results of incubating the worms with 50 mg/ml of drimenol at
30°C for 2 - 3 days. The worms cultured in the wells that contained drimenol were found to be
alive, judging by their movement under a microscope. The worms cultured without drimenol
were immobile and most likely dead. Using a S. albicans mutant spot assay, the mechanism of
action was determined to involve targeting protein trafficking between Golgi to ER (RET 2),
protein secretion (Sec system) and cell signaling (orf19.759), and possibly through cell division

related kinase 1, Crkl.



Figure 2. Drimenol tolerance test with Caenorhabditis elegans.

C. albicans fed larvae incubated in RPMI medium with 50 pg/ml of drimenol on the right panel
and without drimenol on the left.
Reprinted with permission from {Microb Cell. 2020 Jun 1; 7(6): 146—159. Published
online 2020 Mar 12.}. Copyright © 2020 Edouarzin et al

1.6 Experimental Procedure
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(18,3aR,5a8,9aS,9bR)-1-Hydroxy-dodecahydro-3a,6,6,9a-tetramethylnaphtho-[2,1-b]furan-2-
one and (IR,3aR, 5a8,9aS,9bR)-1-Hydroxy-dodecahydro-3a,6,6,9a-tetramethylnaphtho/2,1-
b][furan-2-one (7). To a cold (—78 °C) solution of 1.02 mL (7.79 mmol) of diisopropylamine in
40 mL of THF under argon was added 6.36 mL (7.19 mmol) of #n-BuLi (1.6 M in hexane). The
solution was stirred at =78 °C for 1 h, and a solution of 1.50 g (5.99 mmol) of (+)-sclareolide (6)

in 20 mL of THF was added via cannula dropwise. The solution was stirred at —78 °C for 1 h,



added to 5.10 g (0.012 mol) of MoOs-pyridine-HMPA, and stirred for 30 min. The mixture was
diluted with saturated aqueous Na>SO3 and extracted three times with ethyl acetate, and the
organic layer was washed with water and brine, dried (Na>SO4), concentrated, and column
chromatographed on silica gel using a mixture of hexane/ether (9:1) as an eluent to give 1.05 g

(65.6% yield) of the a-isomer and 0.20 g (12% yield) of the B-isomer along with 0.296 g (20%

recovery) of 6. Spectral data is in agreement with that reported [15].
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1-[(1°S) and (1 ‘R)-1,2-Dihydroxyethyl)]-(1R,2R,4aS, 8aS)-decahydro-2,5,5,8a-tetramethyl-
naphthalen-2-ol (3). To a solution of 0.90 g (3.4 mmol) of 7 in 20 mL of THF under argon was
added 0.66 g (17.3 mmol) of LiAlH4, and the mixture was stirred for 4 h at 25 °C. To it, 60 mL
of water and 16 mL of 1 N HCI were added, and the solution was extracted with diethyl ether
three times (50 mL each). The combined ether extracts were washed with brine, dried (MgSO4),
concentrated, and column chromatographed on silica gel using a gradient mixture of hexane and
ethyl acetate as an eluent to give 0.65 g (71% yield) of triol 3 and 0.27 g (30% yield) of

lactol byproduct. Spectral data is in agreement with that reported [15].
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(1R,2R,4aS,8aS)-2-Hydroxy-2,5,5,8a-tetramethyl-decahydro-naphthalene-1-carbaldehyde (4).
A 0.19 g (0.81 mmol) potassium periodate were added to a solution of 0.20 g (0.74 mmol) triol 3
[15] in 10 m]l THF and 2.5 ml water. The resulting mixture was stirred at 25°C for 4 hours,
diluted with water (50 ml) and extracted three times with ethyl acetate (50 ml each). The
combined extracts were washed with water and brine, dried (anhydrous Na>SQ4), concentrated,
and column chromatographed on silica gel using a mixture of hexane and ethyl acetate (20:1) as
an eluent, yielding 0.16 g (91% yield) compound 4, whose spectral data is in agreement with that

reported [15].

=D

(18,2R,4a8,8a8)-1-(Hydroxymethyl)-2,5,5,8a-tetramethyl-deca-hydronaphthalen-2-ol (5)

To a cold (0°C) solution of 1.0 g (4.2 mmol) aldehyde 4 in 80 ml of diethyl ether under argon, 80
mg (2.1 mmol) lithium aluminum hydride were added in portions. The resulting solution was
stirred at 0°C for 30 minutes, diluted with aqueous NH4Cl, and extracted with diethyl ether three

times (50 ml each). The combined extracts were washed with water and brine, dried (MgSQO4),



and concentrated, yielding 0.98 g (97% yield) diol 5, whose spectral data are in agreement with

that reported [15].
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[(18,2R,4aS,8a8)-1-(tert-Butyldimethylsilyloxymethyl)-decahydro-2,5,5,8a-
tetramethylnaphthalen-2-0l] (8). To a cold (0 °C) solution of 0.90 g (3.8 mmol) of diol 5 and 1.0
g (15 mmol) of imidazole in 5.0 mL of DMF under argon was added a solution of 0.62 g (4.1
mmol) of fert-butyldimethylsilyl chloride in 6 mL of DMF. After stirring at 25 °C for 2 h, the
reaction mixture was diluted with water and extracted three times with ethyl acetate. The
combined ethyl acetate layer was washed with brine, dried (Na>SO4), concentrated, and column
chromatographed on silica gel using a mixture of hexane/ethyl acetate (10:1) as an eluent to give

1.3 g (98% yield) of 8: Spectral data is in agreement with that reported [15].
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[(1S5,4a8,8a8)-1-(tert-Butyldimethylsilyloxymethyl)-1,4,4a,5,6,7,8,8a-octahydro-2,5,5,8a-
tetramethylnaphthalene] (9) and [(1S,4aS8,8aS)-1-(tert-Butyldimethylsilyloxymethyl)-3H-

1,4,4a,5,6,7,8,8a-octahydro-2-methylene-5,5,8a-trimethylnaphthalene] (10). To a cold (0 °C)

10



solution of 1.0 g (2.8 mmol) of 8 in 5 mL of THF under argon were added 1.4 g (14 mmol) of
triethylamine and 0.48 g (4.2 mmol) of methanesulfonyl chloride. After stirring at 25 °C for 4 h,
the reaction mixture was diluted with cold water and extracted three times with ethyl acetate. The
combined extract was washed with water and brine, dried (Na>SQOs), concentrated, and column
chromatographed on silica gel using hexane as an eluent to give 0.42 g (45% yield) of 9 and 0.42

g (45% yield) of 10. Spectral data is in agreement with that reported [15].

OH

Tl

(—)-Drimenol (1). A solution of 0.50 g (1.5 mmol) of 9 and 2.0 mL (2 mmol) of n-BusNF (1.0 M
in THF) was stirred under argon at 25 °C for 36 h, diluted with aqueous NH4Cl, and extracted
with ethyl acetate twice. The combined extract was washed with water and brine, dried
(Na2S04), concentrated, and column chromatographed on silica gel using a mixture of
hexane/ethyl acetate (5:1) as an eluent to give 0.304 g (92% yield) of 1: 'H and '3C NMR

spectral data is in agreement with that reported [15].

OH

o 1 [1IID

11



(18,4aS,8aS)-3H-2-Methylene-1,4,4a,5,6,7,8,8a-octahydro-35,5,8a-trimethylnaphthalene-1-
methanol (2) [(+)-Albicanol]. A similar reaction procedure as that described above (1) was
followed, and a 93% yield of 2 was obtained. Spectral data is in agreement with that reported

[15].
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Chapter 2 - Synthesis and Characterization of Chiral Substituted

Polyvinylpyrrolidones

2.1 Introduction

Catalytic oxidation reactions are commonly used in a wide range of industrial reactions and
processes. The North American Catalysis Society estimated that 35% of the global gross
domestic product (GDP) depends on catalysis and the market is increasing 5% per year!’.
Selective oxidations aid in the functionalization of compounds for drug development and total
oxidations are useful in speeding up the degradation of pollutants'®. For example, the catalytic
oxidation of toxic volatile organic compounds (VOCs) produced as a byproduct of chemical
industries, food processing plants, and petrochemical processing facilities have been found to be
an ecofriendly and feasible way to eliminate them'. Catalytic approaches towards chemical
reactions have many advantages such as the use of less toxic or corrosive chemicals, shorter
reaction times, minimization of undesirable byproducts, and the use of less chemicals causing

less hazardous waste and pollution®*22,

2.2 Effects of Bimetallic Nanoclusters

Previous studies found that the size of the catalyst plays a major role in selectivity and reactivity
because decreasing the size of the catalysts increases surface area allowing for more reaction
sites”®. Efficiency can further be increased by the addition of another metal to produce bimetallic

nanoparticles that may exhibit catalytic properties that are not achievable by their monometallic

13



counterparts®4. For example, the direct synthesis of hydrogen peroxide H,O from Hz and O
with palladium based catalysts was found to show a higher selectivity for the formation of H,O
and degradation of H20,%. The incorporation of gold into the nanoclusters increased selectivity
of H20» formation from 34% using 5.0 wt% Pd to 80% using 2.5 wt% Pd and 2.5 wt% Au/C
catalyst. Due to gold having a higher reduction potential than palladium, 1.69 V in aqueous
solutions versus 0.92 V for Pd, electron density is pulled towards Au particles making the

exposed Pd atoms more electrophilic.

2.3 Poly(/V-vinyl-2-pyrrolidone) Supported Nanoclusters

Ligands and polymers are often used as stabilizers for metallic nanoparticles. They are capable
of both controlling the reduction rate of the metals and preventing the aggregation of the metal
atoms in solution?*. Tsukuda et al reported that PVP stabilized Au clusters (<1.5 nm) exhibited
higher catalytic activity than their larger counterparts and poly(allylamine) (PAA) supported
nanoclusters for the aerobic oxidation of alcohols?S. Their studies found that PVP not only acts as
a stabilizer but also regulates the electronic structure of the Au particles by donating electron
density. They proposed that the Au particles would donate electrons into the low unoccupied
molecular orbitals (LUMO) of O to generate the superoxo- or peroxo- species that will play a
key role in the oxidation process as seen in Figure 3. Although the catalytic activity of polymer
supported nanoclusters is well understood, there is still a gap in knowledge on enantioselective

oxidations.

14



¥ =z
©
O\ e, " / Q2

O 02

Au core S

-~ ~ P
@ (+ oxidation
N N N> catalysis
> / >
O.‘ B S

~ -

Figure 3. Proposed mechanism for the activation of molecular oxygen by Au:PVP.
Reprinted with permission from {J. Am. Chem. Soc. 2009, 131, 20, 7086—7093}.

Copyright © 2009, American Chemical Society
In 2016, the Hua group developed a new class of chiral C5-substituted poly-/V-
vinylpyrrolidinones (CSPVP) from L-amino acids as a stabilizer for Pd/Au and Cu/Au
nanoclusters®’. The CSPVP supported nanoclusters were then used to perform asymmetric
oxidations on 1,3- and 1,2-cycloalkane diols, dihydroxylations on alkenes, and C-H oxidations
on cycloalkanes (Figure 4). They reported excellent yields and enantioselectivities when
compared to the achiral PVP counterpart. Using Pd/Au-CSPVP, they oxidized #rans and meso-
cis diols under atmospheric oxygen to selectively give (S)-hydroxy ketones. Both trans- and cis-
alkenes were oxidized under 30 psi oxygen to give syn diols as the major product and Cu/Au-

CSPVP was used to oxidize cycloalkanes to chiral cycloalkanones.

15
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Figure 4. Representative asymmetric oxidations previously reported by Hua et al., 2016

Reprinted with permission from {J. Am. Chem. Soc. 2016, 138, 51, 16839—-16848}.
Copyright © 2016, American Chemical Society

2.4 Discussion

Synthesis of C3-Substituted Poly-/V-vinylpyrrolidinone
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19 CSPVP-2 (20)
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Scheme 2. Synthetic pathway for CSPVP-2 (20)
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To further investigate the effect of CSPVP supported nanoclusters on asymmetric oxidations, a
C3 substituted polymer was synthesized from L-(S)-malic acid. The dicarboxylic acid 11 was
treated with a catalytic amount of D-10-camphorsulfonic acid (CSA) in 2,2-dimethoxypropane to
give the acetonide acid 12. The carboxylic acid group on compound 12 was reduced using
borane THF complex (BH3eTHF) then upon acidification with catalytic p-toluenesulfonic acid
(p-TsOH), the molecule cyclized to furnish a-hydroxylactone 13. The cyclization occurs because
the carbonyl oxygen gets protonated, causing the carbonyl carbon to become more electrophilic.
The primary hydroxyl group would perform an intramolecular nucleophilic attack on that carbon
to break the bond between it and the adjacent oxygen and release the acetonide protecting group
into solution as acetone. The cyclization could also be performed using CSA as the proton source
instead of p-TsOH but it must then be quenched with sodium acetate upon work-up. The
hydroxyl group on 13 was then alkylized using chloromethyl methyl ether (MOMCI) and
diisopropylethylamine (DIPEA) at 0°C to produce (S5)-2-(methoxymethoxy)butanolide 14. The
order of addition here is important because when the DIPEA was added before the MOMCI, the
yield was 61% but when the order is reversed the yield increased to 93%. Compound 14 was
treated with sodium azide in DMF to produce the azido-acid 15, then hydrogenated under 30 psi
hydrogen with 5% Pd/C in methanol to produce the amino acid 16 with some recovered 14. The
yield for this step was moderate either because compound 15 contained some starting material or
the amine could have also been hydrogenated. If this was the case, the hydroxy group on the
carboxylic end would attack the methylene adjacent to the nitrogen and kick out the amine group
as ammonia to generate lactone 14. Upon sublimation of 16 under reduced pressure at 120°C,
compound 16 cyclizes to produce the MOM-substituted lactam 17. Lactam 17 was then vinylized

in n-butyl vinyl ether with catalytic 4,7-diphenyl-1,10-phenanthroline palladium
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bis(trifluoroacetate) [(DPP)Pd(OCOCF3);] to produce the vinyl lactam monomer 18. Vinyl
lactam 18 was copolymerized in acetone with vinyl acetate and catalytic azobisisobutyronitrile
(AIBN) in a sealed tube under nitrogen atmosphere. The copolymer 19 was then used to
polymerize vinyl lactam 18 with the aid of AIBN as the radical initiator to give the C3
substituted polymer 20. A direct correlation between the polymer length and the mole percent of
AIBN used was observed whereas the amount of AIBN used increases, the general length of the
polymer obtained decreased. Using 0.2 mol% of AIBN, the polymer weight was approximately
80,000 amu but when 0.4 mol% was used the weight was roughly halved. Polymer length was
determined using high resolution mass spectroscopy to obtain the exact molecular weight which

could then be used to calculate length.

2.5 Conclusion

The C3-Substituted poly-N-vinylpyrrolidinone was synthesized and used as a polymer for Pd/Au
and Cu/Au nanoclusters for oxidation. Upon verification of the enantioselective properties of the
polymer, further studies can be done to increase its synthetic usefulness. Further modification of
the C3 substituent such as the addition of a phenyl, isobutyl, or cyclopentyl group could
potentially increase enantioselectivity of the catalysts. Our work was recently published in The

Journal of Organic Chemistry (https://doi.org/10.1021/acs.joc.2c00449).2
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2.6 Experimental Procedure

OH

(S)-2-(2,2-Dimethyl-5-0xo-1,3-dioxolan-4-yl) acetic acid (12) (from EE-3-58)

To a solution of 300 mL 2,2-dimethoxypropane, 15.0 g (112 mmol) L-(S)-malic acid (11) and
0.5 g (2.15 mmol) D-10-camphorsulfonic acid, as a catalyst, were added. The solution was
stirred for 12 h at 25 °C with color changed to light yellow. After 0.2 g (2.378 mmol) of sodium
acetate was added and stirred for 1 h, the reaction solution changed to colorless again. After the
reaction mixture was filtered, the filtrate was concentrated to dryness with a rotary evaporator.
The resulting residue was crystallized from a mixture of chloroform and hexane (50 mL: 100
mL) to give 17.89 g (92% yield) desired product (12) as a white solid. 'TH NMR (400 MHz,
CDCl3): 6 11.2 - 10.7 (bs, 1 H, OH), 4.72 (dd, /=6.8,4.0 Hz, 1 H), 3.00 (dd, J=17.2,4 Hz, 1
H), 2.86 (dd, J=17.2, 6.8 Hz, 1 H), 1.62 (s, 3 H), 1.57 (s, 3 H); 1*C NMR (100 MHz, CDCl3): §
174.8,171.9,111.4,70.4, 36.0, 26.8, 25.8. HRMS-ESI (positive mode): m/z [M + H]" caled for

C7H1005": 175.0606, found: 175.0615.

HO

(S)-3-Hydroxy-dihydrofuran-2(3H)-one (13) (from EE-3-51)
To a flame-dried round bottom flask over an ice bath, a solution of 17.5 g (0.101 mol) (S)-2-(2,2-

dimethyl-5-oxo0-1,3-dioxolan-4-yl) acetic acid (12) dissolved in 130 mL distilled THF was added
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under argon. Then, 130 mL (130 mmol) BH3*THF (1 M solution in THF) complex was added to
the solution slowly with a dropping funnel over 30 min and stirred for 12 h at 25 °C. The
uncompleted reaction was detected by NMR followed by another portion of 44 mL BH3*THF (1
M solution in THF) according to the previous method and stirred for another 8 h at 25 °C. Then,
the reaction was diluted with 240 mL methanol, evaporated to dryness. After another portion of
30 mL methanol was added, the mixture was evaporated again to remove trimethyl borate. This
procedure was repeated until the weight of the dryness was consistent (16.67 g). The crude was
then diluted with 200 mL chloroform, added with 0.8 g (3.45 mmol) para-toluenesulfonic acid as
a catalyst for cyclization. After the solution was stirred at 25 °C for 12 h, 0.29 g (3.45 mmol)
sodium bicarbonate was added to neutralize the acid. The solution was then concentrated to
dryness with a rotary evaporator, loaded to a silica gel column, eluted with a gradient solution of
hexane and ethyl acetate to yield 7.54 g (73% yield) desired product (13) as an oil. "H NMR
(400 MHz, CDCl3): 6 4.53 (dd, /=10, 8.4 Hz, 1H), 4.44 (dt, /=10, 7 Hz, 1H), 4.25 (ddd, J =
8.4,6.8,1.6 Hz, 1H), 3.8 — 3.6 (bs, 1H, OH), 2.62 (dddd, J= 10, 8, 6, 2 Hz, 1H), 2.30 (dddd, J =
10, 8.8, 8.4, 4 Hz, 1H); *C NMR (100 MHz, CDCl3): 6 178.2, 67.4, 65.3, 30.9. MS (ESI,
MeOH): m/z=103.112 ([M + H]").

\O/\O

(-)-(S)-3-(Methoxymethoxy)-dihydrofuran-2(3H)-one (14) (from EE-3-110)
To a flame-dried round bottom flask over an ice bath, 2.8 g (27.5 mmol) (5)-3-hydroxy-
dihydrofuran-2(3H)-one (13) in 20 mL dichloromethane, and 11 mL (68.8 mmol)

methoxymethyl chloride (prepared by mixing dimethoxymethane and acetyl chloride with the
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ratio of 1:1) was injected into the flask sequentially under argon. The solution was added with
7.2 mL (41.3 mmol) of diisopropylethylamine dropwise over 5 min with a dropping funnel,
stirred at 25 °C for 18 h. Then, the reaction mixture was quenched with 20 mL aqueous
ammonium chloride solution, extracted with 20 mL dichloromethane for three times. The
combined organic layer was then washed with aqueous sodium bicarbonate solution and brine,
dried with sodium sulfate, concentrated with a rotary evaporator to yield 3.73 g (93% yield)
desired product (14). Compound 14: "TH NMR (400 MHz, CDCl3): 6 4.96 (d, J = 6.8 Hz, 1 H),
4.73 (d,J=6.8 Hz, 1 H), 4.45 (dt,/=8.4,4Hz, 1 H),4.41 (d,/J=9Hz |1 H),4.24 (td, /=9, 6.4
Hz, 1 H), 3.43 (s, 3 H), 2.59 (dddd, /=12.8, 8.8, 6.8,3.2 Hz, 1 H), 2.29 (dq, J=12.8, 8.8 Hz, 1
H); 3C NMR (100 MHz, CDCl3): § 174.9, 95.9, 70.3, 65.2, 56.0, 29.9. MS (ESI, MeOH): m/z =
168.91 (M+Na)', 146.90 (M + H]").

\O/\O

OH

(S)-4-Azido-2-(methoxymethoxy)butanoic acid (15) (from EE-2-88)

To a dried two-neck round bottom flask equipped with a condenser, 0.98 g (15 mmol) sodium
azide was added and purged with argon. Then, 1.0 g (6.85 mmol) lactone (14) in 5 mL dried
DMF solution was added under argon. The reaction mixture was heated to 120 °C and stirred for
24 h. After the reaction mixture was cooled to 25 °C, 60 mL water was added to dilute the
reaction mixture. The reaction mixture was then extracted with diethyl ether for three times. The
combined organic layer was dried with sodium sulfate, concentrated with a rotary evaporator to
give 80 mg (8% recovery) starting material. In terms of the aqueous layer, 1 N HCI was utilized

to acidify the aqueous solution to pH~2. Then, the acidic aqueous layer was extracted with 40
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mL dichloromethane for three times. The combined organic layer from the acidified aqueous
layer was dried with sodium sulfate, concentrated with a rotary evaporator to yield 1.165 g (89%
yield) desired product (15) as an oil, which was used for further synthesis without purification.
'"H NMR (400 MHz, CDCl3): 6 4.78 (d, J= 6.8 Hz, 1H), 4.71 (d, J= 6.8 Hz, 1H), 4.30 (dd, J =
8,4.4 Hz, 1H), 3.53 — 3.47 (m, 2H), 3.42 (s, 3H), 2.12 — 2.05 (m, 2H); '3C NMR (100 MHz,
CDCl): 6 176.3 (C=0), 96.5 (OCO), 72.5 (CHO), 56.3 (OMe), 47.3 (CH2N), 32.0 (CH2). MS
(ESI, MeOH; negative mode): m/z = 187.982 ([M - H]"). HRMS-ESI (negative mode): m/z [M -
HJ caled for CéH10N30O47: 188.0677, found: 188.0663.

o N

NH,
OH

(S)-4-Amino-2-(methoxymethoxy)butanoic acid (16) (from EE-2-89)

To a hydrogenation bottle, 1.56 g (8.25 mmol) (S)-4-azido-2-(methoxymethoxy)butanoic acid
(15), 0.18 g (0.0825 mmol) 5% Pd/C were mixed in 30 mL methanol. Then, the hydrogenation
system was purged with hydrogen, and the reaction mixture was shaken at 25 °C for 16 h with
the hydrogen pressure of 30 psi. Then, the reaction mixture was filtered through Celite, washed
with methanol. The filtration was concentrated to dryness. The dry crude produced was then
washed with ether to remove impurities, and the residue was dried under vacuum with an oil
pump to yield 0.798 g (53 % yield) amino acid 16, which was used for sublimation directly
without purification. 'H NMR (400 MHz, D>0): 6 4.62 (d, /= 7.0 Hz, 1 H, OCH>0), 4.56 (d, J
=7.0 Hz, 1 H, OCH20), 4.01 (dd, /= 6.8, 4.4 Hz, 1 H, CHO), 3.30 (s, 3 H, OMe), 3.02 (t, J =

7.4 Hz, 2 H, CH2N), 2.12 — 1.80 (m, 2 H, CH>); 3C NMR (100 MHz, D;0):  178.4, 95.5, 75.9,
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55.6,36.7,30.0, HRMS-ESI (negative mode): m/z [M - H] calcd for C¢H12N3047: 162.0766,
found: 162.0790.

NN

(e} (6]

Iz

(8)-3-(Methoxymethoxy)pyrrolidin-2-one (17) (from EE-2-100)

To a sublimator, 492 mg (30. mmol) amino acid 16 was transferred to the bottom of it carefully.
The sublimator was then connected to a vacuum at 0.1 mmHg, and the temperature was heated to
140 to 150 °C gradually. The completion of sublimation was checked by lowering the oil bath
level to observe if there was any white solids in the chamber. After that, the apparatus was
cooled to 25 °C and detached from the oil pump. The sublimated substance was collected and
loaded to a silica gel column, eluted with a gradient mixture of hexane and dichloromethane as
well as methanol to give 212 mg (49 % overall yield from lactone) desired product 17 as a white
solid. "H NMR (400 MHz, CDCl3): 8 6.60 - 6.40 (bs, 1 H), 4.95(d, /J=6.8 Hz, 1 H),4.75(d, J =
6.8 Hz, 1 H), 4.269 (t, J=8 Hz, 1 H), 3.43 (s, 3 H), 3.46 — 3.39 (m, 1 H), 3.30 — 3.25 (m, 1 H),
2.51-2.42 (m, 1 H),2.15-2.11 (m, 1 H); ¥*C NMR (100 MHz, CDCl3): § 175.7 (C=0), 96.2
(OCO), 72.8 (CHO), 55.8 (OCH3), 38.7 (CN), 29.1 (CH2). MS (ESI, MeOH): m/z = 146.12 (M

+ H]"). HRMS-ESL: m/z [M + H]" caled for CeHiaNOs": 146.0812, found: 146.0817.
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(-)-(S)-3-(Methoxymethoxy)-1-vinylpyrrolidin-2-one (18) (from EE-2-83)

To a solution of 23 mL distilled vinyl butyl ether, 199 mg (1.37 mmol) (5)-3-
(methoxymethoxy)pyrrolidin-2-one (17) and 17 mg (0.027 mmol) of (DPP)Pd(OCOCF3;), were
added. After stirred at 75 °C for 3 hours, the reaction mixture was cooled to 25 °C, filtered
through Celite, washed with 100 mL ethyl acetate. The filtrate was then dried with sodium
sulfate, concentrated to dryness, loaded to a silica gel column, flushed with a gradient mixture of
hexane and ethyl acetate to yield 186 mg (79.5 % yield) of desired product 18 as a white solid.
TH NMR (400 MHz, CDCl3): 6 7.09 (dd, J= 16,9 Hz, 1 H), 4.98 (d, /= 6.8 Hz, 1 H),4.75 (d, J
=6.8 Hz, 1 H), 4.51 (dd, /=16, 8 Hz, 1 H), 4.39 (dd, /=9, 8 Hz, 1 H), 3.60 (td, J =10, 3.2 Hz,
1 H),3.43 (s,3 H), 3.36 (dt, J=10, 7.6 Hz, 1 H), 2.51 (dtd, J=11, 8, 2.8 Hz, 1 H), 2.08 (tt, J =
11, 8 Hz, 1 H); ¥C NMR (100 MHz, CDCl3): § 170.6, 129.2 (HC=), 96.2 (OCO), 95.5 (=CH>),
73.8 (HCO), 55.8 (OMe), 41.2 (CH2N), 26.3 (CHz). MS (ESI, MeOH): m/z = 172.13 (IM + H]").
HRMS-ESI: m/z [M + H]" caled for CsHi12NO3": 172.0974, found: 172.0988.

o N
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Poly((S)-3-(methoxymethoxy)-1-vinylpyrrolidin-2-one-co-vinyl acetate) [P(MVP-co-VAc)] (19)
(from EE-2-86)

To a screw-sealing tube, a solution of 36 mg (0.21 mmol) dried N-vinylpyrrolidinone 18, 6.5 mg
(0.040 mmol) dried azobisisobutyronitrile (AIBN) in acetone and 20 mL (0.16 mmol) dried and
degassed vinyl acetate in 1 mL of dried and degassed acetone were prepared in a nitrogen-purged
glove box. After the tube was capped with a Teflon cap and sealed tightly by pushing an O-ring,
the tube was transferred to a hood and stirred at 65 °C for 48 h. The tube was then allowed to
cool to 25°C, dissolved with chloroform, and stirred an even solution. The prepared solution was
added into a vigorously stirring solution of pentane dropwise. The white precipitate was
collected by filtration, washed with pentane, and dried under vacuum to give 48 mg (89% yield)
of copolymer 19 as white solids. [a]p?? = -168.0 (c 0.5, CHCl3); '"H NMR (400 MHz, CDCl3): &
5.0-4.75 (bm, 1 H), 4.74 — 4.60 (bs, 1 H), 4.33 —4.20 (bs, 1 H), 3.95-3.0 (bm, 2 H), 3.38 (s, 3
H), 2.50 — 2.25 (bs, 1 H), 2.15 — 1.30 (bm, 4 H); 3C NMR (100 MHz, CDCls): § 172.9, 96.4,
96.1,95.9,74.7,74.1 (2 C), 55.6,45.2, 44.1, 43.7, 39.5, 39.2, 38.6, 36.0 — 31.0 (m), 27.

\O/\O

Poly[3-(methoxymethoxy)-1-vinylpyrrolidin-2-one] (20) (from EE-2-128)
To a screw-sealing tube, a solution of 171 mg (1.0 mmol) vinyl lactam 18, 1.71 mg copolymer

19, 0.67 mg (4.0 mmol, 0.4 mol%) AIBN in 2 mL of ethyl acetate was prepared in a glove box
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purged with nitrogen. After the tube was capped with a Teflon cap and sealed tightly by pushing
a Teflon O-ring, the tube was then transferred to a hood and stirred at 75 °C for 48 h. After the
reaction mixture was cooled to 25 °C, the reaction mixture was dissolved with chloroform and
stirred to an even solution. The solution was then added to a solution of pentane dropwise with
white solid precipitated. The white solid was then collected by filtration, dried under vacuum to
give 0.125 g (74% yield) of chiral polymer 20 as a white solid. [a.]p*? = -168.0 (c 0.5, CHCI3);
TH NMR (400 MHz, CDCl3): § 5.0 — 4.75 (bm, 1 H), 4.74 — 4.60 (bs, 1 H), 4.33 —4.20 (bs, 1 H),
3.95-3.0 (bm, 2 H), 3.38 (s, 3 H), 2.50 — 2.25 (bs, 1 H), 2.15 — 1.30 (bm, 4 H); '3C NMR (100
MHz, CDCI3): 6 172.9, 96.4, 96.1, 95.9, 74.7, 74.1 (2 C), 55.6,45.2, 44.1,43.7, 39.5, 39.2, 38.6

(3 C), 36.0 — 31.0 (m), 27.1.
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Appendix A -

1H and 13C NMR spectra of synthesized molecules
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