ABSTRACT
MILLS, JONATHAN. Synthesis and Biological Evaluation of Aspidosperma Alkaloids and
4-Oxazolidinone Natural Products. (Under the direction of Joshua G. Pierce).
Terrestrial plants and trees, bacteria and fungi, and sessile marine organisms provide
scientists with an unceasing number of secondary metabolites, known as natural products, that
serve as excellent starting points for the development of chemical probes and novel treatments
for a variety of diseases. Natural products present chemists and biologists with interesting
chemical challenges and biological targets that require the development of unique solutions,
ultimately leading to treatments for bacterial infections, cancer and many other diseases.
Herein, efforts towards the total synthesis of several anticancer natural products,
collectively called aspidosperma alkaloids, is described. These natural products consist of a
complex, polycyclic core with a quaternary center, multiple nitrogen atoms and medium sized
rings. In our efforts towards these natural products, we successfully developed a novel
conjugate addition reaction between a lactam enolate and methyl acrylate to furnish the
quaternary center. The conjugate addition product was then successfully elaborated to a
macrocycle, which was envisioned to be a common precursor towards the synthesis of several
aspidosperma alkaloids. Efforts are ongoing to utilize the macrocycle in a radical cyclization
strategy as well as develop a gram-scale synthesis of one of the most noted aspidosperma
alkaloids, rhazinilam.
In addition to these efforts, the marine natural product, lipoxazolidinone A, was
successfully synthesized. This natural product contains a unique 4-oxazolidinone core with an
unprecedented substitution pattern and potent antimicrobial activity against methicillinresistant Staphylococcus aureus (MRSA). The key step to the synthesis was a
deprotection/cyclization/dehydration cascade of a β-keto imide. The necessary β-keto imide

was readily synthesized from TBS protected α-hydroxy amide and an unusual α, β unsaturated
acylketene. This modular approach allowed for the construction of a 30-compound library for
initial structure-activity relationship (SAR) studies, revealing simplified analogs with
improved potency compared to the natural product. The lipoxazolidinone scaffold was tested
for additional biological activities and most notably demonstrated the ability to eradicate
mature MRSA biofilms. The in vitro assays reported herein demonstrate the ability of the
lipoxazolidinone scaffold to inhibit MRSA growth, both in the planktonic and biofilm states,
warranting further development.
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Chapter 1
General Introduction
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1.1 Purpose and Scope
Following the discovery of secondary metabolites produced by living organisms, called
natural products, studies commenced towards the artificial replication of these molecules.1
Although these efforts began almost two hundred years ago, designing and synthesizing
complex natural products is still a difficult feat today. Herein, progress towards the total
synthesis of aspidosperma alkaloids via a divergent approach is described as well as the
completed total synthesis of the marine natural product, lipoxazolidinone A.
Aspidosperma alkaloids are complex natural products that display potent anticancer
activity in vitro. By utilizing a late stage diversification strategy, we envisioned the direct
construction of related natural products and novel analogs from a common macrocycle. This
approach would allow for the development of novel reactions to construct the densely
functionalized tetracyclic structure of the aspidosperma alkaloids.
The marine natural product lipoxazolidinone A was isolated in 2002 from marine
sediments collected off of the coast of Guam.2 These natural products contain a unique 4oxazolidinone core with an exocyclic conjugated ketone moiety and two lipophilic carbon
chains. Lipoxazolidinone A is reported to be a potent antimicrobial agent against methicillinresistant Staphylococcus aureus (MRSA).
Cancer is the second leading cause of death in the United States and multidrug resistant
bacteria present a significant threat to human and animal health,3,4 therefore, the development
of selective and potent treatments for these diseases is of great interest. A concise synthesis of
these natural products will allow for pinpoint modifications around the natural product cores

2

and will provide access to novel leads for the development of antimicrobial and anticancer
agents.
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1.2 References
1. Nicolaou, K. C. Proc. Math Phys. Eng. Sci. 2014, 470, 2163.
2. Macherla, V. R.; Liu, J.; Sunga, M.; White, D. J.; Grodberg, J.; Teisan, S.; Lam, K. S.;
Potts, B. C. J. Nat. Prod. 2007, 70, 1454.
3. Leading causes of death. Centers for Disease Control and Prevention. 14 July, 2014.
4. Infectious Diseases Society of America (IDSA) Clin. Infect. Dis. 2011, 52, S397.
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Chapter 2
Progress towards the Total Synthesis of Aspidosperma Alkaloids

5

2.1 Abstract
Aspidosperma alkaloids have complex molecular frameworks and potent anticancer
activity with a novel mode of action. In an effort to access several members of this alkaloid
family, we explored the use of a common macrocycle intermediate that could be readily
diversified at a late stage to access several aspidosperma alkaloids as well as novel analogs. In
particular, we pursued syntheses of rhazinilam, leuconolam, leuconoxine, quebrachamine and
kopsiyunnanine D. During this exploration we successfully developed a method to access αquaternary substituted lactams via a Michael addition. In addition, we were also able to prepare
the macrocycle intermediate and explore the use of a radical cyclization strategy to access
members of the aspidosperma alkaloid family. Efforts are ongoing to render the macrocycle
useful towards the syntheses of aspidosperma alkaloids.

2.2 Introduction and Background
Aspidosperma alkaloids are isolated from the apocynaceae family of flowering plants,
commonly referred to as the dogbane family.1 These plants are found all over the world
including, Europe, Asia, Africa, Australia, and the American tropics. There are 1,500 known
species that make up the apocynaceae family which have historically been useful in treating
high blood pressure, psychosis and cancer.2,3 Extraction of the aerial parts of the apocynaceae
family have led to the isolation of over 100 compounds collectively referred to as aspidosperma
alkaloids. The majority of these alkaloids contain a monoterpenoid structure consisting of a
C10 fragment and display cytotoxic activity against several cancer cell lines. In this document
emphasis will be placed on a subset of aspidosperma alkaloids including, rhazinilam (2-1),

6

quebrachamine (2-2), leuconolam (2-3), leuconoxine (2-4) and kopsiyunnanine D (2-5) (Figure
2.1).

Figure 2.1: Aspidosperma alkaloids discussed in this document.

Rhazinilam (2-1) has had a rich history in the scientific community. There have been
16 total syntheses reported of this natural product, as well as reports of analog development
for structure-activity relationship studies.4 Rhazinilam (2-1) was first isolated in 1965 from
Melodinus australis and has since been isolated from other members of the apocynaceae family
including, Rhazya stricta, Aspidosperma quebracho-blanco, Leuconotis eugenifola,
Leuconotis griffithii, Kopsia singapurensis, Kopsia teoi and Rauvolfia serpentine.5 Other
natural products have been isolated from these species including, quebrachamine (2-2),
leuconolam (2-3), leuconoxine (2-4) and kopsiyunnanine D (2-5). The structure of rhazinilam
(2-1) is comprised of a fused ring system that includes a chiral axis about the phenyl-pyrrole
biaryl bond (aR), fused piperidine-pyrrole rings, an asymmetric stereogenic quaternary carbon
center (R) and a nine-membered lactam ring. The structure was elucidated via X-ray analysis
as well as degradation reactions and the absolute stereochemistry of rhazinilam was deduced
by

semi-synthesis

from

(+)-1,2-didehydroaspidospermidine.6

(-)-Rhazinilam

was

demonstrated to have anticancer activity in vitro against several cancer cell lines including the
KB cell line and MCF7 cell line with an IC50 = 0.6 μM and IC50 = 4 μM, respectively.7 (-)-
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Rhazinilam is cytotoxic due to the ability to bind tubulin and inhibit assembly with an IC50 =
7 μM, much like the vinca alkaloids.7 It also is able to protect microtubules from cold
disassembly with an IC50 = 3 μM, similar to taxanes.8 Thus, (-)-rhazinilam has a novel mode
of action and warrants further investigation.
Due to the interesting biology and complex structures present in this class of natural
products, rhazinilam and other aspidosperma alkaloids continue to be attractive synthetic
targets. This is highlighted by the 16 syntheses of rhazinilam and numerous syntheses of other
aspidosperma alkaloid members.
The first total synthesis of rhazinilam was reported by Smith and coworkers in 1973.6
The racemic synthesis required 10 steps with an overall yield of 3.6%. The key to Smith’s
synthesis was the formation of pyrrole 2-8 from α-keto acid 2-6 and amine 2-7, followed by
alkylation/cyclization with γ-lactone 2-9 to furnish the fused pyrrole-piperidine ring system of
the natural product (2-1, Scheme 2.1). Following this initial synthesis, no synthetic efforts
towards rhazinilam were published for 27 years until 2000. Sames and coworkers reported a
racemic synthesis that required 20 steps with an overall yield of 3.5%.9 Sames used a selective
C-H functionalization of 2-12 to differentiate the two pro-chiral ethyl groups leading to a vinyl
substituent, which was further elaborated to access the natural product. Sames and coworkers
later reported a 15 step synthesis of (-)-rhazinilam in 2002 that incorporated chiral ligands
during the key C-H functionalization step (Scheme 2.1).10 While Sames and coworkers were
in the process of developing an asymmetric route to rhazinilam, Magnus and Rainey reported
a 9 step, racemic synthesis in 2001 that utilized a 1,5 electrocyclization between piperidinone
2-13 and bromide 2-14 to furnish the fused pyrrole-piperidine ring system (2-15, Scheme
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2.1).11 In 2005, Trauner and coworkers reported a 13 step, racemic synthesis by using aryl
iodide 2-20 in an intramolecular coupling reaction to furnish the strained 9-membered lactam
ring (Scheme 2.1).12 Yao and coworkers reported a racemic synthesis in 2014 proceeding in
10 steps through a solvent-controlled alkenylation of pyrrole 2-16 to furnish the fused pyrrolepiperidine ring system (2-17, Scheme 2.1).13 Nakao and coworkers reported a racemic, 14 step
synthesis in 2015 that proceeded through a nickel/aluminum catalyzed intramolecular
arylcyanation of pyrrole 2-21 to furnish the fused pyrrole-piperidine ring system (2-22, Scheme
2.1).14

9

Scheme 2.1: Highlights from the racemic syntheses of rhazinilam.

In addition to the aforementioned asymmetric synthesis reported by Sames in 2002,
there have been several additional reports on the asymmetric synthesis of rhazinilam (2-1).
Nelson and coworkers reported a 15 step, enantioselective synthesis in 2006 that utilized a
gold-catalyzed annulation of an enantio-enriched allene generated from alkyne 2-24 to furnish
the fused pyrrole-piperidine ring system (2-25, Scheme 2.2).15 Also in 2006, Banwell and
coworkers reported an 18 step, enantioselective synthesis using Macmillan’s first generation
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organocatalyst to convert aldehyde 2-26 into the fused pyrrole-piperidine ring system (2-27,
Scheme 2.2).16,17 Zakarian and Gu reported a 12 step, enantiospecific synthesis through a
palladium-catalyzed transannular cyclization of macrocycle 2-30 in 2010.18 In 2013,
Tokuyama and coworkers reported a 16 step, enantioselective synthesis via a gold-catalyzed
cyclization cascade of alkyne 2-31 to form the fused pyrrole-piperidine ring system (2-32,
Scheme 2.2).19 In 2014, Zhu and coworkers reported a 12 step, enantioselective synthesis via
the phosphoric acid catalyzed desymmetrization of bislactone 2-33 to furnish the quaternary
center (2-34, Scheme 2.2).20 Also in 2014, Dai and coworkers reported a 14 step,
enantioselective synthesis that proceeded through a Witkop-Winterfeldt oxidative indole
cleavage of 2-35 followed by a transannular cyclization to furnish a key intermediate (2-36,
Scheme 2.2).21 In 2015, Tokuyama and coworkers reported a 14 step, enantioselective
synthesis where the key step was a 1,3 dipolar cycloaddition using the Munchnone
intermediate 2-38 to furnish the pyrrole ring (Scheme 2.2).22 More recently in 2016, Zhu and
coworkers reported a 12 step, enantioselective synthesis through a hetero-annulation of
tetrahydropyridine 2-40 with bromoacetaldehyde to furnish the fused pyrrole-piperidine ring
system (2-41, Scheme 2.2).23 Later in 2016, Gu and coworkers reported a 10 step,
enantioselective synthesis that involved a catalytic palladium/norbornene-catalyzed domino
ortho-arylation and Heck cyclization to furnish the fused pyrrole-piperidine ring system (not
depicted).24
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Scheme 2.2: Highlights from the enantioenriched syntheses of rhazinilam (Gu’s synthesis is
not pictured).
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Overall, there have been a total of 16 synthetic approaches to rhazinilam. The syntheses
range from 9 to 20 linear steps, 1.6% to 24.3% overall yield and 74% to 99% ee. Despite the
large differences in total step count and overall yield, all the syntheses follow similar
retrosynthetic disconnections. Most syntheses close the 9-membered lactam ring in the last
step of the synthesis, and all but one synthesis do this via the intramolecular coupling between
the aryl amine and carboxylic acid to form the amide bond. The exception is Trauner’s total
synthesis, where the lactam ring is closed via a Heck-type coupling reaction to form the biaryl
bond between the benzene and pyrrole rings. Most of the syntheses begin with the pyrrole ring
or introduce it early in the synthetic sequence. Due to the susceptibility of pyrrole to oxidation,
most syntheses required the protection and deprotection of the pyrrole ring. The syntheses that
form the pyrrole ring during the synthesis generally follow a 1,5 electrocyclization strategy.
The piperidine ring is only introduced as a starting material in Magnus’s synthesis, all other
syntheses form the piperidine ring via a SN2-type reaction. After 43 years of synthetic
endeavors, multiple methodologies have been applied to the total synthesis of rhazinilam, yet
significant synthetic hurdles remain to approach an “ideal synthesis”.25 This suggests that
rhazinilam is still a challenging synthetic problem and will continue to be an attractive
synthetic target.26
In addition to rhazinilam, other members of the aspidosperma alkaloid family have
received attention from the synthetic chemistry community. Leuconolam (2-3) is similar in
structure to rhazinilam (2-1), the only difference being that the pyrrole ring is oxidized. Three
total syntheses of leuconolam have been reported, a racemic synthesis reported by Hoye in
201327, and the other two being enantioselective, reported by Banwell in 200516 and Zhu in
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201328 (Scheme 2.3). Hoye employed imide 2-42 in an intramolecular allylic silane addition
to a maleimide carbonyl group to form the piperidine ring of the natural product. The Banwell
synthesis converts (-)-rhazinilam (2-1) directly to leuconolam (2-3) using pyridinium
chlorochromate (PCC).16 Zhu used cyclohexenone 2-44 to synthesize scholarisine G which is
then converted to melodinine E via dehydration and further reduced with H2 and Pd/C to yield
leuconolam (2-3).

Scheme 2.3: Highlights of the syntheses of leuconolam (2-3).

The pentacyclic natural product, leuconoxine (2-4) is similar in structure to leuconolam
(2-3). There are two reported total syntheses of leuconoxine (2-4), both being enantioselective.
Zhu and coworkers convert leuconolam (2-3) directly to leuconoxine (2-4).28 The other
synthesis reported by Tokuyama, utilizes indole 2-45 in an intramolecular Heck reaction to
furnish piperidinone 2-46.29 This is followed by opening of the lactam ring, imine formation,
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ring closing metathesis (RCM) and hydrogenation to furnish the natural product (2-4, Scheme
2.4).

Scheme 2.4: The Tokuyama total synthesis of leuconoxine (2-4).

Quebrachamine (2-2) and kopsiyunnanine D (2-5) have a slightly different structure
than that of rhazinilam (2-1), leuconolam (2-3) and leuconoxine (2-4). Instead these natural
products contain an indole moiety and a tertiary amine in the tetracyclic structure.
Quebrachamine (2-2) can be easily converted to kopsiyunnanine D (2-5) by reacting the indole
nitrogen with chloromethyl methyl ether to install the MOM group (2-5, Scheme 2.5).

Scheme 2.5: Converting quebrachamine (2-2) to kopsiyunnanine D (2-5).

There have been four syntheses of quebrachamine (2-2) reported. The first synthesis
was reported in 1969 by Zoretic and coworkers.30 Aldehyde 2-47 was converted to piperidine
2-48 via a 6-step sequence. Piperidine 2-48 was then condensed with 3-indolylacetyl chloride
2-49 to provide amide 2-50, which was converted to the macrocyclic lactam 2-51. 2-51 was
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subsequently treated with LiAlH4 to furnish racemic quebrachamine (2-2) in 12 linear steps
and 6% overall yield (Scheme 2.6). Hoveyda and coworkers reported an enantioselective
synthesis of quebrachamine in 2009.31 The synthesis showcased the chiral olefin metathesis
catalyst developed by the Hoveyda group. Macrocycle 2-62 was used in an RCM reaction to
install the piperidine ring and form the quaternary center, enantioselectively (2-63, Scheme
2.6). The synthesis furnished quebrachamine (2-2) in 11 linear steps and 17.2% overall yield.
Prasad and coworkers utilized chiral aldehyde 2-52 in a Pictet-Spengler reaction with
tryptamine 2-53 to furnish piperidine 2-54.32 This was followed by an RCM reaction to provide
the tetracycle 2-55. Tetracycle 2-55 was then treated with H2 and Pd/C followed by HCl to
provide alcohol 2-56, which underwent a Hoffman degradation to furnish quebrachamine (22) in 15 linear steps and an overall yield of 1.6% (Scheme 2.6). The Hou synthesis utilized
piperidine 2-57 and the 2-iodoindole derivative 2-58 in a Sonogashira cross-coupling reaction
to furnish alkyne 2-59.33 Over two steps, alkyne 2-59 was converted to the macrocyclic lactam
2-60 which was subsequently treated with H2 and Raney Ni followed by LiAlH4 to furnish
quebrachamine (2-2) in 10 linear steps and an overall yield of 9% (Scheme 2.6).
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Scheme 2.6: Summary of the four syntheses of quebrachamine (2-2).
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Rhazinilam (2-1), quebrachamine (2-2), leuconolam (2-3), leuconoxine (2-4) and
kopsiyunnanine D (2-5) possess synthetically attractive scaffolds, highlighted by the numerous
syntheses that have been published. Applying new retrosynthetic disconnections to these
alkaloids has the potential to lead to a common, versatile intermediate that will have the
potential to be diversified into structurally distinct members of the aspidosperma alkaloid
family, allowing facile access to the natural products as well as novel analogs.

2.3 Results and Discussion
Due to rhazinilam (2-1) possessing a novel mode of action along with poorly
understood biological properties and a complex molecular framework, we chose to embark on
a journey envisioned on allowing access to several aspidosperma alkaloids and allowing for
facile analog design. In pursuit of this goal, synthetic studies have been conducted to develop
a concise and efficient synthesis of these interesting anticancer alkaloids via a late stage
diversification approach.
Our initial synthetic plan was designed to enable the synthesis of multiple
aspidosperma alkaloids via the diversification of a late stage intermediate (2-67, Scheme 2.7).
This intermediate was designed so that upon treatment with different reagents it could be
selectively transformed into several related, yet structurally distinct, aspidosperma alkaloids.
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Scheme 2.7: Retrosynthetic analysis of several aspidosperma alkaloids leading to the common
macrocycle 2-67.

All of the target natural products contain a stereogenic quaternary carbon center bearing
an ethyl group on the piperidine ring. Our initial synthetic sequence was designed to address
the installation of this quaternary center via a Michael addition of a piperidinone enolate to a
Michael acceptor to form the quaternary stereocenter. We then envisioned a subsequent
installation of the aniline moiety, present in all of the targeted natural products. This would be
followed by a Heck reaction to form the macrocyclic lactam intermediate (2-67, Scheme 2.8),
which would subsequently be diversified into several aspidosperma alkaloids.
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Scheme 2.8: Retrosynthetic analysis of macrocycle 2-67.

It was hypothesized that macrocycle 2-67 could be converted into rhazinilam (2-1) via
a radical mediated cyclization to form the nine-membered lactam ring and what would be the
biaryl bond and the fused pyrrole-piperidine rings after dehydration and deoxygenation
(Scheme 2.9). To access leuconoxine (2-4), the radical cyclization product could instead be
treated with acid or be treated with oxidative conditions to furnish leuconolam (2-3, Scheme
2.9). In route to the indole containing natural products, quebrachamine (2-2) and
kopsiyunnanine D (2-5), it was envisioned that the macrocycle could be treated with a different
set of radical-generating conditions to cyclize onto the other amide carbonyl, furnishing the
indole moiety. After subsequent deoxygenation, quebrachamine (2-2) would be obtained and
after MOM protection, kopsiyunnanine D (2-5) would be furnished (Scheme 2.9).
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Scheme 2.9: Radical mediated cyclization strategies to access several aspidosperma alkaloids
from the common macrocycle 2-67.

Our studies commenced with the synthesis of 3-ethyl-2-piperdone (2-72) reported by
Magnus.11 3-ethyl-2-piperdone (2-72) was treated with n-BuLi followed by acryloyl chloride
to furnish the α,β unsaturated imide in 42% yield (2-70, Scheme 2.10). With imide 2-70 in
hand, several different conditions were explored for the intramolecular Michael addition,
towards the synthesis of bicycle (2-69, Scheme 2.10). When imide 2-70 was treated with nBuLi, it only resulted in polymerization of the starting material. Lithium hexamethyldisilazide
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(LiHMDS), sodium hydride (NaH) and lithium diisopropylamide (LDA) all lead to complex
product mixtures.

Scheme 2.10: Attempt to synthesize bicycle 2-69 via the intramolecular Michael addition of
imide 2-70.

The use of copper catalysis in Michael additions was first demonstrated in 1941 and
has been used extensively since.34 Due to complex mixtures obtained during the intramolecular
Michael addition, we attempted to employ copper catalysis. Copper iodide (CuI) and copper
acetate (Cu(OAc)2) were employed and we still struggled to obtain any of bicycle 2-69. After
having no success with the intramolecular Michael addition, efforts were redirected towards
an intermolecular Michael addition.
This approach entailed generating the carbon enolate of 3-ethyl-2-piperdone (2-72) and
reacting it with a Michael acceptor to furnish the quaternary center. Being that the C-H bond
was not the most acidic, protection of the secondary amide was required in order to achieve
the desired reaction. To this end, a procedure reported by Magnus was followed, in which 3ethyl-2-piperdone (2-72) was protected in situ after treatment with n-BuLi and trimethylsilyl
chloride (TMSCl),11 and subsequently treated with lithium diisopropylamide (LDA) followed
by allyl bromide with an acidic workup to furnish the quaternary-substituted lactam (2-74,
Scheme 2.11). Although the reported example proceeded through a SN2-type process we hoped
to employ this enolate in our proposed Michael addition.
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Scheme 2.11: Method employed by Magnus to access the α-quaternary substituted lactam 274.

Originally it was hypothesized that the α,β unsaturated amide 2-75 could be used as the
Michael acceptor which would limit the number of linear steps required to access the natural
products. The α,β unsaturated amide 2-75 was synthesized in excellent yield by coupling
acrylic acid with 2-iodoaniline using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
(see experimental). With α, β unsaturated amide 2-75 in hand, the aforementioned conditions
reported by Magnus were employed, except with a Michael acceptor as the electrophile. This
reaction was attempted at 0 ˚C and warmed to room temperature as reported by Magnus, which
resulted in no reaction and only recovery of starting material. Following the addition of all
reagents at 0 ˚C, the reaction was heated to 80 ˚C in a microwave for 15 minutes, which
provided a new product. Unfortunately, none of the desired product 2-76 was obtained, instead
the aza-Michael addition product 2-77 was isolated in 33% yield, which lead to the conclusion
that the nitrogen-silicon bond was too labile (2-77, Scheme 2.12). The same reaction conditions
were applied with acrolein, methyl vinyl ketone, methyl acrylate and acrylonitrile and all
reactions resulted in the aza-Michael addition product. With these disappointing results, we
turned our attention to using less labile protecting groups on the lactam.
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Scheme 2.12: Attempt to employee the in situ TMS protection procedure reported by Magnus
for the Michael addition of lactam 2-71 to amide 2-75.

First, a panel of protected lactams were synthesized in order to explore the subsequent
Michael addition reaction. δ-Valerolactam (2-71) was protected with acyl, benzyl, benzoyl, pmethoxybenzyl, acryoyl and Boc which were subsequently treated with NaH and ethyl acrylate
(2-78). Progress was monitored by LCMS (M+1), showing no reaction or a complex mixture
of products in all cases (Table 2.1). Despite these results, other protecting groups were explored
which lead to the discovery of tosyl protected lactam 2-79 that successfully participated in the
subsequent Michael addition.

Table 2.1: Optimization of the Michael addition between a protected lactam and methyl
acrylate (2-78).
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To access the tosyl protected lactam 2-79, 3-ethyl-2-piperdone (2-72) was treated with
n-BuLi followed by p-toluenesulfonyl chloride (TsCl) to provide the tosyl protected lactam in
71% yield. It was later found that using LDA instead of n-BuLi, provided the tosyl protected
lactam in 86% yield (2-79, Scheme 2.13).

Scheme 2.13: Tosyl protection of lactam 2-72.

After developing a high yielding route to tosyl protected lactam 2-79, optimization of
the conditions for the subsequent Michael addition were conducted. Lactam 2-79 was treated
with LDA followed by MVK, acrylonitrile or methyl acrylate and a complex mixture of
products was obtained, presumably due to the undesired aza-Michael addition of
diisopropylamine. Sodium hydride (NaH) was employed as the base, and gratifyingly the
Michael reaction to methyl acrylate (2-78) proceeded in 79% yield, providing the desired
Michael addition product (2-80, Scheme 2.14). Although the transformation is not
enantioselective, it is to our knowledge the first example of a Michael addition to from an αquaternary substituted lactam.
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Scheme 2.14: Intermolecular Michael addition of methyl acrylate 2-78 to tosyl protected
lactam 2-79.

Due to our desire to advance intermediate 2-80, little time was spent exploring ways to
render the Michael addition between lactam 2-79 and methyl acrylate (2-78) asymmetric. A
kinetic resolution approach was explored in which the selective hydrolysis between the
enantiomorphs of ester 2-80 was pursued. A variety of enzymes have been shown to selectively
hydrolyze one enantiomer of an ester over the other, these enzymes include baker’s yeast,
porcine liver esterase, electric eel acetylcholinesterase and chymotrypsin.35 Porcine liver
esterase (PLE) has been used extensively in asymmetric ester hydrolysis and is known to
participate in the desymmetrization of diesters and the kinetic resolution of monoesters.
Models have been developed to explain the selectivity of PLE and has generally been shown
to be most selective for esters bearing an α or β stereocenter (Figure 2.2).36 Although ester 280 bears a γ stereocenter, a kinetic resolution with PLE was attempted. To this end, ester 2-80
was dissolved in a small amount of methanol followed by the addition of phosphate buffer and
PLE. After 2 hours at room temperature, 100% conversion to the carboxylic acid product was
observed, thus no resolution of the enantiomers was achieved. Following this brief exploration
of an enzyme-catalyzed kinetic resolution, work towards the natural products continued with
racemic ester 2-80. It is likely that an enzymatic resolution system can be worked out for the
substrate with additional screening efforts.
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Figure 2.2: Model of porcine liver esterase commonly used in the kinetic resolution of esters.34

Moving forward, ester 2-80 required a mild and efficient method to deprotect the tosyl
group as well as convert the methyl ester to the aryl amide. The conversion of the methyl ester
to the aryl amide was first addressed. To accomplish this, 2-iodoaniline (2-82) needed to be
coupled with either the ester 2-80 directly or the corresponding carboxylic acid 2-81. The most
straightforward method to convert an ester to an amide is to follow the two-step procedure of
hydrolyzing the ester to the corresponding carboxylic acid followed by coupling with an amine.
Hydrolysis of ester 2-80 to carboxylic acid 2-81 was accomplished in quantitative yield using
3 M lithium hydroxide (Scheme 2.15). Using EDC as the activating agent, 2-iodoaniline (282) was coupled with carboxylic acid 2-81, providing the aryl amide in 72% yield (2-83,
Scheme 2.15). To avoid this two-step procedure, we also explored conditions to convert methyl
ester 2-80 directly to amide 2-83.
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Scheme 2.15: Synthesis of aryl amide 2-83 via hydrolysis of ester 2-80 and subsequent
coupling with 2-iodoaniline (2-82).

In one literature example, Curran and coworkers demonstrated the utility of trimethyl
aluminum (AlMe3) in the direct coupling of methyl esters with amines to form amides.37 This
method was successfully applied to our system, which provided the desired amide in 71% yield
(2-83, Scheme 2.16). With amide 2-83 in hand, we now required deprotection of the tosyl
protected lactam, subsequent acylation with acryloyl chloride and a macrocyclic Heck reaction
to furnish macrocycle 2-67.

Scheme 2.16: AlMe3 mediated synthesis of aryl amide 2-83 directly from ester 2-80.

Tosyl deprotection often requires the use of harsh conditions. Sodium and lithium metal
are difficult to work with and must be handled with care. Using a milder method would be
ideal for the tosyl deprotection step. The use of magnesium metal in methanol was reported by
Falck and coworkers for the mild deprotection of tosyl protected amides.38 These conditions
were applied to the deprotection of lactam 2-83 and initially appeared to work well;
unfortunately, dehalogenation of the aryl iodide was also observed (2-84, Scheme 2.17). To
circumvent this problem, 2-vinylaniline (2-126) was synthesized and coupled with ester 2-80
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to furnish vinyl compound 2-85. Amide 2-85 was envisioned to participate in a subsequent
ring closing metathesis (RCM) reaction instead of the originally planned Heck reaction. To
this end, amide 2-85 was subjected to the aforementioned magnesium metal in methanol
conditions. Again, the tosyl group was cleaved, but in addition to this methanol added across
the alkene to give the undesired ether product (2-86, Scheme 2.17). We attempted to avoid this
problem by replacing methanol with other, relatively non-nucleophilic, alcoholic solvents such
as hexafluoroisopropanol (HFIP) or 2,2,2-trifluoroethanol (TFE). Both HFIP and TFE resulted
in no reaction and only the recovery of starting material.

Scheme 2.17: Magnesium in methanol mediated deprotection of the tosyl protecting group in
the presence of a) aryl iodide 2-83 or b) styrene derivative 2-85.

With these results, it was evident that the tosyl protecting group needed to be removed
prior to coupling. Tosyl protected lactam 2-80 was treated with magnesium metal in methanol
and the desired deprotected lactam was obtained in 60% yield (2-87, Scheme 2.18). 2-87 was
then coupled with 2-iodoaniline (2-82) using trimethylaluminum, providing the desired amide
in 93% yield (2-76, Scheme 2.18). With lactam 2-76 in hand, acylation of the nitrogen with
acryloyl chloride was required to provide the precursor for the proposed Heck reaction;
unfortunately, this proved to be more difficult than originally expected.
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Scheme 2.18: Tosyl deprotection of lactam 2-80 followed by coupling with aniline 2-82
mediated by AlMe3 to furnish aryl amide 2-76.

There are two secondary amides present in 2-76 and we speculated that the aryl amide
may be more sterically hindered, due to the presence of the ortho-iodo substituent. Sterically
demanding bases were utilized such as, LiHMDS and LDA and both provided no selectivity,
giving mixtures of the two possible imide products in about a 1:1 mixture (2-89, 2-90, Scheme
2.19). With no way to chemically differentiate between the two amides, it was required that
one be protected in the absence of the other prior to coupling between the ester and aniline
derivative.

Scheme 2.19: Attempt to selectively acylate lactam 2-76.

Requiring the lactam nitrogen to be acylated with acryloyl chloride, it was hypothesized
that this could be employed as a “protecting group” and be installed prior to coupling between
the ester and 2-iodoaniline. To this end, imide 2-91 was prepared by acylation of lactam 2-87
with acryloyl chloride. Imide 2-91 was then subjected to the aforementioned AlMe3-mediated
coupling conditions. Unfortunately, the imide was more reactive than the ester and therefore
the desired product was not obtained. Instead, only loss of the acryloyl group was observed
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resulting in the recovery of lactam (2-87, Scheme 2.20). We then sought to develop a route
that would install 2-iodoaniline (2-82) with the nitrogen protected in advance.

Scheme 2.20: Attempt to couple 2-iodoaniline (2-82) with ester 2-91 using AlMe3.

The benzyl protecting group was selected and the benzyl protected aniline 2-93 was
synthesized in good yield (Scheme 2.21).39 Protected aniline 2-93 was then coupled with ester
2-87 using trimethyl aluminum as described previously; unfortunately, the reaction did not
proceed at all and only starting material was recovered. There are literature reports that utilize
other aluminum and titanium salts to form amides from esters. The use of other metal salts also
resulted in recovery of starting material. We concluded that converting ester 2-87 directly to
tertiary amide 2-94 was not feasible and instead the ester needed to be rendered more
electrophilic.

Scheme 2.21: Synthesis of N-benzyl-2-iodoaniline (2-93).37

Ester 2-87 was hydrolyzed using 3 M LiOH, providing the carboxylic acid in 92% yield
(2-95, Scheme 2.22). A plethora of coupling reagents were then employed to form the desired
tertiary amide 2-94, all of which led to the recovery of starting material.40
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Scheme 2.22: Attempt to couple benzyl protected 2-iodoaniline (2-93) directly with ester 287 using AlMe3 and subsequent attempt to couple 2-93 with carboxylic acid 2-95.

The only literature precedents for the formation of a tertiary amide from a protected
aniline is via the acylation with an acid chloride. To this end, carboxylic acid 2-95 was
converted to acid chloride 2-96 in situ, followed by the addition of a Et3N/benzyl protected
aniline 2-93 solution to yield the tertiary amide in 58% yield (2-94, Scheme 2.23). With a
satisfactory yield of protected amide 2-94, the lactam nitrogen now needed to be acylated with
acryloyl chloride (2-88). This was accomplished by refluxing in benzene overnight to obtain
the Heck precursor in 53% yield (2-97, Scheme 2.23).41

Scheme 2.23: Synthesis of the Heck precursor 2-97 from acid 2-95.
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Heck precursor 2-97 was treated with tetrabutylammonium bromide (TBAB), K2CO3,
and Pd(OAc)2 in DMF at 115 °C for 15 minutes to afford the benzyl protected macrocycle in
51% yield (2-98, Scheme 2.24a). With 2-98 in hand, conditions to furnish the aspidosperma
alkaloid natural products via a radical mediated cyclization were explored.

Scheme 2.24: a) Synthesis of macrocycle 2-98 via an intramolecular Heck reaction of aryl
iodide 2-97; b) envisioned radical mediated cyclization of macrocycle 2-98 to access
aspidosperma alkaloids.

It was hypothesized that under a certain set of radical generating conditions macrocycle
2-98 would selectively be transformed into the skeleton of the rhazinilam (2-1) / leuconolam
(2-3) / leuconoxine (2-4) alkaloids and under a different set of conditions, selectively be
transformed into the skeleton of the quebrachamine (2-2) / kopsiyunnanine D (2-5) type
(Scheme 2.24b). Radical reactions have long found utility in total syntheses, although most of
the reported radical cyclizations are initiated by the homolytic cleavage of a carbon-halogen
bond.42 A review on the use of magnesium in methanol in organic synthesis highlights the
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ability to execute an intramolecular radical cyclization between an α, β unsaturated ester and
an appended ketone (2-99) to form a 5-membered ring (2-100, Scheme 2.25).43

Scheme 2.25: Literature precedent for an intramolecular, radical promoted cyclization
between an α, β unsaturated ester and an appended ketone to form cyclopentane 2-100.

Macrocycle 2-98 was treated with the aforementioned magnesium in methanol
conditions, as well as a variety of other conditions known to proceed through radical processes
such as SmI2, dissolving metal and ruthenium photocatalysis. Treatment with tributyltin
hydride (TBTH) and azobisisobutyronitrile (AIBN) only resulted in reduction of the α, β
unsaturation (2-103, Scheme 2.26). All other conditions that were used resulted in the
decomposition of macrocycle 2-98 with no evidence for the formation of an aspidosperma
alkaloid. After extensive analytical analysis of the major decomposition product, we were still
unable to confidently assign the structure. It is hypothesized that the macrocycle is undergoing
a retro-Michael type reaction to provide the ring contracted product tentatively assigned as
either 2-104 or 2-105 (Scheme 2.26).
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Scheme 2.26: Macrocycle 2-98 was subjected to several different conditions to promote a
radical mediated cyclization, resulting in unexpected products tentatively assigned as 2-104 or
2-105.

Having no success employing macrocycle 2-98 in a radical cyclization, a modified
macrocycle lacking the imide carbonyl was pursued. This carbonyl oxygen was not required
to access some of the targeted natural products and in the original plan the resulting alcohol
from the radical cyclization was to be removed by employing deoxygenation procedures such
as the Barton-McCombie deoxygenation.44 Without the carbonyl, macrocycle 2-108 was
envisioned to more readily participate in a radical cyclization or allow for the alternative
approach of a 1,5 electrocyclization.45 This strategy deviated from the aforementioned
synthetic sequence in one step, where allyl bromide was used in place of acryloyl chloride.
The use of protecting groups in organic synthesis is not ideal, but is a reality of most
complex natural product syntheses using current reaction methodology. Due to the synthesis
of an allyl amide instead of an imide, it was hypothesized that the modified macrocycle could
be accessed without the antecedent protection of 2-iodoaniline (2-82). This was accomplished
by treating ester 2-87 with 3 M NaOH, Al2O3 and allyl bromide to furnish allyl acid (2-106,
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Scheme 2.27).46 Carboxylic acid 2-106 was then coupled with 2-iodoaniline (2-82) using EDC
to furnish the amide (2-107, Scheme 2.27). Amide 2-107 was then subjected to the same Heck
conditions described above to provide access to the macrocycle (2-108, Scheme 2.27). This
reaction proceeded in poor yield presumably due to the electron-rich nature of the alkene, but
nonetheless macrocycle 2-108 was obtained. After subjecting macrocycle 2-108 to the same
radical promoted conditions mentioned above, none of the desired aspidosperma alkaloids
were obtained.

Scheme 2.27: Synthesis of the modified macrocycle 2-108.

Grigg and coworkers reported the 1,5 electrocyclization of allylic tertiary amine 2-109
using silver carbonate to furnish pyrrole (2-110, Scheme 2.28a).45 Cyclization of macrocycle
2-108 to rhazinilam (2-1) via this 1,5 electrocyclization strategy was explored. Macrocycle 2108 was treated with methyl iodide to generate the iminium ion in situ which was followed by
refluxing in xylene for 48 hours, resulting only in the recovery of starting material. Macrocycle
2-108 was instead treated with methyl triflate followed by refluxing in xylene, which resulted
in a complex mixture of products. In another attempt to affect an 1,5 electrocyclization,
macrocycle 2-108 was treated with methyl triflate, followed by 1,8-diazabicylco(5.4.0)undec-
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7-ene (DBU) and refluxed in toluene (Scheme 2.28b). Again, this resulted in a complex
mixture of products, none of which appeared to be rhazinilam (2-1).

Scheme 2.28: a) 1,5 electrocyclization reported by Grigg to access substituted pyrroles; b)
attempt to use a 1,5 electrocyclization strategy to convert macrocycle 2-108 to rhazinilam (21).

Magnus and coworkers suggested that thioamides would more readily undergo the
aforementioned 1,5 electrocyclization.11 In light of this, we synthesized thiolactam macrocycle
2-113, which diverged from the previous route by treating allyl acid 2-106 with phosphorus
pentasulfide to provide the thionated lactam (2-111, Scheme 2.29). This was then carried
through the same sequence of steps to furnish the thiomacrocycle (2-113, Scheme 2.29).
Thiomacrocycle 2-113 was treated with methyl iodide followed by the addition of DBU, only
resulting in the recovery of starting material. Instead, MeOTf was employed as the methylating
agent and a complex mixture of products was obtained, one of which displayed a m/z
corresponding to rhazinilam (2-1), but a 1H NMR matching the natural product was never
obtained.
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Scheme 2.29: Synthesis of thiomacrocycle 2-113 and subsequent attempt to cyclize to
rhazinilam (2-1).

Radical cyclizations are generally initiated by the homolytic cleavage of a carbonhalogen bond. This led to the hypothesis that macrocycle 2-108, could undergo
hydrohalogenation resulting in a benzylic halogen substituent which would subsequently
undergo homolytic cleavage and cyclization to furnish an aspidosperma alkaloid natural
product. To this end, macrocycle 2-108 was treated with I2 and polymethylhydrosiloxane
(PMHS) to access the iodo-macrocycle 2-114 and PBr3 and SiO2 to access the bromomacrocycle (2-115, Scheme 2.30).47, 48 Both sets of conditions resulted in a complex mixture
of products.
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Scheme 2.30: Attempts to hydrohalogenate modified macrocycle 2-108.

Following these results, the intramolecular cyclization of a macrocycle intermediate to
form the tetracyclic structure of the aspidosperma alkaloid natural products did not appear to
be feasible. Instead, the radical cyclization of an acyclic version of the macrocycle was briefly
explored. To access the precursor for the cyclization reaction, aryl iodide 2-76 was used in a
Heck reaction with methyl acrylate (2-78) to afford the Heck product (2-116, Scheme 2.31).
Ester 2-116 was then subjected to magnesium metal in methanol to affect cyclization,
unfortunately only reduction of the α, β unsaturated ester occurred and no cyclization was
observed (2-117, Scheme 2.31).

Scheme 2.31: Attempt to employee a radical mediated cyclization with acyclic ester 2-116.

After briefly exploring the radical promoted cyclization of an acyclic compound and
demonstrating that it was also unproductive, we decided to further pursue the late-stage
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diversification strategy of a common macrocycle intermediate. In the previously mentioned
macrocycle syntheses, large quantities of material were unable to be accessed, thus maximizing
the amount of time spent synthesizing starting material and limiting the amount of time
exploring cyclization strategies. To circumvent this problem a modified macrocycle
intermediate (2-118) was pursued via a different route which was envisioned to provide access
to grams of material.
Again, it was envisioned macrocycle 2-118 would be accessed through either a
macrocyclic Heck reaction or ring closing metathesis (RCM) reaction. The key difference to
this approach would be the construction of the δ-valerolactam ring, where the quaternary center
would be located on carbon 5 instead of carbon 3 (2-119, Scheme 2.32). Lactam 2-119 would
be constructed from the reductive amination of aldehyde 2-120 with allyl amine (2-121)
followed by spontaneous lactamization. Aldehyde 2-120 would be constructed from the
dialkylation of enamine 2-122 with methyl acrylate (2-78, Scheme 2.32).

Scheme 2.32: Retrosynthetic analysis of the modified macrocycle 2-118.

Enamine 2-122 was synthesized from pyrrolidine (2-124) and butyraldehyde (2-123,
Scheme 2.33).49 Enamine 2-122 was then dialkylated with methyl acrylate 2-78 followed by
hydrolysis to furnish the quaternary substituted aldehyde (2-120, Scheme 2.33).50 Allyl amine
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(2-121) was then condensed with aldehyde 2-120 followed by reduction with NaCNBH3 and
spontaneous lactamization to furnish the desired allyl lactam (2-125, Scheme 2.33). Ester 2125 was coupled with 2-iodoaniline (2-82) using AlMe3 providing amide (2-119, Scheme
2.33). Amide 2-119 was then subjected to a Heck reaction which led to deiodination and no
cyclized product was observed. To circumvent this problem a ring closing metathesis (RCM)
strategy was pursued. The precursor for the RCM reaction (2-127) was synthesized by coupling
ester 2-125 with 2-vinylaniline (2-126, Scheme 2.33). After employing Grubbs’ second
generation catalyst no reaction was observed and only starting material was recovered. These
results suggested the macrocycle precursors (2-119 and 2-127) were unable to achieve the
correct conformation required for carbon-carbon bond formation.

Scheme 2.33: Synthetic approach to access macrocycle 2-118.

Due to the significant problems encountered with the cyclization of a macrocycle or
the formation of the macrocycle itself, efforts were rerouted. Radical mediated cyclization
strategies were no longer pursed and instead it was envisioned that the conjugate addition
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product 2-87 would undergo a 1,3 dipolar cycloaddition with an electron deficient alkyne (2129) to furnish the pyrrole ring (Scheme 2.34). Acyl pyrrole 2-128 was envisioned to then be
coupled with 2-nitrophenylboronic acid. The coupled product from this reaction is known and
can be readily converted to rhazinilam (2-1).

Scheme 2.34: Alternative retrosynthetic analysis to access rhazinilam (2-1).

A model system was used to examine the utility of the 1,3 dipolar cycloaddition. This
was accomplished by alkylating lactam 2-71 with bromoacetic acid using magnesium tertbutoxide and potassium hexamethyldisilazide.51 Chinn and coworkers demonstrated that
lactams appended to carboxylic acids will undergo 1,3 dipolar cycloadditions with electrondeficient alkynes via the formation of a Munchnone intermediate.52 Following this method,
acid 2-131 was dissolved in 10% acetic acid in toluene and refluxed in the presence of 2,6-ditert-butyl-4-methylpyridine (DTBMP) and methyl propiolate. The desired fused pyrrolepiperdine 2-133 was obtained in 24% yield, thus demonstrating the applicability of this
sequence towards the total synthesis of rhazinilam (2-1, Scheme 2.35).
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Scheme 2.35: Model system used to assess the utility of a 1,3 dipolar cycloaddition.

To access rhazinilam (2-1), lactam 2-87 was subjected to the aforementioned alkylation
reaction with bromoacetic acid. Regardless of the temperature of the reaction or the presence
of excess base and electrophile, only 50% conversion was achieved. Itami and coworkers
demonstrated the nickel-catalyzed cross-coupling between phenyl aryl esters and
phenylboronic acids.53 To apply this methodology, phenyl propiolate was synthesized54 and
subsequently refluxed with acid 2-134. Unfortunately, a complex mixture of products was
obtained and none of the desired pyrrole was isolated (2-128, Scheme 2.36).

Scheme 2.36: Attempt to apply the 1,3 dipolar cycloaddition strategy to furnish pyrrole 2-128.

Gribble and coworkers demonstrated the 1,3 dipolar cycloaddition between βnitrostyrenes and Munchnone intermediates to form substituted pyrrole rings.55 To apply this
methodology, β-nitrostyrene 2-135 was synthesized from 2-nitrobenzaldehyde and
subsequently refluxed in THF with acid 2-134. This resulted in a complex mixture of products,
and therefore alternate acetic anhydride conditions were employed. After refluxing overnight
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in toluene, only the Munchnone intermediate 2-136 was observed, suggesting the sterics of the
adjacent quaternary center prevent the 1,3 dipolar cycloaddition from proceeding.

Scheme 2.37: Attempted 1,3 dipolar cycloaddition between Munchnone intermediate 2-136
and β-nitrostyrene 2-135.

A similar transformation was reported by Maruyama and coworkers in which an allylic
imide was cyclized to a pyrrole ring via irradiation in methanol.56 To this end, lactam 2-87 was
treated with sodium hydride followed by cinnamyl bromide (2-137) to furnish tertiary amide
(2-138, Scheme 2.38). Tertiary amide 2-138 was then dissolved in 1:1 methanol:acetonitrile
and irradiated with high powered, blue LED lights. After two hours, some conversion to the
desired product was observed via LCMS analysis, but quickly decomposed into a complex
mixture of products. This method was not productive due to the quick decomposition of pyrrole
2-128.

Scheme 2.38: Attempt to form the fused pyrrole-piperidine ring system 2-128 by irradiation
of allyl lactam 2-138.
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2.4 Conclusions
This project began by exploring ways to form the quaternary center present in the
aspidosperma alkaloids via a Michael addition. Many reactions were conducted both in an
intramolecular and intermolecular fashion leading to the development of a tosyl protected
lactam that participated in the Michael addition with methyl acrylate to furnish the quaternary
center in good yield. This reaction is the first example of the addition of a lactam enolate to a
Michael acceptor to form a quaternary center. With this compound in hand, the synthesis of
the targeted macrocycle was accomplished, but required the use of another protecting group,
adding additional steps to the overall synthetic sequence. Unfortunately, this macrocycle
proved to be unproductive and modified macrocycles were synthesized, which also did not
participate in radical promoted cyclizations. Nevertheless, a novel way to form an α-quaternary
substituted lactam via a Michael addition was developed. Efforts in our lab are ongoing to
render the Michael addition asymmetric and utilize the macrocycle intermediates for the total
synthesis of aspidosperma alkaloids.

2.5 Experimental Section

General Information
THF and DCM were purified using an alumina filtration system. All starting materials
were used as received. Reactions were monitored by TLC analysis (precoated silica gel 60
F254 plates, 250 mm layer thickness), and visualization was accomplished with a 254 nm UV
light and by staining with a KMnO4 solution (1.5 g of KMnO4, 10 g of K2CO3, and 1.25 mL
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of a 10% NaOH solution in 200 mL of water). Reactions were also monitored by LC–MS (2.6
mm C18 50 × 2.10 mm column). Flash chromatography on SiO2 was used to purify the crude
reaction mixtures and performed on a flash system utilizing prepacked cartridges and linear
gradients. Melting points were determined using a capillary melting point apparatus. Infrared
spectra were determined on a FT/IR spectrometer. 1H, 13C, and NMR spectra were obtained on
a 400 MHz instrument in CDCl3 unless otherwise noted. Chemical shifts were reported in parts
per million with the residual solvent peak used as an internal standard (CDCl3 = 7.26 ppm
for 1H and 77.16 ppm for 13C). 1H NMR spectra were run at 300 or 400 MHz and are tabulated
as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, bs = broad singlet, dt = doublet of triplet, tt = triplet of triplet), number of protons,
and coupling constant(s). 13C NMR spectra were run at 100 MHz using a proton-decoupled
pulse sequence with a d1 of 0 s unless otherwise noted and are tabulated by observed peak.
High-resolution mass spectra were obtained on an ion trap mass spectrometer using heated
electrospray ionization (HESI).

1-Acryloyl-3-ethylpiperidin-2-one (2-70). A 10 mL round bottom flask was equipped with a
magnetic stir bar and then charged with 3-ethylpiperidin-2-one 51 (0.204 g, 1.60 mmol) and
THF (5.4 mL). The reaction was then cooled to -78 °C and nBuLi (0.86 mL, 1.6 mmol, 1.9 M)
was added and then the reaction was warmed to 0 °C and stirred for 1 hour. Then acryloyl
chloride (0.15 mL, 1.8 mmol) was added and the reaction was stirred for a further 2 hours at 0
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°C and then quenched with sat. aq. NH4Cl (0.5 mL). It was then extracted with EtOAc, washed
with brine, dried (MgSO4), filtered, concentrated under reduced pressure an purified using
flash chromatography on SiO2 (10 % EtOAc:hexanes) to yield 89.7 mg (31%) of 2-70 as a
colorless oil: Rf (10% EtOAc:hexanes) 0.21; 1H NMR (300 MHz, CDCl3) δ 6.95-6.88 (dd, 1
H, J = 16.9, 10.4 Hz), 6.33-6.29 (dd, 1 H, J = 16.9, 1.7 Hz), 5.69-5.66 (dd, 1 H, J = 10.4, 1.7
Hz), 3.81-3.70 (m, 2 H), 2.43-2.39 (m, 1 H), 2.07-1.78 (m, 4 H), 1.60-1.52 (m, 2 H), 0.99-0.95
(t, 3 H, J = 7.5 Hz); ESIMS m/z 182.2 [M+H]+.

3-Ethylpiperidin-2-one (2-72).11 A 250 mL round bottom flask was equipped with a magnetic
stir bar and then charged with 2-piperidone (3.0 g, 30 mmol) and THF (66 mL). nBuLi (32.3
mL, 61.4 mmol, 1.90 M) was then added at -78 °C, after 5 minutes the bath was changed to 0
°C and the reaction was allowed to stir for 1 hour. Then iodoethane (3.7 mL, 45 mmol) was
added in one portion and the reaction was allowed to stir another 45 minutes. The reaction
was then quenched with sat. aq. NH4Cl (30 mL), extracted with EtOAc, washed with brine,
dried (MgSO4), filtered and concentrated under reduced pressure and purified using flash
chromatography on SiO2 (100% EtOAc) to yield 3.13 g (82%) of 2-72 as a yellow solid: Rf
(100% EtOAc) 0.24; 1H NMR (400 MHz, CDCl3) δ 6.28 (bs, 1 H), 3.30-3.26 (m, 2H), 2.122.05 (m, 1 H), 1.95-1.52 (m, 6 H), 0.96-0.90 (t, 3 H, J = 7.5 Hz); ESIMS m/z 128.10 [M+H]+.
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N-(2-iodophenyl)acrylamide (2-75).57 Acrylic acid (0.24 mL, 3.5 mmol) was dissolved in
DCM (3.5 mL) and cooled to 0 ˚C. Then N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (680 mg, 3.5 mmol) was added, followed by the dropwise addition of a solution
of 2-iodoaniline (780 mg, 3.5 mmol) in DCM (1.8 mL). The reaction was slowly warmed to
room temperature and stirred for 16 hours. The reaction was then diluted with DCM (5 mL)
and washed with 1 M HCl (5 mL), saturated NaHCO3 (5 mL), brine (5 mL), dried (MgSO4),
filtered and concentrated to yield 580 mg (52%) of 2-75 as a white solid: 1H NMR (300 MHz,
CDCl3); δ = 8.34 (bs, 1 H), 7.80 (m, 1 H), 7.61 (m, 1 H), 7.36 (m, 1 H), 6.86 (m, 1H), 6.47 (m,
1 H), 6.31 (m, 1 H), 5.84 (m, 1 H); ESIMS m/z 274.0 [M+H]+.

3-(3-Ethyl-2-oxopiperidin-3-yl)-N-(2-iodophenyl)propanamide (2-76). A 20 mL sealable
tube was equipped with a magnetic stir bar and charged with benzene (2.5 mL). The reaction
was then cooled to 0 °C and AlMe3 (3.4 mL, 3.4 mmol, 1.0 M) was added slowly. Then a
solution of 2-iodoaniline (0.501 g, 2.25 mmol) in benzene (6 mL) was added. The reaction
was then warmed to rt and stirred for 1 hour, then methyl 3-(3-ethyl-2-oxopiperidin-3yl)propanoate 2-87 (0.716 g, 3.43 mmol) was added as a solution in benzene (1.5 mL). The
reaction was then refluxed in a sealed tube for 6 hours and then cooled to rt. Then 1 M HCl (6
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mL) was slowly added and the reaction was allowed to stir for another hour at rt. The reaction
was then extracted with EtOAc, washed with brine, dried (MgSO4), filtered, concentrated
under reduced pressure and purified using flash chromatography on SiO2 (100% EtOAc) to
yield 833 mg (93%) of 2-76 as a white solid: Rf (100% EtOAc) 0.15; 1H NMR (300 MHz,
CDCl3) δ 8.16-8.14 (d, 1 H, J = 8.09 Hz), 7.77-7.75 (d, 1 H, J = 7.96 Hz), 7.59 (bs, 1 H), 7.357.26 (m, 1 H), 6.85-6.79 (m, 1 H), 6.01 (bs, 1 H), 3.31-3.26 (td, 2 H, J = 5.98, 2.35 Hz), 2.552.47 (m, 2 H), 2.08-1.56 (m, 8 H), 0.93-0.89 (t, 3 H, J = 7.47 Hz); ESIMS m/z 401.20 [M+H]+.

3-Ethyl-1-tosylpiperidin-2-one (2-79). A 250 mL round bottom flask was equipped with a
magnetic stir bar and then charged with diisopropylamine (3.9 mL, 28 mmol) and THF (14
mL). nBuLi (15 mL, 27 mmol, 1.9 M) was added at -78 °C followed by the addition of a
solution of 3-ethylpiperidin-2-one 2-72 (3.129 g, 24.64 mmol) in THF (60 mL). After stirring
at -78 °C for 30 minutes, p-toluenesulfonyl chloride (5.211 g, 27.16 mmol) was added in one
portion. The bath was then changed to 0 °C and the reaction was allowed to stir for 3.5 hours,
then it was quenched with sat. aq. NH4Cl (20 mL), extracted with EtOAc, washed with brine,
dried (MgSO4), filtered, concentrated under reduced pressure and purified using flash
chromatography on SiO2 (20% EtOAc:hexanes) to yield 5.97 g (86%) of 2-79 as a yellow
solid: Rf (20% EtOAc:hexanes) 0.18; 1H NMR (400 MHz, CDCl3) δ 7.90-7.87 (d, 2 H, J =
8.32 Hz), 7.31-7.28 (d, 2 H, J = 8.14 Hz), 3.99-3.82 (m, 2 H), 2.41 (s, 3 H), 2.27-2.19 (m, 1
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H), 2.02-1.76 (m, 4 H), 1.52-1.36 (m, 2 H), 0.89-0.84 (t, 3 H, J = 7.47 Hz); ESIMS m/z 282.20
[M+H]+.

Methyl 3-(3-ethyl-2-oxo-1-tosylpiperidin-3-yl)propanoate (2-80). A 250 mL round bottom
flask was equipped with a magnetic stir bar and then charged with 3-ethyl-1-tosylpiperidin-2one 2-79 (3.885 g, 13.82 mmol), NaH (0.718 g, 17.9 mmol) and THF (50 mL). The reaction
was allowed to stir for 1 hour at rt and then methyl acrylate (1.6 mL, 18 mmol) was added in
one portion. The reaction was then stirred for 6 hours and then poured into sat. aq. NH4Cl,
extracted with EtOAc, washed with brine, dried (MgSO4), filtered, concentrated under reduced
pressure and purified using flash chromatography on SiO2 (20% EtOAc:hexanes) to yield 4.54
g (89 %) of 2-80 as a yellow oil: Rf (20% EtOAc:hexanes) 0.18; 1H NMR (400 MHz, CDCl3)
δ 7.87-7.85 (d, 2 H, J = 8.32 Hz), 7.30-7.28 (d, 2 H, J = 8.14 Hz), 3.91-3.87 (t, 2 H, J = 5.98
Hz), 3.59 (s, 3 H), 2.41 (s, 3 H), 1.96-1.39 (m, 10 H), 0.72-0.67 (t, 3 H, J = 7.46 Hz); ESIMS
m/z 368.20 [M+H]+.

Methyl 3-(3-ethyl-2-oxopiperidin-3-yl)propanoate (2-87). A 250 mL round bottom flask
was equipped with a magnetic stir bar and then charged with methyl 3-(3-ethyl-2-oxo-1-
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tosylpiperidin-3-yl)propanoate 2-80 (4.54 g, 12.4 mmol), magnesium turnings (2.10 g, 86.5
mmol) and methanol (130 mL). The flask was placed in an oil bath an heated to 50 °C for 2.5
hours. The reaction was then allowed to cool to rt and then further cooled to 0 ˚C and 3 M HCl
(50 mL) was added. It was then extracted with EtOAc, washed with brine, dried (MgSO4),
filtered, concentrated under reduced pressure and purified using flash chromatography on SiO2
(100 % EtOAc) to yield 1.58 g (60%) of 2-87 as an oil: Rf (100% EtOAc) 0.19; 1H NMR (400
MHz, CDCl3) δ 6.02 (bs, 1 H), 3.65 (s, 3 H), 3.28-3.24 (td, 2 H, J = 6.0, 2.4 Hz), 2.41-2.30 (m,
2 H), 1.98-1.48 (m, 8 H), 0.90-0.85 (t, 3 H, J = 7.5 Hz); 13C NMR δ 177.0, 174.4, 51.9, 51.8,
42.7, 32.9, 30.6, 29.7, 29.6, 19.7, 8.62; ESIMS m/z 214.10 [M+H]+.

N-benzyl-2-iodoaniline (2-93).39 A 50 mL round bottom flask was equipped with a magnetic
stir bar and charged with 2-iodoaniline (1.008 g, 4.601 mmol), benzaldehyde (0.56 mL, 5.5
mmol), zinc chloride (0.753 g, 5.52 mmol) and methanol (18.5 mL). Then NaCNBH3 (0.354
g, 5.52 mmol) was added and the reaction was refluxed for 2 hours. The reaction was then
cooled to rt and 1 M NaOH (5 mL) was added and the reaction was concentrated under reduced
pressure. The resulting aqueous solution was extracted with Et2O, washed with brine, dried
(MgSO4), filtered, concentrated under reduced pressure and purified using flash
chromatography on SiO2 (85% pet. ether: EtOAc) to yield 926 mg (65%) of 2-93 as an oil: Rf
(85% pet. ether:EtOAc) 0.84; 1H NMR (300 MHz, CDCl3) δ 8.12-8.10 (m, 1 H), 7.78-7.75 (m,
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1 H), 7.48-7.32 (m, 6 H), 6.84-6.79 (m, 1 H), 4.80 (bs, 1 H), 4.50 (s, 2 H); ESIMS m/z 310.10
[M+H]+.

N-benzyl-3-(3-ethyl-2-oxopiperidin-3-yl)-N-(2-iodophenyl)propanamide (2-94). A 25 mL
round bottom flask was equipped with a magnetic stir bar and charged with 3-(3-ethyl-2oxopiperidin-3-yl)propanoic acid 2-95 (0.107 g, 0.537 mmol) and chloroform (0.7 mL). Then
thionyl chloride (46.8 µL, 0.644 mmol) was added at rt and the reaction was allowed to stir for
30 minutes. Then N-benzyl-2-iodoaniline 2-93 (0.277 g, 0.896 mmol) was added as a solution
in benzene (0.7 mL) and Et3N (0.13 mL, 0.90 mmol). The reaction was then heated to 80 °C
and allowed to stir for 4 hours. The reaction was then cooled to rt and concentrated under
reduced pressure. The residue was then taken up in EtOAc, washed with H2O, brine, dried
(MgSO4), filtered, concentrated under reduced pressure and purified using flash
chromatography on SiO2 (100% EtOAc) to yield 158 mg (54%) of 2-94 as an oil: Rf (100%
EtOAc) 0.23; 1H NMR (400 MHz, DMSO) δ 7.98-7.96 (d, 1 H, J = 8.7 Hz), 7.32-6.89 (m, 8
H), 5.42-5.38 (d, 1 H, J = 14.8 Hz), 4.02-3.98 (d, 1 H, J = 15.3 Hz), 3.10-3.08 (m, 2 H), 3.08
(bs, 1 H), 1.92-1.88 (m, 2 H), 1.73-1.69 (m, 2 H), 1.57-1.18 (m, 6 H), 0.72-0.68 (t, 3 H, J = 7.5
Hz); ESIMS m/z 491.20 [M+H]+.
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3-(3-Ethyl-2-oxopiperidin-3-yl)propanoic acid (2-95). A 50 mL round bottom flask was
equipped with a magnetic stir bar and charged with methyl 3-(3-ethyl-2-oxopiperidin-3yl)propanoate 2-87 (0.592 g, 2.77 mmol) and THF (10 mL). Then 3 M LiOH (9.3 mL, 28
mmol) was added at 0 °C and the reaction was allowed to slowly warm to rt while stirring
overnight. The reaction was then washed with EtOAc (1 x), then the resulting aqueous layer
was placed in an ice bath and acidified by adding 3 M HCl dropwise until the pH was below
2. This was then extracted with EtOAc, washed with brine, dried (MgSO4), filtered and
concentrated under reduced pressure to yield 321 mg (58%) of 2-95 as an oil: 1H NMR (400
MHz, CDCl3) δ 12.32 (bs, 1 H), 7.79 (bs, 1 H), 3.28-3.24 (td, 2 H, J = 5.95, 2.42 Hz), 2.472.29 (m, 2 H), 1.92-1.47 (m, 8 H), 0.89-0.85 (t, 3 H, J = 7.4 Hz); 13C NMR δ 178.7, 178.5,
43.8, 42.6, 32.9, 30.8, 30.1, 29.4, 19.5, 8.58; ESIMS m/z 200.10 [M+H]+.

3-(1-Acryloyl-3-ethyl-2-oxopiperidin-3-yl)-N-benzyl-N-(2-iodophenyl)propanamide (297). A 5 mL round bottom flask was equipped with a magnetic stir bar and charged with Nbenzyl-3-(3-ethyl-2-oxopiperidin-3-yl)-N-(2-iodophenyl)propanamide 2-94 (0.020 g, 0.040
mmol), benzene (0.5 mL) and acryloyl chloride (34 µL, 0.40 mmol). The reaction was then
placed in an oil bath and refluxed for 7 hours. The reaction was then cooled to rt, concentrated
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under reduced pressure and purified using flash chromatography on SiO2 (30%
EtOAc:hexanes) to yield 11.1 mg (51%) of 2-97 as an oil: Rf (30% EtOAc:hexanes) 0.26; 1H
NMR (400 MHz, DMSO) δ 7.97-7.96 (d, 1 H, J = 7.74 Hz), 7.32-7.07 (m, 8 H), 6.92-6.89 (m,
1 H), 5.41-5.37 (dd, 1 H, J = 14.4, 2.90 Hz), 4.05-4.01 (dd, 1H, J = 10.4, 2.84 Hz), 3.76-3.71
(m, 2 H), 3.52-3.50 (m, 2 H), 3.13-3.04 (m, 2 H), 1.96-1.47 (m, 8 H), 0.75-0.71 (t, 3 H, J =
7.47 Hz); ESIMS m/z 545.20 [M+H]+.

(E)-6-benzyl-13-ethyl-6-aza-1(1,3)-piperidina-5(1,2)-benzenacyclononaphan-3-ene12,2,7-trione (2-98). A 500 mL round bottom flask was equipped with a magnetic stir bar and
charged

with

3-(1-acryloyl-3-ethyl-2-oxopiperidin-3-yl)-N-benzyl-N-(2-

iodophenyl)propanamide 2-97 (1.92 g, 3.49 mmol), K2CO3 (2.41 g, 17.5 mmol),
tetrabutylammonium bromide (3.3752 g, 10.47 mmol), Pd(OAc)2 (0.0784 g, 0.35 mmol), PPh3
(0.1849 g, 0.70 mmol) and DMF (350 mL). The reaction was placed in an oil bath at a
temperature of 115 °C and allowed to stir for 15 minutes. The reaction was then removed from
the oil bath and allowed to cool to rt. After cooling, the reaction was diluted with H2O (50
mL) and then extracted with Et2O (4 x 15 mL), the combined organic layers were washed with
H2O (4 x 10 mL) and then washed with brine, dried (MgSO4), filtered, concentrated under
reduced pressure and purified using flash chromatography on SiO2 (20% EtOAc:hexanes) to
yield 740 mg (51%) of 2-98 as an oil; Rf (20% EtOAc:hexanes) 0.24; 1H NMR (400 MHz,
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DMSO) δ 7.88 (m, 2H), 7.49 (m, 1 H), 7.41-7.30 (m, 5 H), 6.07 (d, J = 16.9 Hz, 1 H), 5.57 (d,
J = 16.9 Hz, 1 H), 4.84-4.77 (m, 2 H), 3.53 (m, 2 H), 2.45 (m, 2 H), 1.82-1.44 (m, 8 H), 0.73
(t, J = 7.5 Hz, 3 H); 13C NMR δ 179.1, 171.8, 169.9, 138.0, 135.6, 132.5, 132.0, 129.5, 129.4,
129.0, 128.7, 127.3, 126.7, 125.1, 124.1, 47.5, 45.8, 33.2, 33.0, 30.4, 30.2, 28.8, 19.5, 8.8; IR
(film) 3030, 2958, 1734, 1678, 1652 cm-1; ESIMS m/z 417.20 [M+H]+.

3-(1-Allyl-3-ethyl-2-oxopiperidin-3-yl)propanoic acid (2-106). A 10 mL round bottom flask
was equipped with a magnetic stir bar and charged with methyl 3-(3-ethyl-2-oxopiperidin-3yl)propanoate 2-87 (32.5 mg, 0.152 mmol) and dioxane (2 mL). Then Al2O3 (0.156 g, 1.53
mmol), allyl bromide (16.5 µL, 0.183 mmol), NaOH (30.5 mg, 0.762 mmol) and H2O (1 mL)
were added at rt. The reaction was allowed to stir overnight at rt, it was then washed with
EtOAc (1 x) and the resulting aqueous layer was cooled to 0 °C and acidified to a pH of less
than 2. The resulting aqueous layer was then extracted with EtOAc, washed with brine, dried
(MgSO4), filtered and concentrated under reduced pressure to yield 29.7 mg (81%) of 2-106
as an oil: 1H NMR (300 MHz, CDCl3) δ 10.07 (bs, 1 H), 5.76-5.65 (m, 1 H), 5.14-5.07 (m, 2
H), 4.01-3.86 (m, 2 H), 3.23-3.20 (t, 2 H, J = 6.0 Hz), 2.40-2.30 (m, 2 H), 1.98-1.47 (m, 8 H),
0.86-0.82 (t, 3 H, J = 7.5 Hz); ESIMS m/z 240.20 [M+1]+.
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3-(1-Allyl-3-ethyl-2-oxopiperidin-3-yl)-N-(2-iodophenyl)propanamide (2-107). A 10 mL
round bottom flask was equipped with a magnetic stir bar and then charged with 3-(1-allyl-3ethyl-2-oxopiperidin-3-yl)propanoic

acid

2-106

(29.7

mg,

0.124

mmol),

N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDCI) (26.2 mg, 0.137 mmol)
and DCM (0.5 mL). The reaction was cooled to 0 °C and a solution of 2-iodoaniline (38.8 mg,
0.174 mmol) in DCM (0.5 mL) was added. The reaction was allowed to slowly warm to rt
overnight. It was then diluted with DCM and washed with 1 M HCl (5 mL), sat. aq. NaHCO3
(5 mL) and brine. The reaction was then dried (MgSO4), filtered, concentrated under reduced
pressure and purified using flash chromatography on SiO2 (20% EtOAc:hexanes) to yield 49.5
mg (91%) of 2-107 as an oil: 1H NMR (300 MHz, CDCl3) δ 7.78 (s, 1 H), 7.77-7.75 (d, 1 H, J
= 8.56 Hz), 7.15-7.10 (m, 1 H), 6.76-6.73 (m, 1 H), 6.48-6.44 (m, 1 H), 5.78-5.72 (m, 1 H),
5.16-5.09 (m, 2 H), 4.00-3.92 (m, 2 H), 3.27-3.21 (m, 2 H), 2.51-2.44 (m, 2 H), 1.98-1.56 (m,
8 H), 0.90-0.86 (t, 3 H, J = 7.47 Hz); ESIMS m/z 441.20 [M+1]+.

(E)-13-ethyl-6-aza-1(1,3)-piperidina-5(1,2)-benzenacyclononaphan-3-ene-12,7-dione (2108). A 50 mL round bottom flask was equipped with a magnetic stir bar and then charged
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with 3-(1-allyl-3-ethyl-2-oxopiperidin-3-yl)-N-(2-iodophenyl)propanamide 2-107 (50 mg,
0.11 mmol), K2CO3 (78 mg, 0.56 mmol), tetrabutylammonium bromide (110 mg, 0.342 mmol),
Pd(OAc)2 (2.5 mg, 0.011 mmol), Ph3P (6.0 mg, 0.023 mmol) and DMF (23 mL). The reaction
was placed in an oil bath at 115 °C and stirred for 20 minutes. Then the reaction was cooled
to rt and diluted with Et2O (10 mL) and washed with H2O (4x) and the combined aqueous
layers were washed with Et2O (4x). The combined organic layers were then washed with brine,
dried (MgSO4), filtered, concentrated under reduced pressure and purified using flash
chromatography on SiO2 (20% EtOAc:hexanes) to yield 4.5 mg (12%) of 2-108 as an oil: 1H
NMR (300 MHz, CDCl3) δ 8.01 (s, 1 H), 7.79-7.76 (d, 1 H, J = 8.79 Hz), 7.67-7.63 (m, 1 H),
7.52-7.44 (m, 1 H), 6.66-6.60 (d, 1 H, J = 16.0 Hz), 5.50-5.42 (m, 1 H), 3.48-3.34 (m, 2 H),
2.31-2.24 (m, 2 H), 2.02-1.45 (m, 10 H), 0.88-0.84 (t, 3 H, J = 7.4 Hz); ESIMS m/z 313.4
[M+H]+.

(E)-Methyl 3-(2-(3-(3-ethyl-2-oxopiperidin-3-yl)propanamido)phenyl)acrylate (2-116). A
10 mL round bottom flask was equipped with a magnetic stir bar and charged with 3-(3-ethyl2-oxopiperidin-3-yl)-N-(2-iodophenyl)propanamide 2-76 (58.0 mg, 0.15 mmol), methyl
acrylate (0.03 mL, 0.3 mmol), Et3N (0.03 mL, 0.2 mmol), Pd(OAc)2 (3.30 mg, 0.015 mmol)
and THF (1.0 mL). The reaction was then refluxed for 3 hours and then cooled to rt. The
reaction was diluted with Et2O, washed with H2O (4x) and then the combined aqueous layers
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were washed with Et2O (4x). Then the combined organic layers were washed with brine, dried
(MgSO4), filtered, concentrated under reduced pressure and purified using flash
chromatography on SiO2 (100% EtOAc) to yield 45.1 mg (87%) of 2-116 as an oil: 1H NMR
(300 MHz, CDCl3) δ 8.42 (bs, 1 H), 7.98-7.93 (d, 1 H, J = 15.9 Hz), 7.75-7.72 (d, 1 H, J = 8.4
Hz), 7.57-7.54 (d, 1H, J = 7.0 Hz), 7.39-7.34 (m, 1 H), 7.18-7.13 (m, 1 H), 6.54 (bs, 1 H), 6.426.37 (d, 1H, J = 15.9 Hz), 3.79, (s, 3 H), 3.32 (s, 2 H), 2.68-2.65 (m, 1 H), 2.45-2.43 (m, 1 H),
2.02-1.95 (m, 2 H), 1.83-1.76 (m, 4 H), 1.66-1.61 (m, 2 H), 0.92-0.87 (t, 3 H, J = 7.3 Hz);
ESIMS m/z 359.3 [M+H]+.

3-(1-Allyl-3-ethyl-6-oxopiperidin-3-yl)-N-(2-iodophenyl)propanamide (2-119). A 100 mL
sealable tube was equipped with a magnetic stir bar and DCM (13 mL) was added. The reaction
was then cooled to 0 °C and AlMe3 (4.3 mL, 8.5 mmol, 2.0 M) was added slowly. Then a
solution of 2-iodoaniline (1.9 g, 8.5 mmol) in DCM (17 mL) was added. The reaction was
then warmed to room temperature and stirred for 1 hour, then methyl 3-(1-allyl-3-ethyl-6oxopiperidin-3-yl)propanoate 2-125 (720 mg, 2.8 mmol) was added as a solution in DCM (16
mL). The reaction was then refluxed in a sealed tube for 6 hours and then cooled to room
temperature. Then 1 M HCl (15 mL) was slowly added and the reaction was allowed to stir for
another hour at room temperature. The reaction was then extracted with EtOAc (3 x 15 mL)
and the combined organic layers were washed with brine (10 mL), dried (MgSO4), filtered and
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concentrated under reduced pressure and then purified using flash chromatography on SiO2
(1:1 hexanes:EtOAc) to yield 820 mg (66%) of 2-119 as a white solid: 1H NMR (300 MHz,
CDCl3) δ = 7.99 (d, J = 8.2 Hz, 1 H), 7.70 (m, 1 H), 7.27 (m, 1 H), 6.79 (m, 1 H), 5.72-5.58
(m, 1 H), 5.10 (m, 2 H), 3.90 (d, J = 6.2 Hz, 2 H), 2.95 (s, 2 H), 2.31 (m, 4 H), 1.73 (m, 2 H),
1.59 (m, 2 H), 1.33 (m, 2 H), 0.81 (t, J = 7.4 Hz, 3 H); ESIMS m/z 441.10 [M+H]+.

Dimethyl 4-ethyl-4-formylheptanedioate (2-120). (Z)-1-(but-1-en-1-yl)pyrrolidine 2-122
(4.3 g, 34 mmol) was dissolved in methanol (32 mL) and methyl acrylate was added (5.6 mL,
62 mmol). The reaction was refluxed for 24 hours and then cooled to room temperature. Then
acetic acid (12 mL) in water (60 mL) was added and the reaction was refluxed for a further 8
hours. The reaction was then distilled under reduced pressure at 115 ˚C to yield 3.6 g (43%) of
2-120 as an oil: 1H NMR (300 MHz, CDCl3) δ = 9.40 (s, 1 H), 3.67 (s, 6 H), 2.20 (m, 4 H),
1.84 (m, 4 H), 1.54 (q, J = 6.2 Hz, 2 H), 0.83 (t, J = 6.5 Hz, 3 H); ESIMS m/z 245.15 [M+1]+.

Methyl 3-(1-allyl-3-ethyl-6-oxopiperidin-3-yl)propanoate (2-125). Dimethyl 4-ethyl-4formylheptanedioate 2-120 (1.4 g, 5.6 mmol) was dissolved in DCE (11 mL) and then
allylamine (0.45 mL, 6.1 mmol) was added. The reaction was refluxed for 30 minutes and then
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cooled to room temperature followed by the addition of NaCNBH3 (710 mg, 11 mmol) and
stirred for a further 4 hours at room temperature. Then water (5 mL) was added slowly and the
reaction was extracted with EtOAc (3 x 10 mL), the combined organic layers were washed
with brine (5 mL), dried (MgSO4), filtered and concentrated and then purified using flash
column chromatography on SiO2 (4:1 hexanes:EtOAc) to yield 720 mg (51%) of 2-125 as an
oil: 1H NMR (300 MHz, CDCl3) δ = 5.67 (m, 1 H), 5.12 (m, 2 H), 3.92 (d, J = 6.2 Hz, 2 H),
3.65 (s, 3 H), 2.93 (s, 2 H), 2.33 (m, 2 H), 2.18 (m, 2 H), 1.67-1.54 (m, 4 H), 1.31 (m, 2 H),
0.79 (t, J = 6.4 Hz, 3 H). ESIMS m/z 254.20 [M+1]+.

2-Vinylaniline (2-126).58 A 25 mL round bottom flask was equipped with a magnetic stir bar
and set up for distillation. The flask was charged with 2-aminophenethyl alcohol (6.005 g,
42.54 mmol) and KOH (2.814 g, 42.66 mmol). The reaction was heated to 165 °C for 3.5
hours under reduced pressure. The product distilled over at 55-60 °C to yield 1.90 g (38%) of
2-126 as a colorless oil: 1H NMR (300 MHz, CDCl3) δ 7.33-7.30 (m, 1 H), 7.14-7.12 (m, 1 H),
6.84-6.68 (m, 3 H), 5.69-5.62 (m, 1 H), 5.36-5.32 (m, 1 H), 3.76 (bs, 2 H); ESIMS m/z 120.1
[M+H]+.
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3-(1-Allyl-3-ethyl-6-oxopiperidin-3-yl)-N-(2-vinylphenyl)propanamide (2-127). A 100 mL
sealable tube was equipped with a magnetic stir bar and benzene (13 mL) was added. The
reaction was then cooled to 0 °C and AlMe3 (4.3 mL, 8.5 mmol, 2.0 M) was added slowly.
Then a solution of 2-vinylaniline (1.0 g, 8.5 mmol) in benzene (17 mL) was added. The
reaction was then warmed to room temperature and stirred for 1 hour, then methyl 3-(1-allyl3-ethyl-6-oxopiperidin-3-yl)propanoate 2-125 (720 mg, 2.8 mmol) was added as a solution in
benzene (16 mL). The reaction was then refluxed in a sealed tube for 6 hours and then cooled
to room temperature. Then 1 M HCl (15 mL) was slowly added and the reaction was allowed
to stir for another hour at room temperature. The reaction was then extracted with EtOAc (3 x
15 mL) and the combined organic layers were washed with brine (10 mL), dried (MgSO4),
filtered and concentrated under reduced pressure and then purified using flash chromatography
on SiO2 (1:1 hexanes:EtOAc) to yield 410 mg (42%) of 2-127 as a white solid: 1H NMR (300
MHz, CDCl3) δ = 7.68 (d, J = 8.1 Hz, 1 H), 7.44 (m, 1 H), 7.24 (m, 1 H), 7.13 (m, 1 H), 6.78
(m, 1 H), 5.64 (m, 2 H), 5.37 (m, 1 H), 5.13 (m, 2 H), 4.08-3.86 (m, 2 H), 2.96 (s, 2 H), 2.31
(m, 2 H), 1.74 (m, 2 H), 1.58 (m, 2 H), 1.36 (m, 2 H), 0.83 (t, J = 7.2 Hz, 3 H); ESIMS m/z
341.20 [M+H]+.
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Phenyl propiolate (2-129).54 Phenol (710 mg, 7.5 mmol) and propiolic acid (0.44 mL, 6.8
mmol) were dissolved in DCM (3.4 mL) and cooled to 0 ˚C. Then DCC (1.4 g, 6.8 mmol) and
DMAP (8.5 mg, 0.068 mmol) were added as a solution in DCM (3.4 mL) over 1 hour. The
reaction was slowly warmed to room temperature and stirred for 5 hours. The reaction was
then filtered, washed with DCM and concentrated and then purified using flash
chromatography on SiO2 (95:5 hexanes:EtOAc) to yield 680 mg (69%) of 2-129 as an oil: 1H
NMR (400 MHz, CDCl3) δ = 7.41 (m, 2 H), 7.28 (m, 1 H), 7.16 (m, 2 H), 3.08 (s, 1 H).

2-(2-Oxopiperidin-1-yl)acetic acid (2-131). A slurry of magnesium tert-butoxide (2.8 g, 15
mmol) in THF (7.5 mL) was cooled to 0 ˚C and bromoacetic acid (2.2 g, 15 mmol) was added.
The reaction was then stirred at room temperature for 1 hour and then concentrated under
reduced pressure and left on high vacuum overnight. Then in a separate flask, 2-piperidone
(1.0 g, 10 mmol) was dissolved in THF (7 mL) and solid KHMDS (2.1 g, 10 mmol) was added.
The reaction was stirred for 10 min at room temperature and then the previously made
magnesium salt of bromoacetic acid was added followed by additional magnesium tertbutoxide (950 mg, 5 mmol). The reaction was then stirred for 30 minutes at room temperature,
followed by 20 hours at 60 ˚C. The reaction was then cooled to room temperature, and then
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further cooled to 0 ˚C and 3 M HCl (10 mL) was added until the pH was about 2. It was
extracted with EtOAc (3 x 10 mL) and the combined organic layers were washed with saturated
NaHCO3 (10 mL) and brine (10 mL). Then dried (MgSO4), filtered and concentrated under
reduced pressure to yield 780 mg (50%) of 2-131 as an oil: 1H NMR (300 MHz, CDCl3) δ =
10.94 (bs, 1 H), 3.85 (s, 2 H), 3.37 (m, 2 H), 2.48 (m, 2 H), 1.84 (m, 4 H); ESIMS m/z 158.0
[M+H]+.

Methyl 5,6,7,8-tetrahydroindolizine-1-carboxylate (2-133). 2-(2-oxopiperidin-1-yl)acetic
acid 2-131 (600 mg, 3.8 mmol) was dissolved in 10% acetic acid (2 mL) in toluene (20 mL)
and then DTBMP (1.2 g, 5.7 mmol) and methyl propiolate (0.5 mL, 5.7 mmol) were added at
room temperature. The reaction was refluxed for 1 hour and then cooled to room temperature,
concentrated under reduced pressure and then purified using flash chromatography on SiO2
(4:1 hexanes:EtOAc) to yield 170 mg (24%) of 2-133 as a white solid: 1H NMR (300 MHz,
CDCl3) δ = 6.53 (d, J = 6.7 Hz, 1 H), 6.42 (d, J = 6.9 Hz, 1 H), 3.93 (m, 2 H), 3.77 (s, 3 H),
3.06 (t, J = 6.4 Hz, 2 H), 1.96-1.81 (m, 4 H); ESIMS m/z 180.1 [M+H]+.
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2-(3-Ethyl-3-(3-methoxy-3-oxopropyl)-2-oxopiperidin-1-yl)acetic acid (2-134). A slurry of
Magnesium tert-butoxide (1.1 g, 5.8 mmol) in THF (3 mL) was cooled to 0 ˚C and bromoacetic
acid (830 mg, 5.8 mmol) was added. The reaction was then stirred at room temperature for 1
hour and then concentrated under reduced pressure and left on high vacuum overnight. Then
in a separate flask, methyl 3-(3-ethyl-2-oxopiperidin-3-yl)propanoate 2-87 (250 mg, 1.2 mmol)
was dissolved in THF (3 mL) and solid KHMDS (270 mg, 1.3 mmol) was added. The reaction
was stirred for 10 min at room temperature and then the previously made magnesium salt of
bromoacetic acid was added followed by additional magnesium tert-butoxide (220 mg, 1.2
mmol). The reaction was then stirred for 30 minutes at room temperature, followed by 20 hours
at 60 ˚C. The reaction was then cooled to room temperature, and then further cooled to 0 ˚C
and 3 M HCl (5 mL) was added untill the pH was about 2. It was extracted with EtOAc (3 x 5
mL) and the combined organic layers were washed with saturated NaHCO3 (5 mL) and brine
(5 mL). Then dried (MgSO4), filtered and concentrated under reduced pressure to yield 130
mg (42%) of 2-134 as an oil: 1H NMR (400 MHz, CDCl3) δ = 11.78 (bs, 1 H), 3.85 (s, 2 H),
3.63 (s, 3 H), 3.25 (m, 2 H), 2.43-2.23 (m, 4 H), 1.90 (m, 2 H), 1.70 (m, 2 H), 1.32 (m, 2 H),
0.85 (t, J = 7.5 Hz, 3 H); ESIMS m/z 270.2 [M-H]-.
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3-(1-Allyl-3-ethyl-2-oxopiperidin-3-yl)-N-(2-vinylphenyl)propanamide (S2-139). A 10 mL
round bottom flask was equipped with a magnetic stir bar and then charged with 3-(1-allyl-3ethyl-2-oxopiperidin-3-yl)propanoic

acid

2-106

(0.0575

g,

0.240

mmol),

N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDCI) (0.0518 g, 0.270 mmol)
and DCM (0.5 mL). The reaction was cooled to 0 °C and a solution of 2-vinylaniline 2-126
(0.0402 g, 0.337 mmol) in DCM (0.5 mL) was added. The reaction was allowed to slowly
warm to rt overnight. It was then diluted with DCM and washed with 1 M HCl (5 mL), sat.
aq. NaHCO3 (5 mL) and brine. The reaction was then dried (MgSO4), filtered, concentrated
under reduced pressure and purified using flash chromatography on SiO2 (20%
EtOAc:hexanes) to yield 38.6 mg (47%) of S2-128 as an oil: 1H NMR (300 MHz, CDCl3) δ
7.87 (bs, 1 H), 7.75-7.72 (d, 1 H, J = 8.0 Hz), 7.43-7.41 (d, 1 H, J = 7.5 Hz), 7.26-7.20 (m, 1
H), 7.12-7.07 (m, 1 H), 6.91-6.82 (m, 1 H), 5.71-5.62 (m, 2 H), 5.36-5.27 (m, 1 H), 5.13-5.07
(m, 2 H), 3.96-3.91 (t, 2 H, J = 6.7 Hz), 3.23-3.21 (d, 2 H, J = 5.8 Hz), 2.48-2.33 (m, 2 H),
1.96-1.54 (m, 8 H), 0.87-0.83 (t, 3 H, J = 7.4 Hz); ESIMS m/z 341.20 [M+1]+.
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Chapter 3
Synthesis of Lipoxazolidinone A and Analogs
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3.1 Abstract
The unique 4-oxazolidinone heterocycle present in lipoxazolidinone A contains an
unprecedented substitution pattern and has not been synthesized to date. Herein, the synthesis
of the marine natural product lipoxazolidinone A is described in a modular fashion allowing
facile access to the natural product and analogs. The key step to the synthesis was a
deprotection/cyclization/dehydration cascade of a -keto imide prepared via an acyl keteneamide coupling reaction. The amide is readily prepared from commercially available α-amino
acids and the ketene precursor is obtained from the cyclization reaction between a tert-butylβ-keto ester and acetone. Simplified analogs were also synthesized resulting in the construction
of a 30-compound library.

3.2 Introduction and Background
Natural products with potent antimicrobial activity and unique structural features serve
as interesting synthetic targets for structure-activity relationship studies.1 Lipoxazolidinones A
(3-1), B (3-2) and C (3-3) were isolated in 2002 from marine sediments isolated off the coast
of Guam (Figure 3.1).2 The lipoxazolidinone family of natural products are unique, containing
a 4-oxazolidinone core which is only possessed by two other families of natural products. The
lipoxazolidinones were reported to be potent antimicrobial agents against the Gram-positive
pathogen, methicillin-resistant Staphylococcus aureus (MRSA) (~ 1 µg/mL MIC) as well as
other Gram-positive pathogens including Staphylococcus aureus, Staphylococcus epidermidis,
Streptococcus pneumoniae, Enterococcus faecalis and Enterococcus faecium, but were not
efficacious against the Gram-negative pathogens, Haemophilus influenza and Escherichia coli.
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In addition to the potent antimicrobial activity of the lipoxazolidinones, these natural
products also possess unique structural features. The 4-oxazolidinone core is decorated with a
short lipophilic carbon chain extending from the chiral center (carbon 5) and an exocyclic
alkene (carbon 2) that is in conjugation with a ketone, which has a long lipophilic carbon chain
extending from it. This substitution pattern is unprecedented in natural products and only
closely related to two other natural product families, the synoxazolidinones and an unnamed
family represented by 2,2-dimethyl-5-(4-hydroxypheny)-4-oxazolidinone (3-7).3,

4, 5

The

synoxazolidinone family possess an exocyclic alkene (carbon 5) that is in conjugation with a
dibromomethoxyphenyl ring as well as an aliphatic carbon chain (carbon 2) terminated with a
guanidine moiety (3-4, 3-5, 3-6, Figure 3.1). The more simple 2,2-dimethyl-5-(4hydroxypheny)-4-oxazolidinone (3-7) possesses a gem-dimethyl substitution (carbon 2) and a
p-hydroxy phenyl substituent (carbon 5) (Figure 3.1). These three families represent the only
known 4-oxazolidinone natural products. There are not readily available methods to access the
4-oxazolidinone heterocycle, and no methods that are amenable to installing the substitution
pattern and chirality present in the lipoxazolidinones. In contrast to the lack of literature on the
4-oxazolidinone heterocycle, the 2-oxazolidinone isomer has been studied and used
extensively in organic synthesis (3-8, 3-9, Figure 3.1).6, 7
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Figure 3.1: Natural products that contain a 4-oxazolidinone heterocycle and relevant 2oxazolidinone isomers.

There have been a plethora of synthetic routes to access the 2-oxazolidinone
heterocycle. One method to access the 2-oxazolidinone heterocycle was developed by
scientists at DuPont and later Pharmacia, towards the production of the clinically used 2oxazolidinone antibiotic, linezolid (3-8). Pharmacia developed a synthetic route to access
analogs of DuP-105 (3-10) and DuP-721 (3-11) for further structure-activity relationship
(SAR) studies (Scheme 3.1a). The synthesis was accomplished by reacting the N-lithiated
carbamate 3-12 with (R)-glycidyl butyrate (3-13) to furnish the hydroxy methyl 2oxazolidinone 3-14 product which is readily elaborated to the final amide product (3-15,
Scheme 3.1b).8 Ultimately, these efforts led to an annulated derivative of the DuPont
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compound, PNU-82965 (3-15), which exhibited similar in vitro potency to the DuPont
compound 3-11, but was demonstrated to be non-toxic in animal studies.

Scheme 3.1: a) 2-oxazolidinone antibiotics developed by DuPont; b) synthetic route developed
by scientists at Pharmacia to access 2-oxazolidinones.

This eventually led to the development of linezolid (3-8) which is now FDA approved
for the treatment of MRSA infections. Linezolid (3-8) is synthesized on kilogram-scale from
the difluoro nitro phenyl compound (3-16, Scheme 3.2).
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Scheme 3.2: Large scale synthesis of linezolid (3-8).

Another method to access the 2-oxazolidinone heterocycle was developed by Evans
and coworkers. The synthesis of chiral 2-oxazolidinones utilizes readily available α-amino
acids, such as 3-23 and after reduction, the corresponding amino alcohol 3-24 is obtained.
Amino alcohol 3-24 is then cyclized using diethyl carbonate affording the 2-oxazolidinone
product (3-25, Scheme 3.3). The 2-oxazolidinone products are then utilized as chiral
auxiliaries, imparting excellent enantioselectivities and diasteroselectivities in aldol and DielsAlder reactions.9

Scheme 3.3: Evan’s synthesis of chiral 2-oxazolidinones.

In contrast to the 2-oxazolidinone heterocycle, the 4-oxazolidinone isomer present in
lipoxazolidinone A, has received minimal attention. Until recently there were only a few
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published methods to synthesize the 4-oxazolidinone heterocycle. One classical method is the
cycloaddition of an oxaziridine with a ketene, azlactone or ammonium enolate.10 For example,
Ye and co-workers report a formal (3+2) cycloaddition of ketene 3-27 with oxaziridine 3-26
to access the 4-oxazolidinone heterocycle (3-29, Scheme 3.4). Another classical method is the
photoelimination of α-keto amides.11 The Steinmetz group published one example of this
transformation in which α-keto amide 3-30 is irradiated in acetonitrile to obtain the cyclized
4-oxazolidinone product in good yield (3-31, Scheme 3.4). A third method is the condensation
of an aldehyde with an α-hydroxyamide in the presence of acid.12 For example, Herrmann and
coworkers reported the condensation of α-hydroxy acid 3-32 with aldehyde 3-33 using boron
trifluoride etherate to furnish the 4-oxazolidinone heterocycle, albeit in poor yield (3-34,
Scheme 3.4).

Scheme 3.4: Examples of the methods used to synthesize 4-oxazolidinones.
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In addition to these classical approaches, there has been a recent revival in the
development of methods to synthesize the 4-oxazolidinone heterocycle. In 2016 there were
three different methods describing the preparation of 4-oxazoldinones, thus highlighting the
emerging importance of this scaffold in organic and medicinal chemistry. The first report from
Comesse and coworkers utilizes a domino O-alkylation/Aza-Michael/intramolecular retroClaisen condensation to furnish the 4-oxazolidinone heterocycle.13 This is accomplished by
reacting a readily prepared Michael acceptor (3-35) with α-bromoamido alcohol 3-36 in
acetonitrile to provide the 4-oxazolidinone products (3-37, Scheme 3.5). Following this report,
Lin and coworkers published another method to the 4-oxazolidinone heterocycle.14 They
utilize a [3+2] cycloadditon of an aldehyde (3-39) with an azaoxyallyl cation formed in situ
from 3-38 (Scheme 3.5). This method was demonstrated to be amenable to large scale
preparation and showed good functional group compatibility. This method was also
demonstrated to work for the late stage modification of complex aldehydes. Later in 2016,
Jeffrey and coworkers utilized a 3+2 cycloaddition, similar to the method published by Lin and
coworkers.15 Jeffrey was able to demonstrate the application of ketones (3-42) in the 3+2
cycloaddition, to provide the 4-oxazolidinone products (3-43, Scheme 3.5). Although these
methods are robust, they do not install an exocyclic alkene nor do they put forth a reasonable
method to do so; additionally, these methods are not enantioselective rendering them less than
ideal in the preparation of lipoxazolidinone A and analogs of the lipoxazolidinone scaffold.
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Scheme 3.5: The three most recent approaches to the 4-oxazolidinone heterocycle.

In addition to these methods, only the Pierce group has reported the synthesis of 4oxazolidinone containing natural products.16 Pierce and coworkers were able to accomplish
the synthesis of synoxazolidinone A, B, and analogs via two different methods. In route to
synoxazolidinone A (3-4) and B (3-5), aldehyde 3-44 is condensed with dimethoxybenzyl
amine (3-45) in situ and then reacted with the acid chloride of the phenyl pyruvic acid
derivative 3-46 to furnish the 4-oxazolidinone core (3-47, Scheme 3.6a). This allows for the
rapid construction of the natural products and analogs in 4 to 5 steps. In route to other analogs
of the synoxazolidinones, a second method was developed in which α-keto amide 3-53 is
synthesized and then subsequently reacted with aldehyde 3-54 to furnish the 4-oxazolidinone
core (3-55, Scheme 3.6b).
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Scheme 3.6: Two approaches to the 4-oxazolidinone heterocycle developed by Pierce and
coworkers towards the synthesis of a) synoxazolidinone A and B and b) novel analogs.

The methods mentioned above for the construction of the 4-oxazolidinone heterocycle
allow for the facile preparation of the heterocycle itself. Although some methods claim to be
amenable to the synthesis of the lipoxazolidinone natural products, none of the methods install
an exocyclic alkene at the 2 position, highlighting that there is still the need for an efficient
and facile method to access these biologically and structurally interesting natural products.

3.3 Results and Discussion
Given the novelty of the lipoxazolidinone core and the potent antimicrobial activity
possessed by this family of natural products we embarked on efforts to develop a concise

79

synthesis of lipoxazolidinone A (3-1). To date a synthesis of this unique natural product has
not been reported; however, studies on the culturing conditions for the producing organism
have been conducted by the isolation group.2 A total synthesis would allow for the
confirmation of the chemical structure and the determination of the absolute stereochemistry
as well as define a new route to the 4-oxazolidinone heterocycle. In addition, the development
of a modular synthetic approach to the lipoxazolidinones would allow for the construction of
a library of analogs to explore the structure-activity relationship (SAR) of this family of marine
natural products with the ultimate aim of developing simplified compounds that retain function
and improve potency and/or selectivity.17 Additionally, these efforts would enable the
development of chemical probes to explore the biological function of the lipoxazolidinones
and potentially identify novel antimicrobial drug targets.18
To access lipoxazolidinone A (3-1), we envisioned forming the 4-oxazolidinone
heterocycle in the last step from an intramolecular cyclization/dehydration of β-keto imide 356. Imide 3-56 would be synthesized from the acylation of protected α-hydroxy amide 3-57
with the β-keto ketene derivative (3-58, Scheme 3.7). The use of α-hydroxy amides as key
building blocks was particularly desirable since various analogs can be readily prepared in
enantiopure form from commercially available α-amino acids through a three-step sequence.19
The ketene precursor was envisioned to arise from the acylation of Meldrum’s acid (3-59) with
a carboxylic acid derivative (3-60, Scheme 3.7). Although ketenes are known to react with
amides to form imides, there are limited reports for the synthesis of β-keto imides and no
previous reports of the acylation of amides with acyl ketenes possessing an α, β-unsaturated
ketone as in the one we required.20
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Scheme 3.7: Retrosynthetic analysis of lipoxazolidinone A (3-1).

Initially,

simplified

analog

3-64

was

targeted

to

test

the

proposed

deprotection/cyclization/dehydration reaction sequence. To access the TBS protected αhydroxy amide 3-62, commercially available (S)-lactamide was protected using TBSCl in
excellent yield. The amide was then refluxed with the commercially available dioxanone,
2,2,6-trimethyl-1,3-dioxin-4-one (3-61), in toluene for 1 hour, providing the desired imide in
88% yield (3-63, Scheme 3.8). Subsequent treatment of imide 3-63 with CsF or TBAF only
resulted in deprotection of the TBS group; however, treatment of imide 3-63 with
trifluoroacetic acid (TFA) in dichloromethane (1:1) lead to the desired 4-oxazolidinone in 64%
yield (3-64, Scheme 3.8). The structure of 3-64 was confirmed by X-Ray analysis.
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Scheme 3.8: Initial synthesis of 4-oxazolidinone core 3-64 and X-ray structure of 3-64.

After demonstrating that the deprotection/cyclization/dehydration reaction sequence
would work to access the 4-oxazolidinone core, we now required the elaborated starting
materials to synthesize lipoxazolidinone A (3-1). The TBS protected α-hydroxy amide (3-57)
that was required for the natural product was readily prepared from (L)-norleucine (3-65) in 3
steps.18 This was accomplished by treating (L)-norleucine (3-65) with 1 M H2SO4 and 2 M
NaNO2 to obtain the α-hydroxy acid (3-66), which was subsequently protected with TBSCl
and then further elaborated to the primary amide using silica supported NH4Cl to furnish the
desired TBS protected α-hydroxy amide (3-57) in 31% yield over three steps (Scheme 3.9).21

Scheme 3.9: Synthesis of the TBS protected α-hydroxy amide required for lipoxazolidinone
A (3-1).

The synthesis of the α, β unsaturated acyl ketene required for lipoxazolidinone A (3-1)
proved to be more difficult than expected. Initially, we envisioned acylating the ketene
equivalent, Meldrum’s acid (3-59), with carboxylic acid 3-60. To access the requisite
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carboxylic acid 3-60 required for the natural product, heptyliodide (3-68) was treated with tertbutyllithium followed by the addition of copper iodide (CuI) to generate the organocuprate in
situ, which was subsequently added to 2-butynoic acid (3-69), furnishing the α, β unsaturated
carboxylic acid with exclusive E geometry and in excellent yield (3-60, scheme 3.10).22 With
carboxylic acid 3-60 in hand we then turned our attention to the acylation of Meldrum’s acid
(3-59).

Scheme 3.10: Synthesis of (E)-3-methyldec-2-enoic acid (3-60).

The use of Meldrum’s acid (3-59) as a ketene equivalent has been frequently employed
in the literature;23 however, unlike aliphatic acids, reports for the acylation with α,βunsaturated carboxylic acids are few, and often result in no reaction or low yield.24
Disappointingly, after exhausting known coupling conditions, including acid chloride
formation, PyBOP, HATU, EDC and Mukaiyama’s reagent;25 none of the desired product 358 was obtained. Eventually it was found that by employing DCC and DMAP, the acylated
Meldrum’s acid can be obtained in a low 14% yield (3-58, Scheme 3.11). These results clearly
suggested an alternative approach was needed to access the required α, β unsaturated acyl
ketene.
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Scheme 3.11: Acylation of Meldrum’s acid (3-59) with (E)-3-methyldec-2-enoic acid (3-60).

First, alternative retrosynthetic disconnections of lipoxazolidinone A (3-1) were
explored. One alternative disconnection that was explored, required the nitrogen-carbon bond
of the 4-oxazolidinone to be formed in the last step (Scheme 3.12). Amide 3-70 was envisioned
to be synthesized by the transesterification of a β-keto ester with an α-hydroxy amide or αhydroxy ester.

Scheme 3.12: Alternate retrosynthetic analysis of lipoxazolidinone A (3-1).

We first examined a model system using (S)-ethyl lactate (3-71) and ethyl acetoacetate
(3-72). Upon heating at 100 ˚C for 46 hours the transesterification product was obtained in
76% yield (3-73, Scheme 3.13). It was then envisioned that the ethyl ester could be converted
directly to the primary amide and spontaneously cyclize to the desired product (3-64, Scheme
3.13). After subjecting ester 3-73 to a variety of conditions known to convert esters directly to
primary amides, none of the desired product 3-64 was obtained.26 These reactions tended to
result in the recovery of starting material or the isolation of the β-keto amide, from cleavage
of the ester bond made in the previous step. Following these results, an α-hydroxy amide was
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employed to avoid the antecedent problem of amide formation. To this end, commercially
available (S)-lactamide (3-74) was heated neat with ethyl acetoacetate (3-72) to afford the
transesterification product in good yield (3-75, Scheme 3.13). Primary amide 3-75 was then
exhaustively treated with Lewis acids including aluminum trichloride, titanium tetrachloride
and boron triflouride etherate to induce cyclization. Unfortunately, none of these conditions
led to the desired product 3-64 and only resulted in the recovery of starting material (Scheme
3.13).

Scheme 3.13: Attempt to access the 4-oxazolidinone core via the formation of the nitrogencarbon bond from a) ester 3-73 or b) amide 3-75.

Following the exploration of an alternative disconnection, the original retrosynthetic
analysis was revisited. The hypothesis was that by switching the original nucleophile and
electrophile, the synthesis of an α, β unsaturated acyl ketene could be avoided. To this end, the
synthesis of β-keto primary amide 3-76 was required. Amide 3-76 would be acylated with
activated acid 3-67 to furnish the desired β-keto imide (3-56, Scheme 3.14).
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Scheme 3.14: Alternate retrosynthetic analysis to access β-keto imide 3-56.

To test the proposed sequence, methyl acetoacetate (3-77) was heated with benzyl
amine (3-78) neat at 100 ˚C for 1 hour to access the benzyl amide (3-79, Scheme 3.15a).
Unfortunately, the ketone condensation product, imine 3-80, was exclusively obtained. β-keto
nitriles were then employed as synthetic equivalents for the required β-keto amide. To this end,
commercially available benzoylacetonitrile (3-81) was reacted with racemic methyl lactate (382) under a variety of Bronsted and Lewis acidic conditions (Scheme 3.15b). These conditions
resulted in complex mixtures of products or the recovery of starting material. Following this
result, a stepwise approach was explored by first hydrolyzing the nitrile to the primary amide.27
Subsequent utilization of the primary amide was unproductive, so again a different
retrosynthetic disconnection was devised.

Scheme 3.15: Attempt to access a β-keto amide from a) the amidation of ester 3-77 or b) the
reaction or hydrolysis of nitrile 3-81.
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In a similar retrosynthetic disconnection, it was envisioned that imide 3-56 would be
formed by the enolate addition of acyl imide 3-84 to an activated acid (3-60, Scheme 3.16).

Scheme 3.16: Alternative retrosynthetic disconnection to access lipoxazolidinone A (3-1)
from acyl imide 3-84.

To quickly assess the likelihood of this sequence working, the aforementioned TBS
protected (S)-lactamide (3-62) was treated with acetic anhydride, furnishing the desired imide
in 79% yield (3-85, Scheme 3.17). Imide 3-85 was subjected to deprotonation with a variety
of strong and weak bases in the presence of the acid chloride, formed from carboxylic acid (386, Scheme 3.17). These reactions resulted in complex mixtures of products leading to the
conclusion that this disconnection would not provide facile access to the desired imide (3-87,
Scheme 3.17).

Scheme 3.17: Synthesis of acyl imide 3-85 in an effort to access β-keto imide 3-87.

After attempting to devise a new retrosynthetic analysis to synthesize lipoxazolidinone
A (3-1), we returned to our original retrosynthetic analysis and further explored the generation
of an α, β unsaturated acyl ketene. The new approach required the functionalization of methyl
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acetoacetate (3-77) to furnish an unsaturated β-keto ester which would subsequently be
coupled with the TBS protected α-hydroxy amide 3-62. To explore this route, methyl
acetoacetate (3-77) was treated with molecular bromine to furnish the primary bromide (3-88,
Scheme 3.18a). Bromide 3-88 was then treated with triethyl phosphite to provide phosphonate
3-89. This was then used in a Horner-Wadsworth-Emmons (HWE) reaction with 2-nonanone
(3-90) to furnish the desired unsaturated β-keto ester in low yield (3-91, Scheme 3.18a). Ester
3-91 and amide 3-62 were reacted under increased pressure and temperature in a microwave
reactor in the presence of several different Lewis acids. None of which led to imide 3-92 and
only resulted in the recovery of starting material, presumably due to the lack of nucleophilicity
of amides. The HWE reaction was an attractive way to install the tri-substituted alkene, so we
attempted to employ the HWE reaction in the context of the originally synthesized 4oxazolidinone core 3-64. Commercially available dioxanone, 2,2,6-trimethyl-1,3-dioxin-4-one
(3-61), was converted to the primary chloride using LDA and hexachloroethane (3-93, Scheme
3.18b).28 This was then treated with triethyl phosphite to furnish phosphonate 3-94 in poor
yield which readily decomposed, making this compound hard to work with and rendering this
sequence unfit for use in the total synthesis of lipoxazolidinone A.
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Scheme 3.18: Attempt to employee the HWE reaction to furnish the desired unsaturated βketo ester either by a) functionalization of β-keto ester 3-77 or b) functionalization of
dioxanone 3-61.

With the same concept in mind, it was envisioned that the initial 4-oxazolidinone core
3-64, could be further elaborated to achieve a synthesis of the natural product. Initially, a
simple aldol condensation was envisioned to provide the natural product. To this end, 4oxazolidinone 3-64 was treated with two equivalents of base followed by the addition of 2nonanone (3-90, Scheme 3.19a). Unfortunately, this did not provide the desired product and
instead exclusive alkylation occurred on the α-carbon of the oxazolidinone core (3-95, Scheme
3.19a). Following this result it was hypothesized that the ketone could selectively be converted
to a nucleophile under enamine organocatalysis. To this end, 4-oxazolidinone 3-64 was treated
with morpholine (3-96) followed by the addition of 2-nonanone (3-90, Scheme 3.19b). This
time no alkylation was observed and instead the unreactive, aromatic oxazole was isolated (397, Scheme 3.19b). In a final attempt to functionalize the 4-oxazolidinone core 3-64, it was
treated with molecular bromine to furnish the primary bromide (3-98, Scheme 3.19c).
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Unfortunately, this only resulted in a complex mixture of products. At this point it did not
appear feasible to further functionalize the 4-oxazolidinone core to the natural product, so the
generation of an acyl ketene was again explored.

Scheme 3.19: Attempts to further elaborate the 4-oxazolidinone core 3-64 by an a) aldol
condensation; b) enamine catalysis; or c) bromide addition.

In addition to Meldrum’s acid, there are other known compounds that serve as ketene
equivalents in organic synthesis. Initially the α-keto lactone ketene equivalent 3-100 was
explored for its utility in the synthesis of lipoxazolidinone A (3-1).29 The synthesis of an αketo lactone is accomplished by reacting a silyl enol ether with oxalyl chloride to furnish the
product. As an initial study, methylvinyl ketone (MVK) (3-99) was trapped as the silyl enol
ether and subsequently reacted with oxalyl chloride (Scheme 3.20a). The α-keto lactone 3-100
was never isolated, possibly due to the volatility of the product. We then turned our attention
to using β-ketothio esters, which are known to generate acyl ketenes when treated with silver
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trifluoroacetate.30 β-ketothio ester 3-101 was synthesized by reacting thiophenol with the
commercially available dioxanone 3-61. 3-101 was subsequently treated with silver
trifluoroacetate in the presence of TBS protected α-hydroxy amide 3-62 and again only starting
material was recovered (Scheme 3.20b).

Scheme 3.20: Exploration of other ketene equivalents including a) α-keto lactone 3-100 and
b) β-keto thioester 3-101.

It is also known that tert-butyl-β-keto esters can thermally generate acyl ketenes.31 To
test this, commercially available tert-butyl-β-keto ester 3-102 was refluxed in toluene with
TBS protected α-hydroxy amide 3-62 and again only starting material was recovered (Scheme
3.21a). After further probing the literature it was determined that tert-butyl-β-keto esters can
be converted into dioxanone derivatives using acetone, trifluoroacetic anhydride,
trifluoroacetic acid and acetic anhydride.32 To this end, commercially available tert-butyl-βketo ester 3-102 was subjected to these conditions and gratifyingly the dioxanone was obtained
(3-61, Scheme 3.21b).
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Scheme 3.21: a) Tert-butyl-β-keto esters as ketene equivalents; b) Synthesis of dioxanone 361 by the cyclization of tert-butyl-β-keto ester 3-102.

The unsaturated tert-butyl-β-keto ester corresponding to the natural product was now
required. Initially, the lithium enolate of tert-butyl acetate (3-103) was reacted with the acid
chloride of the aforementioned unsaturated carboxylic acid (3-60, Scheme 3.22). This led to a
complex mixture of products, presumably due to the increased acidity of the β-keto ester
product 3-104 versus the acidity of the starting tert-butyl acetate (3-103). To circumvent this
problem, the Weinreb amide was synthesized from carboxylic acid 3-60.33 The Weinreb amide
was then successfully reacted with tert-butyl acetate (3-103) in good yield to furnish the
desired unsaturated tert-butyl-β-keto ester 3-104 which was subsequently cyclized to the
dioxanone (3-105, Scheme 3.22). Dioxanone 3-105 was then refluxed with TBS protected αhydroxy amide 3-57 followed by TFA mediated cyclization to furnish the natural product in
24% yield over the final two steps (3-1, Scheme 3.22). With the natural product in hand, the
absolute configuration was established to be (S)-3-1 by comparison of its optical rotation with
that reported by the isolation group ([α]D -34˚ vs [α]D -31˚ (lit)).2, 34
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Scheme 3.22: Completed synthesis of lipoxazolidinone A (3-1).

After exhausting many alternate retrosynthetic disconnections to avoid the low yield
obtained from the acylation of Meldrum’s acid, we were able to successfully synthesize the
natural product in a total of 6 linear steps and 12% overall yield (3-1, Scheme 3.22). As
mentioned earlier, the acylation of Meldrum’s acid with α, β unsaturated carboxylic acid 3-60
proceeded in a low, 14% yield. Acylated Meldrum’s acid 3-58 was successfully carried through
to the natural product, albeit in a lower yield of 4% over 4 steps (Scheme 3.23).

Scheme 3.23: Synthesis of lipoxazolidinone A (3-1) from Meldrum’s acid (3-59).

This sequence does not work well for α, β unsaturated acids as is required for 3-1, hence
the exploration and development of an alternative synthetic sequence for the natural product;
however, it works in excellent yield with saturated acids and was therefore used to develop a
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library of analogs for structure-activity relationship (SAR) studies. Utilizing commercially
available α-amino acids and the acylation of Meldrum’s acid for the syntheses of analogs, a
library of 30 compounds was quickly constructed (Scheme 3.24).

Scheme 3.24: General approach to lipoxazolidinone analogs.

This library has allowed key questions about the structure-activity relationship of these
natural products to be answered, which will be discussed in more detail in the next chapter. In
addition to synthesizing lipoxazolidinone A (3-1) and 30 analogs, the synthesis of the other
two members of the lipoxazolidinone family, lipoxazolidinone B (3-2) and C (3-3), as well as
the construction of more analogs was explored.
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Figure 3.2: Library of lipoxazolidinone analogs.

The n-pentyl chain present in lipoxazolidinone B (3-2) cannot be easily installed due
to the unavailability of the corresponding α-amino acid. To access lipoxazolidinone B (3-2),
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the enantiopure, unnatural α-amino acid needed to be prepared. The first method explored,
began by treating commercially available methyl (S)-(-)-1-tritylaziridine-2-carboxylate (3133) with TFA and p-toluenesulfonyl chloride to exchange the trityl protecting group for the
tosyl protecting group (3-134, Scheme 3.25a).35 Aziridine 3-134 was then treated with lithium
dibutylcuprate, generated from n-butyllithium and copper iodide (CuI), to furnish the tosyl
protected, unnatural α-amino acid (3-135, Scheme 3.25a).36 The removal of the tosyl protecting
group proved to be difficult, so another method was pursued. A Mitsunobu reaction was used
to synthesize amino lactone 3-138 from commercially available Cbz protected L-serine (3-137,
Scheme 3.25b).37 Lactone 3-138 was then treated with lithium dibutylcuprate, providing a
complex mixture of products, so again a different method was pursued. The primary alcohol
of commercially available (R)-glycidol (3-140) was TIPS protected.38 Compound 3-140 was
then reacted with lithium dibutylcuprate to obtain the TIPS protected diol 3-141 and then the
TIPS protecting group was subsequently removed (3-142, Scheme 3.25c).39 The primary
alcohol of diol 3-142 was oxidized to the aldehyde using TEMPO and bleach. The crude
material from this reaction was then TBS protected followed by a Pinnick oxidation in hopes
of obtaining the TBS protected α-hydroxy acid (3-143, Scheme 3.25c). Unfortunately, only a
complex mixture of products was obtained.
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Scheme 3.25: Attempts to synthesize unnatural α-amino acids by a) opening of aziridine 3134; b) opening of lactone 3-138; c) opening of oxirane 3-140.

In addition to efforts towards the synthesis of unnatural α-amino acids, attempts to
employ serine (3-144), methionine (3-145), histidine (3-146), asparagine (3-147), arginine (3148) and benzyl protected serine (3-149) and cysteine (3-150) in the synthesis of other
functionalized analogs was explored. To convert these α-amino acids to the corresponding αhydroxy acids a different set of conditions were used than those previously mentioned.40
Unfortunately, the majority of these amino acids were not successfully carried through the
three-step sequence to the TBS protected α-hydroxy amides. This was presumably due to the
increased water solubility of the side chains present on the α-amino acids. All α-amino acids
were successfully converted to the α-hydroxy acids. It was following the TBS protection that
products were lost, either upon work up or by column chromatography. To circumvent this
problem reverse phase chromatography needs to be utilized as well as carefully planned work
up conditions. Methionine was successfully carried all the way through to the TBS protected
hydroxy amide which was never elaborated to the final 4-oxazolidinone analog. The benzyl
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protected serine compound was carried all of the way through to the β-ketoimide which upon
treatment with TFA/DCM did not cyclize to the 4-oxazolidinone product. Following these
results we attempted to synthesize other analogs that could potentially be interesting
antimicrobial agents.

Figure 3.3: Natural α-amino acids used towards the construction of functionalized 4oxazolidinones.

The ketone was further manipulated to better understand the role it plays in the
antimicrobial activity of these natural products. We targeted three compounds: one that lacked
the β ketone (3-157), another with a secondary alcohol (3-158) and ester (3-160). Again, none
of these compounds were successfully synthesized. Imide 3-156 lacking the β ketone was
accessed by refluxing TBS protected α-hydroxy amide 3-154 and phenyl acetyl chloride (3155, Scheme 3.26b). Unfortunately, only deprotection of the TBS group was observed when
treated with 1:1 TFA:DCM; other attempts to cyclize TBS protected α-hydroxy imides, lacking
a β-ketone, have also resulted in only deprotection, thus suggesting the ketone is important for
cyclization and dehydration. The 4-oxazolidinone product 3-120 was treated with LiAlH4 to
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reduce the ketone to the secondary alcohol (3-158, Scheme 3.26c). LCMS analysis showed the
reduced product 3-158, but following work-up and purification none of the desired product
was obtained, possibly due to the instability of alcohol 3-158. At this time the synthesis of ester
3-160 was explored. Towards this goal, Meldrum’s acid (3-59) was successfully acylated with
octyl chloro formate; however, the subsequent ketene-amide coupling provided a complex
mixture of products (Scheme 3.26d). The importance of the 5-membered ring was also
examined by synthesizing the related 6-membered oxazinanone 3-153 from salicylamide
(Scheme 3.26a). This fused bicyclic oxazinanone displayed no antimicrobial activity at 128
μg/mL.

Scheme 3.26: a) Synthesis of oxazinone 3-153; b) attempt to access analog 3-157 lacking the
ketone; c) attempt to reduce 3-120 to a secondary alcohol; d) attempt to synthesize ester analog
3-160.
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After attempting to assess the importance of the ketone and revealing the importance
of the 5-membered ring, the synthesis of two chemical probes was pursued. Biotin (3-161) and
fluorescein (3-166) both contain a carboxylic acid functionality that was envisioned to be easily
employed in the acylation of Meldrum’s acid (3-59), allowing for the direct incorporation of
these tags into the 4-oxazolidinone structure. To this end, Meldrum’s acid (3-59) was acylated
with biotin (3-161) in excellent yield, but the final 4-oxazolidinone product 3-163 was not
successfully isolated despite observing it by LCMS analysis (M+1) (Scheme 3.27a). The
acylation of Meldrum’s acid (3-59) with fluorescein (3-164) proceeded in excellent yield, but
following the acylation of the amide, several unidentifiable products were obtained (Scheme
3.27b).

Scheme 3.27: Synthesis of biological probes containing a) biotin (3-163) or b) fluorescein (3166).
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3.4 Conclusions
In conclusion, we have developed a rapid method to synthesize the 4-oxazolidinone
heterocycle and developed an efficient route to the natural product, lipoxazolidinone A (3-1).
It was demonstrated that β-keto imides will cyclize and dehydrate to the 4-oxazolidinone
heterocycle when treated with 1:1 TFA:DCM. The synthesis of lipoxazolidinone A (3-1)
allowed for the confirmation of the structure put forth by the isolation group and assignment
of the absolute configuration. In addition, the development of a rapid synthetic strategy allowed
access to the 4-oxazolidinone heterocycle and preparation of 30 novel analogs.

3.5 Experimental Section

General Information
General information: THF and dichloromethane were purified using an alumina
filtration system. Starting materials were purchased from a commercial chemical company and
used as received. Reactions were monitored by TLC analysis (pre-coated silica gel 60 F254
plates, 250 mm layer thickness) and visualization was accomplished with a 254 nm UV light
and by staining with a KMnO4 solution (1.5 g of KMnO4, 10 g of K2CO3, and 1.25 mL of a
10% NaOH solution in 200 mL of water). Reactions were also monitored by LC-MS (2.6 mm
C18 50 x 2.10 mm column). Flash chromatography on SiO2 was used to purify the crude
reaction mixtures and performed on a flash system utilizing pre-packed cartridges and linear
gradients.
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Melting points were determined using a capillary melting point apparatus. Infrared
spectra were determined on a FT/IR spectrometer. 1H, 13C and NMR spectra were obtained on
a 400, 500 or 700 MHz instrument in CDCl3 unless otherwise noted. Chemical shifts were
reported in parts per million with the residual solvent peak used as an internal standard (CDCl3
= 7.26 ppm for 1H and 77.16 ppm for

13

C). 1H NMR spectra were run at 400 MHz and are

tabulated as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
p = pentet, m = multiplet, bs = broad singlet, dt = doublet of triplet, tt = triplet of triplet),
number of protons, and coupling constant(s). 13C NMR spectra were run at 100 MHz, 125 MHz
or 175 MHz using a proton-decoupled pulse sequence with a d1 of 1 second unless otherwise
noted, and are tabulated by observed peak. High-resolution mass spectra were obtained on an
ion trap mass spectrometer using heated electrospray ionization (HESI).

General procedure for the preparation of O-TBS-α-hydroxy amides from α-amino acids
The α-hydroxy acid derivatives were synthesized following a known literature
procedure.41 In brief, the amino acid (10 mmol) was dissolved in 1 M H2SO4 (10 mmol) and
cooled to 0 ˚C. Then 2 M NaNO2 (20 mmol) was added dropwise and the reaction was allowed
to slowly warm to room temperature and stirred overnight followed by addition of another
aliquot of 2 M NaNO2 (10 mmol) and the reaction was stirred for a further 24 h at room
temperature. The reaction mixture was extracted with EtOAc (7 x 10 mL). The combined
organic layers were washed with brine (15 mL), dried (MgSO4), filtered and concentrated. The
resulting crude solid was dissolved in DMF (resulting in a 2 M solution) and imidazole (42
mmol) and TBSCl (21 mmol) were added and the reaction was stirred for 24 h at room
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temperature. The reaction was then diluted with EtOAc and washed with 10% citric acid (15
mL), sat. aq. NaHCO3 (15 mL) and brine (15 mL). The organic layer was dried (MgSO4),
filtered, concentrated and purified by flash column chromatography on SiO2 (20%
EtOAc:hexanes). To the resulting TBS protected hydroxy acid (5 mmol) was added ptoluenesulfonyl chloride (5 mmol), silica supported ammonium chloride (10 mmol)21,42 and
Et3N (25 mmol) and the reaction was stirred for 15 minutes at room temperature and then
diluted with EtOAc, filtered and concentrated. The residue was purified by flash column
chromatography on SiO2 (20% EtOAc:hexanes).

(S)-2-((tert-Butyldimethylsilyl)oxy)hexanamide (3-57). Yield: 240 mg (27%) of 3-57 as a
colorless oil that solidified upon standing: Rf = 0.15 (hexanes:EtOAc, 4:1); [α]D = -24˚ (c =
7.9, dichloromethane); 1H NMR (400 MHz, CDCl3); δ = 7.04 (bs, 1 H), 6.47 (bs, 1 H), 4.05 (t,
J = 7.5 Hz, 1 H), 1.68-1.59 (m, 2 H), 1.32-1.23 (m, 4 H), 0.85-0.80 (m, 12 H), 0.02 (s, 6 H);
C NMR (100 MHz, CDCl3): δ = 178.2, 73.6, 35.1, 26.6, 26.0, 22.9, 18.3, 14.3, -4.6, -5.0. IR

13

(film) 3483, 3287, 3197, 2954, 2860, 1688, 1469 cm-1; HRMS (ESI) m/z calculated for
C12H28NO2Si [M+H]+: 246.1884, found: 246.1878.
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(S)-2-((tert-Butyldimethylsilyl)oxy)-4-methylpentanamide (S3-167).19 Yield: 187 mg
(36%) of S3-167 as a white solid. Rf = 0.18 (hexanes:EtOAc, 4:1); [α]D = -39˚ (c = 2.4,
dichloromethane); 1H NMR (400 MHz, CDCl3): δ = 7.05 (s, 1 H), 6.46 (s, 1 H), 4.04 (dd, J =
7.3, 4.4 Hz, 1 H), 1.80-1.70 (m, 1 H), 1.60-1.44 (m, 2 H), 0.90-0.85 (m, 15 H), 0.06 (s, 3 H),
0.04 (s, 3 H); 13C NMR (100 MHz, CDCl3): δ = 178.4, 72.5, 44.9, 25.9, 24.2, 23.6, 22.5, 18.2,
-4.7, -5.0.

(S)-2-((tert-Butyldimethylsilyl)oxy)-3-phenylpropanamide (S3-168). Yield: 190 mg (32%)
of S3-168 as a white solid. Rf = 0.20 (hexanes:EtOAc, 1:1); [α]D = -32˚ (c = 5.1,
dichloromethane); 1H NMR (400 MHz, CDCl3): δ = 7.30-7.16 (m, 5 H), 6.65 (bs, 1 H), 6.45
(bs, 1 H), 4.25 (dd, J = 7.7, 2.6 Hz, 1 H), 3.10 (dd, J = 13.6, 2.9 Hz, 1 H), 2.84 (dd, J = 13.6,
8.1 Hz, 1 H), 0.90 (s, 9 H), -0.08 (s, 3 H), -0.28 (s, 3 H); 13C NMR (100 MHz, CDCl3): δ =
177.2, 137.5, 130.3,128.4, 126.9, 75.0, 42.0, 26.0, 18.2, -5.3, -5.4; IR (film) 3480, 3283, 3261,
2942, 2889, 1682, 1162 cm-1; HRMS (ESI) m/z calculated for C15H26NO2Si [M+H]+:
280.17278, found: 280.17278.
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(R)-2-((tert-Butyldimethylsilyl)oxy)hexanamide (S3-169). Yield: 90 mg (26%) of S3-169 as
a colorless oil that solidified upon standing: Rf = 0.15 (hexanes:EtOAc, 4:1); [α]D = +23.5˚ (c
= 2.1, dichloromethane); 1H NMR (400 MHz, CDCl3); δ = 6.52 (bs, 1 H), 6.30 (bs, 1 H), 4.11
(t, J = 7.5 Hz, 1 H), 1.75-1.65 (m, 2 H), 1.38-1.26 (m, 4 H), 0.91-0.85 (m, 12 H), 0.07 (s, 6 H);
C NMR (100 MHz, CDCl3); δ = 177.8, 73.8, 35.3, 26.7, 26.2, 23.0, 18.4, 14.4, -4.4, -4.8; IR
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(film) 3483, 3287, 3197, 2954, 2860, 1688, 1469 cm-1; HRMS (ESI) m/z calculated for
C12H28NO2Si [M+H]+: 246.1884, found: 246.1877.

(S)-2-((tert-Butyldimethylsilyl)oxy)-3-methylbutanamide (S3-170). Yield: 280 mg (30%)
of S3-170 as a white solid. Rf = 0.18 (hexanes:EtOAc, 4:1); [α]D = -15˚ (c = 0.1,
dichloromethane); 1H NMR (400 MHz, CDCl3): δ = 7.15 (s, 1 H), 6.30 (s, 1 H), 3.84 (d, J =
3.3 Hz, 1 H), 2.03-1.95 (m, 1 H), 0.89 (d, J = 7.0 Hz, 3 H), 0.85 (s, 9 H), 0.81 (d, J = 7.0 Hz,
3 H), 0.03 (s, 3 H), 0.01 (s, 3 H); 13C NMR (100 MHz, CDCl3): δ = 177.5, 77.9, 32.7, 25.9,
19.4, 18.2, 16.4, -4.9, -5.0; IR (film) 3471, 3205, 3142, 2954, 2926, 1658, 1461 cm-1; HRMS
(ESI) m/z calculated for C11H26NO2Si [M+H]+: 232.17273, found: 232.17273.
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(2S,3S)-2-((tert-Butyldimethylsilyl)oxy)-3-methylpentanamide (S3-171). Yield: 160 mg
(34%) of S3-171 as a white solid. Rf = 0.18 (hexanes:EtOAc, 4:1); [α]D = -17˚ (c = 6.1,
dichloromethane); 1H NMR (400 MHz, CDCl3): δ = 6.62 (s, 1 H), 6.48 (s, 1 H), 3.97 (d, J =
3.7 Hz, 1 H), 1.81-1.70 (m, 1 H), 1.55-1.43 (m, 1 H), 1.27-1.14 (m, 1 H), 0.96-0.84 (m, 15 H),
0.09 (s, 3 H), 0.06 (s, 3 H);
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C NMR (100 MHz, CDCl3): δ = 177.1, 69.6, 39.9, 26.0, 23.9,

18.2, 15.6, 12.2, -4.7, -4.9; IR (film) 3484, 3278, 2959, 2927, 1685, 1464 cm-1; HRMS (ESI)
m/z calculated for C12H28NO2Si [M+H]+: 246.18838, found: 246.18831.

(S)-2-((tert-Butyldimethylsilyl)oxy)-2-phenylacetamide (S3-172). Yield: 400 mg (38%) of
S3-172 as a white solid. Rf = 0.18 (hexanes:EtOAc, 4:1); [α]D = +74˚ (c = 8.7,
dichloromethane); 1H NMR (400 MHz, CDCl3): δ = 7.43 (m, 2 H), 7.31 (m, 3 H), 5.04 (s, 1
H), 0.92 (s, 9 H), 0.09 (s, 3 H), -0.06 (s, 3 H); 13C NMR (100 MHz, CDCl3): δ = 175.8, 139.7,
128.4, 128.2, 126.4, 75.8, 25.8, 18.2, -4.7, -5.3; IR (film) 3289, 3226, 2954, 2884, 1695, 1255
cm-1; HRMS (ESI) m/z calculated for C14H24NO2Si [M+H]+: 266.15708, found: 266.15708.
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(S)-2-((tert-Butyldimethylsilyl)oxy)propanamide (3-62). (S)-lactamide (1.0 g, 11 mmol)
was dissolved in dichloromethane (20 mL) and cooled to 0 ˚C and triethyl amine (2.3 mL, 17
mmol) and DMAP (130 mg, 1.1 mmol) were added followed by TBSCl (1.9 g, 12 mmol) as a
solution in dichloromethane (6 mL). The reaction was slowly warmed to room temperature
and stirred for 24 h, diluted with water (10 mL) and extracted with dichloromethane (3 x 10
mL). The combined organic layers were washed with 10% citric acid (10 mL), saturated
NaHCO3 (10 mL), water (10 mL) and brine (10 mL), dried (MgSO4), filtered and concentrated
in vacuo. The residue was purified by chromatography on SiO2 (3:1 hexanes:EtOAc) to yield
2.0 g (89%) of 3-62 as an oil: Rf = 0.25 (hexanes:EtOAc, 3:1); [α]D = -7.5˚ (c = 10,
dichloromethane); 1H NMR (400 MHz, CDCl3); δ = 6.60 (bs, 1 H), 5.64 (bs, 1 H), 4.21 (q, J =
7.0 Hz, 1 H), 1.38 (d, J = 6.8 Hz, 3 H), 0.92 (s, 9 H), 0.11 (s, 6 H);

13

C NMR (100 MHz,

CDCl3); δ = 179.7, 70.4, 33.9, 27.0, 22.5, 14.0; IR (film) 3480, 3282, 3195, 2955, 2931, 2860,
1693, 1121 cm-1; HRMS (ESI) m/z calculated for C9H22NO2Si [M+H]+: 204.1414, found:
204.1411.

2-((tert-Butyldimethylsilyl)oxy)acetamide (S3-173). 2-hydroxy acetamide (250 mg, 3.3
mmol) was dissolved in DMF (2.5 mL) and imidazole (340 mg, 4.9 mmol) and TBSCl (560
mg, 3.6 mmol) were added at room temperature. The resulting mixture was stirred for 24 h.
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The reaction was diluted with ethyl acetate (20 mL) and washed with 10% citric acid (15 mL),
sat. aq. NaHCO3 (15 mL), water (15 mL) and brine (15 mL). The organic layer was dried
(MgSO4), filtered and concentrated in vacuo. The residue was purified by chromatography on
SiO2 (3:1 hexanes:EtOAc) to yield 530 mg (85%) of S3-173 as an oily solid: Rf = 0.25
(hexanes:EtOAc, 3:1); 1H NMR (400 MHz, CDCl3); δ = 6.83 (bs, 1 H), 6.59 (bs, 1 H), 4.03 (s,
2 H), 0.88 (s, 9 H), 0.07 (s, 6 H); 13C NMR (100 MHz, CDCl3): δ = 175.3, 63.3, 26.1, 18.5, 5.3; IR (film) 3471, 3275, 3157, 2950, 2856, 1688, 1113 cm-1; HRMS (ESI) m/z calculated for
C8H20NO2Si [M+H]+: 190.1258, found: 190.1255.

(E)-3-Methyldec-2-enoic acid (3-60).22,43 1-iodoheptane (4.5 mL, 27 mmol) was dissolved in
pentane (81 mL) and diethyl ether (54 mL) and cooled to -78 ˚C followed by addition of tBuLi
(1.7 M solution in pentane, 33 mL, 56 mmol) and the reaction was allowed to stir at -78 ˚C for
5 minutes, the dry ice/acetone bath was removed and the reaction was warmed to room
temperature and stirred for 1.5 h. The resulting heptyl Li solution was cooled to 0 ˚C and was
added to a solution of CuI (2.55 g, 13.4 mmol) in THF (13.5 mL) at 0 ˚C. The reaction was
stirred for 10 minutes and then cooled to -78 ˚C at which point a solution of 2-butynoic acid
(0.50 g, 5.8 mmol) in THF (12 mL) was added and the reaction was stirred at -78 ˚C for 10
minutes and then warmed to -5 ˚C and stirred for 45 minutes. The reaction was poured into
cooled (0 ˚C) 1 M HCl (100 mL) and extracted with EtOAc (3 x 30 mL), the combined organic
layers were washed with brine (20 mL), dried (MgSO4), filtered, concentrated and purified by
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chromatography on SiO2 (10% EtOAc:hexanes) to yield 860 mg (81%) of 3-60 as a colorless
oil: 1H NMR (400 MHz, CDCl3); δ = 11.49 (bs, 1 H), 5.68 (s, 1 H), 2.17-2.13 (m, 5 H), 1.511.27 (m, 10 H), 0.88 (t, J = 6.7 Hz, 3 H); 13C NMR (100 MHz, CDCl3); δ = 172.9, 163.8, 115.3,
41.5, 32.0, 29.4, 29.3, 27.6, 22.9, 19.3, 14.3.

(E)-N-Methoxy-N,3-dimethyldec-2-enamide (S3-174). (E)-3-methyldec-2-enoic acid (3-60)
(120 mg, 0.66 mmol) was dissolved in THF (2.1 mL) and 2-chloro-4,6-dimethoxy-1,3,5triazine (140 mg, 0.79 mmol) was added followed by the addition of N-methylmorpholine
(0.22 mL, 2.0 mmol). The reaction was stirred at room temperature for 1 h and N,Odimethylhydroxylamine hydrochloride (66 mg, 0.66 mmol) was added and the reaction was
stirred at room temperature overnight. Water (10 mL) was added and the reaction was extracted
with Et2O (2 x 10 mL). The combined organic layers were washed with sat. aq. NaHCO3 (5
mL), 1 M HCl (5 mL), brine (5 mL), dried (MgSO4), filtered and concentrated to yield 150 mg
(99%) of S3-174 as an oil (90% purity): Rf = 0.33 (hexanes:EtOAc, 4:1); 1H NMR (400 MHz,
CDCl3); δ = 5.99 (s, 1 H), 3.55 (s, 3 H), 3.07 (s, 3 H), 2.04-1.99 (m, 5 H), 1.38-1.34 (m, 2 H),
1.22-1.11 (m, 8 H), 0.76 (t, J = 7.1 Hz, 3 H); 13C NMR (100 MHz, CDCl3); δ = 173.9, 156.7,
113.6, 61.2, 55.7, 40.1, 31.7, 29.0, 28.9, 27.4, 22.5, 18.4, 13.9; IR (film) 2955, 2931, 2856,
1657, 1638 1461, 1366 cm-1; HRMS (ESI) m/z calculated for C13H26NO2 [M+H]+: 228.19581,
found: 228.19579.

109

tert-Butyl (E)-5-methyl-3-oxododec-4-enoate (3-104). Tert-butyl acetate (0.23 mL, 1.7
mmol) was added to freshly prepared solution of LDA (0.17 mL, 1.2 mmol diisopropyl amine;
0.71 mL, 1.2 mmol, 1.7 M nBuLi; 0.6 mL THF) at -78 ˚C and stirred for 15 minutes. Then (E)N-methoxy-N,3-dimethyldec-2-enamide (S3-174) (130 mg, 0.57 mmol) was added as a
solution in THF (0.6 mL). The reaction was stirred at -78 ˚C for 2 h. It was then removed from
the dry ice/acetone bath and after 5 minutes at room temperature sat. aq. NaHCO3 (5 mL) was
added. Then the reaction was extracted with EtOAc (2 x 10 mL) and the combined organic
layers were washed with saturated NH4Cl (10 mL), dried (MgSO4), filtered, concentrated in
vacuo and purified by chromatography on SiO2 (10% EtOAc:hexanes) to yield 89 mg (55%)
of 3-104 as an oil: Rf = 0.15 (hexanes:EtOAc, 9:1); 1H NMR (400 MHz, CDCl3); δ = 6.08 (s,
1 H), 3.34 (s, 2 H), 2.13 (m, 5 H), 1.45 (s, 9 H), 1.26 (m, 10 H), 0.87 (t, J = 7.1 Hz, 3 H); 13C
NMR (100 MHz, CDCl3): δ = 192.7, 167.2, 161.9, 122.1, 81.6, 52.3, 41.5, 31.9, 29.3, 29.2,
28.1, 27.6, 22.8, 19.8, 14.2; IR (film) 3007, 2957, 2927, 2855, 1734, 1685, 1620, 1249, 1144
cm-1; HRMS (ESI) m/z calculated for C17H30O3Na [M+Na]+: 305.20872, found: 305.20827.

(E)-N-Methoxy-N-methyldec-2-enamide (S3-175).44 Trans-2-decenoic acid (500 mg, 2.8
mmol) was dissolved in THF (8 mL). Then 2-chloro-4,6-dimethoxy-1,3,5-triazine (610 mg,
3.4 mmol) was added followed by the addition of N-methylmorpholine (0.93 mL, 8.4 mmol).
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The reaction was stirred at room temperature for 1 hour and then N,O-dimethylhydroxylamine
hydrochloride (280 mg, 2.8 mmol) was added and the reaction was stirred at room temperature
overnight. Water (15 mL) was added and the reaction was extracted with Et2O (2 x 10 mL).
The combined organic layers were washed with saturated NaHCO3 (10 mL), 1 M HCl (10 mL),
brine (10 mL), dried (MgSO4), filtered and concentrated to yield 590 mg (99%) of S3-175 as
an oil; Rf = 0.23 (20% EtOAc:Hex): 1H NMR (400 MHz, CDCl3); δ = 6.97 (dt, J = 15.8, 6.9
Hz, 1H), 6.38 (d, J = 15.1 Hz, 1H), 3.69 (s, 3H), 3.23 (s, 3H), 2.22 (q, J = 7.2 Hz, 2H), 1.46
(m, 2H), 1.32-1.21 (m, 8H), 0.87 (t, J = 6.9 Hz, 3H); 13C NMR (100 MHz, CDCl3); δ = 167.3,
148.3, 118.8, 61.8, 32.7, 32.6, 32.0, 29.4, 29.3, 28.5, 22.8, 14.2.

tert-Butyl (E)-3-oxododec-4-enoate (S3-176). Tert-butyl acetate (1.1 mL, 8.2 mmol) was
added to freshly prepared LDA (1.2 mL, 8.5 mmol diisopropyl amine; 4.7 mL, 8.4 mmol, 1.80
M nBuLi; 4.2 mL THF) at -78 ˚C and stirred for 15 minutes. Then (E)-N-methoxy-Nmethyldec-2-enamide S3-175 (580 mg, 2.7 mmol) was added as a solution in THF (2.7 mL).
The reaction was stirred at -78 ˚C for 2 hours. It was then removed from the dry ice/acetone
bath and after 5 minutes at room temperature saturated NaHCO3 (5 mL) was added. Then the
reaction was extracted with EtOAc (2 x 10 mL) and the combined organic layers were washed
with saturated NH4Cl (10 mL), dried (MgSO4), filtered and concentrated. The residue was
purified by chromatography on SiO2 (5% EtOAc:hexanes) to yield 330 mg (42%) of S3-176
as an oil: Rf = 0.30 (5% EtOAc:hexanes); Enol and keto forms are reported; 1H NMR (400
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MHz, CDCl3); δ = 6.85 (dt, J = 15.8, 6.9 Hz, 0.6H), 6.58 (d, J = 15.8, 6.9 Hz, 1H), 6.10 (d, J =
15.1 Hz, 0.6H), 5.74 (d, J = 15.1 Hz, 1H), 4.86 (s, 1H), 3.46 (s, 1H), 2.24-2.12 (m, 4H), 1.471.25 (m, 38H), 0.85 (t, J = 6.9 Hz, 6H) ; 13C NMR (100 MHz, CDCl3): δ = 192.5, 172.7, 168.8,
166.5, 149.5, 140.2, 129.5, 124.2, 91.3, 81.5, 80.5, 48.1, 32.4, 31.6, 31.5, 29.0, 28.9, 28.8, 28.4,
28.1, 27.8, 27.7, 22.4, 22.3, 13.9; IR (film) 3004, 2977, 2958, 2926, 1735, 1665, 1253, 1144;
HRMS (ESI) m/z calculated for C16H28O3 [M+Na]+: 291.19307, found: 291.19283.

(S)-Triisopropyl(oxiran-2-ylmethoxy)silane (S3-177).45 (R)-glycidol 3-140 (0.90 mL, 14
mmol) was dissolved in DCM (28 mL) then imidazole (1.1 g, 16 mmol) and DMAP (170 mg,
1.4 mmol) were added at room temperature. The reaction was cooled to 0 °C and TIPSCl (3.6
mL, 16 mmol) was added. The reaction was stirred at room temperature for 1.5 hours, then
filtered through a pad of Celite® and diluted with water (10 mL) and hexanes (10 mL). The
aqueous layer was extracted with hexanes (2 x 10 mL), the combined organic layers were
washed with water (10 mL), brine (10 mL), dried (MgSO4), filtered and concentrated. The
product was purified by column chromatography on SiO2 (8:2 hexanes/Et2O Rf = 0.45) to yield
9.0 g (86%) of S3-177 as a colorless oil: 1H NMR (400 MHz, CDCl3); δ = 3.91 (dd, J = 11.6,
3.2 Hz, 1 H), 3.74 (dd, J = 11.6, 4.7 Hz, 1 H), 3.05 (m, 1 H), 2.76 (dd, J = 5.2, 4.1 Hz, 1 H),
2.66 (dd, J = 5.2, 2.7 Hz, 1 H), 1.07 (m, 21 H); 13C NMR (100 MHz, CDCl3); δ = 63.8, 52.4,
44.1, 17.7, 11.8.
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General procedure for the synthesis of 4-oxazolidinones:

Acylated Meldrum’s acid derivatives were synthesized following a previously reported
procedure.46 In brief, the carboxylic acid (1 mmol) was dissolved in dichloromethane (0.5 M)
and then N,N’-dicylcohexylcarbodiimide (1.1 mmol) and 4-dimethylaminopyridine (0.5
mmol) were added. Then Meldrum’s acid (1 mmol) was added and the reaction was stirred at
room temperature overnight. The insoluble urea was filtered and the solvent was removed in
vacuo, redissolved in EtOAc and washed with HCl (15 mL, 1 M) and brine (15 mL), dried
(MgSO4), filtered and concentrated in vacuo. The crude acylated Meldrum’s acid and O-TBSα-hydroxy amide (0.5 mmol) were dissolved in toluene (2 mL) and stirred at reflux for 1 h.
The reaction was cooled to room temperature, concentrated in vacuo and purified by flash
column chromatography on SiO2 (10% EtOAc:hexanes). The resulting imide (0.25 mmol) was
dissolved in dichloromethane (2.5 mL) and trifluoroacetic acid (2.5 mL) was added at room
temperature. The reaction was allowed to stir for 24 h and then concentrated in vacuo and
purified by flash column chromatography on SiO2 (20% EtOAc:hexanes).

(S,E)-5-butyl-2-((E)-4-methyl-2-oxoundec-3-en-1-ylidene)oxazolidin-4-one (3-1). Yield
2.1 mg (4%) of 3-1 as a colorless oil: [α]D = -34˚ (c = 0.78, MeOH) [Lit: [α]D = -31˚ (c = 0.02,
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MeOH]9; 1H NMR (400 MHz, CDCl3); δ = 5.89 (s, 1 H), 5.20 (s, 1 H), 4.62 (m, 1 H), 2.17 (s,
3 H), 2.12 (m, 2 H), 1.96 (m, 1 H), 1.81 (m, 1 H), 1.48-1.25 (m, 14 H), 0.93-0.86 (m, 6 H); 13C
NMR (100 MHz, CDCl3): δ = 189.9, 167.0, 158.3, 124.8, 94.9, 84.5, 79.1, 41.9, 32.2, 31.2,
29.7, 29.6, 28.1, 26.6, 23.1, 22.7, 19.6, 14.6, 14.2; IR (film) 2959, 2918, 2884, 1762, 1631,
1557, 1442 cm-1; HRMS (ESI) m/z calculated for C19H32NO3 [M+H]+: 322.23767, found:
322.23754.

(S,E)-5-Methyl-2-(2-oxopropylidene)oxazolidin-4-one (3-64). Used commercially available
dioxanone (3-61, 2,2,6-trimethyl-1,3-dioxin-4-one). Yield: 87 mg (56%) of 3-64 as a white
solid. Rf = 0.27 (hexanes:EtOAc, 1:1); [α]D = -28 (c = 2.5, DCM); 1H NMR (400 MHz,
CDCl3); δ = 5.22 (s, 1 H), 4.70 (q, J = 7.0 Hz, 1 H), 2.13 (s, 3 H), 1.55 (d, J = 7.1 Hz, 3 H); 13C
NMR (175 MHz, CDCl3): δ = 197.6, 173.7, 165.2, 82.5, 75.3, 30.2, 16.9; IR (film) 3186, 2989,
2935, 1761, 1666, 1568 cm-1; HRMS (ESI) m/z calculated for C7H10NO3 [M+H]+: 156.06552,
found: 156.06558.
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(R,E)-5-butyl-2-((E)-4-methyl-2-oxoundec-3-en-1-ylidene)oxazolidin-4-one (3-106). Yield
2.7 mg (21%) of 3-106 as a colorless oil: [α]D = +30˚ (c = 0.09, dichloromethane); 1H NMR
(700 MHz, CDCl3); δ = 5.89 (s, 1 H), 5.20 (s, 1 H), 4.62 (m, 1 H), 2.17 (s, 3 H), 2.13 (m, 2 H),
1.98 (m, 1 H), 1.82 (m, 1 H), 1.47-1.36 (m, 6 H), 1.28 (m, 8 H), 0.93-0.87 (m, 6 H); 13C NMR
(175 MHz, CDCl3): δ = 189.8, 174.0, 166.9, 158.2, 124.6, 84.4, 78.9, 41.8, 32.1, 31.1, 29.6,
29.5, 27.9, 26.5, 23.0, 22.5, 19.5, 14.4, 14.1; IR (film) 2959, 2918, 2884, 1762, 1631, 1557,
1442 cm-1; HRMS (ESI) m/z calculated for C19H32NO3 [M+H]+: 322.23767, found: 322.23806.

(S,E)-5-Butyl-2-((E)-2-oxoundec-3-en-1-ylidene)oxazolidin-4-one (3-107). Yield 6.2 mg
(8%) of 3-107 as a white solid: [α]D = -35˚ (c = 0.49, dichloromethane); 1H NMR (400 MHz,
CDCl3); δ = 6.83 (dt, J = 15.8, 6.9 Hz, 1 H), 6.09 (d, J = 15.1 Hz, 1 H), 5.32 (s, 1 H), 4.65 (dd,
J = 6.8, 4.1 Hz, 1 H), 2.22 (m, 2 H), 1.95 (m, 1 H), 1.83 (m, 1 H), 1.46-1.34 (m, 6 H), 1.27 (m,
8 H), 0.94-0.86 (m, 6 H); 13C NMR (175 MHz, CDCl3): δ = 188.1, 174.3, 168.0, 146.1, 130.3,
81.7, 79.2, 32.8, 32.1, 31.1, 29.5, 29.4, 28.6, 26.5, 23.0, 22.5, 14.4, 14.1; IR (film) 2958, 2920,
2886, 1768, 1628, 1559, 1441 cm-1; HRMS (ESI) m/z calculated for C18H30NO3 [M+H]+:
308.22202, found: 308.22205.
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(S,E)-5-Butyl-2-(2-oxoundecylidene)oxazolidin-4-one (3-108). Yield 11 mg (44%) of 3-108
as a white solid: [α]D = -29˚ (c = 0.25, dichloromethane); 1H NMR (400 MHz, CDCl3); δ =
5.24 (s, 1 H), 4.63 (dd, J = 7.4, 4.2 Hz, 1 H), 2.35 (t, J = 7.1 Hz, 4 H), 1.97 (m, 1 H), 1.83 (m,
1 H), 1.61 (m, 4 H), 1.43-1.26 (m, 12 H), 0.94-0.86 (m, 6 H); 13C NMR (175 MHz, CDCl3): δ
= 200.6, 173.1, 165.4, 81.6, 78.8, 43.1, 32.0, 30.9, 30.8, 29.6, 29.5, 29.4, 26.3, 25.4, 22.8, 22.3,
14.2, 13.9; IR (film) 2958, 2924, 2862, 1708, 1670, 1570, 1461 cm-1; HRMS (ESI) m/z
calculated for C18H32NO3 [M+H]+: 310.23767, found: 310.23771.

(S,E)-5-Butyl-2-(2-oxopropylidene)oxazolidin-4-one (3-109). Used commercially available
dioxanone (3-61, 2,2,6-trimethyl-1,3-dioxin-4-one). Yield 63 mg (72%) of 3-109 as a white
solid: [α]D = -37˚ (c = 0.7, MeOH); 1H NMR (400 MHz, CDCl3); δ = 5.24 (s, 1 H), 4.63 (dd, J
= 7.4, 4.3 Hz, 1 H), 2.15 (s, 3 H), 1.96 (m, 1 H), 1.82 (m, 1 H), 1.38 (m, 4 H), 0.92 (t, J = 7.1
Hz, 3 H); 13C NMR (175 MHz, CDCl3): δ = 197.7, 173.2, 165.5, 82.3, 79.0, 31.0, 30.2, 26.4,
22.5, 14.1; IR (film) 3184, 2957, 2935, 2863, 1767, 1665, 1574, 1431 cm-1; HRMS (ESI) m/z
calculated for C10H16NO3 [M+H]+: 198.11247, found: 198.11268.
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(S,E)-5-Butyl-2-(2-oxopentylidene)oxazolidin-4-one (3-110). Yield: 7 mg (39%) of 3-110 as
a white solid: [α]D = -33˚ (c = 0.09, dichloromethane); 1H NMR (400 MHz, CDCl3); δ = 5.24
(s, 1 H), 4.63 (dd, J = 7.5, 4.1 Hz, 1 H), 2.36 (t, J = 7.1 Hz, 2 H), 1.99 (m, 1 H), 1.82 (m, 1 H),
1.65 (m, 2 H), 1.39 (m, 4 H), 0.97-0.90 (m, 6 H); 13C NMR (175 MHz, CDCl3): δ = 200.4,
173.1, 165.5, 81.6, 78.8, 45.0, 30.8, 29.8, 26.3, 22.3, 18.8, 13.9; IR (film) 3182, 2952, 2935,
2861, 1765, 1664, 1568, 1442 cm-1; HRMS (ESI) m/z calculated for C12H20NO3 [M+H]+:
226.14377, found: 226.14383.

(S,E)-5-Butyl-2-(2-oxoheptadecylidene)oxazolidin-4-one (3-111). Yield: 14 mg (45%) of 3111 as a white solid: Rf = 0.55 (hexanes:EtOAc, 4:1); [α]D = -24˚ (c = 7.9, dichloromethane);
1

H NMR (400 MHz, CDCl3); δ = 5.24 (s, 1 H), 4.63 (dd, J = 7.5, 4.2 Hz, 1 H), 2.34 (m, 4 H),

1.95 (m, 1 H), 1.85 (m, 1 H), 1.63 (m, 4 H), 1.45-1.25 (m, 24 H), 0.94-0.86 (m, 6 H); 13C NMR
(100 MHz, CDCl3): δ = 200.8, 179.9, 173.2, 81.6, 78.8, 43.1, 34.2, 32.1, 30.9, 29.9, 29.8, 29.7,
29.7, 29.6, 29.5, 29.4, 29.2, 26.3, 25.5, 24.8, 22.9, 22.3, 14.3, 13.9; IR (film) 2955, 2915, 2848,
1756, 1670, 1468 cm-1; HRMS (ESI) m/z calculated for C24H44NO3 [M+H]+: 394.33157,
found: 394.33172.
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(S,E)-2-(2-Oxoundecylidene)-5-phenyloxazolidin-4-one (3-112). Yield: 7 mg (32%) of 3112 as a white solid: [α]D = -2˚ (c = 0.6, dichloromethane); 1H NMR (400 MHz, CDCl3); δ =
7.40 (m, 5 H), 5.55 (s, 1 H), 5.37 (s, 1 H), 2.42 (m, 2 H), 1.66 (m, 2 H), 1.31 (m, 12 H), 0.88
(t, J = 6.3 Hz, 3 H); 13C NMR (125 MHz, CDCl3): δ = 200.7, 171.4, 165.2, 129.9, 129.3, 129.2,
126.5, 82.0, 79.3, 43.1, 32.0, 29.6, 29.5, 29.4, 29.4, 25.4, 22.8, 14.3; IR (film) 3208, 2951,
2917, 2850, 1764, 1680, 1570, 1012 cm-1; HRMS (ESI) m/z calculated for C20H28NO3 [M+H]+:
330.20637, found: 330.20611.

(S,E)-5-Benzyl-2-(2-oxoundecylidene)oxazolidin-4-one (3-113). Yield: 3.5 mg (17%) of 3113 as a white solid: [α]D = -31˚ (c = 0.05, dichloromethane); 1H NMR (400 MHz, CDCl3); δ
= 5.20 (s, 1 H), 4.87 (dd, J = 6.8, 3.9 Hz, 1 H), 3.32 (dd, J = 14.8, 4.0 Hz, 1 H), 3.09 (dd, J =
14.8, 6.8 Hz, 1 H), 2.35 (t, J = 7.7 Hz, 2 H), 1.63 (m, 4 H), 1.26 (m, 10 H), 0.88 (t, J = 6.6 Hz,
3 H); 13C NMR (100 MHz, CDCl3): δ = 200.6, 172.1, 165.1, 134.0, 129.7, 128.8, 127.7, 81.7,
79.0, 43.1, 37.1, 32.0, 31.9, 29.6, 29.5, 29.4, 25.4, 22.8, 14.3; IR (film) 3184, 2955, 2924, 2865,
1742, 1676, 1570, 1015 cm-1; HRMS (ESI) m/z calculated for C21H30NO3 [M+H]+: 344.22202,
found: 344.22153.
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(S,E)-5-Ethyl-2-(2-oxoundecylidene)oxazolidin-4-one (3-114). Yield: 8.3 mg (18%) of 3114 as a white solid: [α]D = -23˚ (c = 0.4, dichloromethane); 1H NMR (400 MHz, CDCl3); δ =
5.24 (s, 1 H), 4.61 (dd, J = 6.4, 4.6 Hz, 1 H), 2.37 (t, J = 7.5 Hz, 2 H), 2.10 – 1.96 (m, 1 H),
1.92 – 1.81 (m, 1 H), 1.63 – 1.54 (m, 2 H), 1.31 – 1.21 (m, 12 H), 1.02 (t, J = 7.4 Hz, 2 H),
0.87 (t, J = 6.7 Hz, 3 H); 13C NMR (125 MHz, CDCl3): δ = 200.7, 172.9, 165.5, 81.5, 79.6,
43.1, 32.0, 29.6, 29.6, 29.5, 29.4, 25.5, 24.5, 22.8, 14.3, 8.3; IR (film) 3245, 2955, 2918, 2850,
1741, 1671, 1570, 1087 cm-1; HRMS (ESI) m/z calculated for C16H28NO3 [M+H]+: 282.20637,
found: 282.20619.

(S,E)-5-Methyl-2-(2-oxoundecylidene)oxazolidin-4-one (3-115). Yield: 148 mg (46%) of 3115 as a white solid: [α]D = -24˚ (c = 7.9, dichloromethane); 1H NMR (400 MHz, CDCl3); δ =
5.21 (s, 1 H), 4.68 (q, J = 7.2 Hz, 1 H), 2.34 (t, J = 6.8 Hz, 2 H), 1.56 (m, 5 H), 1.25 (m, 12 H),
0.85 (t, J = 7.1 Hz, 3 H); 13C NMR (100 MHz, CDCl3): δ = 200.5, 173.6, 165.0, 81.7, 75.1,
43.0, 32.0, 29.7, 29.5, 29.4, 29.3, 25.4, 22.8, 16.7, 14.2; IR (film) 3220, 3072, 2918, 2848,
1763, 1669, 1576, 1430 cm-1; HRMS (ESI) m/z calculated for C15H26NO3 [M+H]+: 268.19072,
found: 268.19072.

119

(E)-2-(2-Oxoundecylidene)oxazolidin-4-one (3-116). Yield 19 mg (51%) of 3-116 as a white
solid: 1H NMR (400 MHz, CDCl3); δ = 5.30 (s, 1 H), 4.59 (s, 2 H), 2.36 (t, J = 7.2 Hz, 2 H),
1.62 (m, 2 H), 1.26 (m, 12 H), 0.87 (t, J = 6.8 Hz, 3 H); 13C NMR (175 MHz, CDCl3): δ =
200.5, 171.2, 156.9, 82.3, 67.3, 43.2, 34.2, 32.2, 29.8, 29.6, 25.6, 25.0, 23.0, 14.4; IR (film)
2953, 2924, 2868, 1752, 1658, 1442 cm-1; HRMS (ESI) m/z calculated for C14H24NO3 [M+H]+:
254.17507, found: 254.17513.

(S,E)-5-Isobutyl-2-(2-oxoundecylidene)oxazolidin-4-one (3-117). Yield: 19 mg (63%) of 3117 as a white solid: [α]D = -36˚ (c = 1.5, dichloromethane); 1H NMR (400 MHz, CDCl3); δ =
5.25 (s, 1 H), 4.67 (dd, J = 9.7, 3.6 Hz, 1 H), 2.37 (t, J = 7.7 Hz, 2 H), 1.90 (m, 1 H), 1.81 (m,
1 H), 1.70-1.57 (m, 3 H), 1.25 (m, 12 H), 0.99 (m, 6 H), 0.86 (t, J = 6.7 Hz, 3 H); 13C NMR
(100 MHz, CDCl3): δ = 201.4, 173.5, 165.8, 81.9, 77.8, 42.9, 39.9, 32.0, 29.5, 29.4, 29.4, 25.7,
25.0, 23.0, 22.8, 21.8, 14.2; IR (film) 3217, 2957, 2920, 2871, 1759, 1670, 1570, 1161 cm-1;
HRMS (ESI) m/z calculated for C18H32NO3 [M+H]+: 310.23767, found: 310.23705.
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(S,E)-5-((S)-sec-Butyl)-2-(2-oxoundecylidene)oxazolidin-4-one (3-118). Yield: 18 mg
(50%) of 3-118 as a white solid: [α]D = -35˚ (c = 1.3, dichloromethane); 1H NMR (400 MHz,
CDCl3); δ = 5.23 (s, 1 H), 4.52 (d, J = 4.1 Hz, 1 H), 2.36 (m, 2 H), 2.04 (m, 1 H), 1.59 (m, 2
H), 1.28 (m, 14 H), 1.07 (m, 3 H), 0.96-0.85 (m, 6 H); 13C NMR (100 MHz, CDCl3): δ = 200.7,
172.4, 165.5, 82.3, 81.3, 43.1, 37.2, 32.0, 29.7, 29.6, 29.5, 29.4, 25.5, 23.3, 22.8, 14.5, 14.3,
11.5; IR (film) 3259, 2962, 2922, 2849, 1752, 1677, 1436 cm-1; HRMS (ESI) m/z calculated
for C18H32NO3 [M+H]+: 310.23767, found: 310.23718.

(S,E)-5-(tert-Butyl)-2-(2-oxoundecylidene)oxazolidin-4-one (3-119). Yield: 9.7 mg (13%)
of 3-119 as a white solid: [α]D = -35˚ (c = 0.8, dichloromethane); 1H NMR (400 MHz, CDCl3);
δ = 5.24 (s, 1 H), 4.23 (s, 1 H), 2.36 (t, J = 7.6 Hz, 2 H), 1.63–1.56 (m, 2 H), 1.32–1.22 (m, 12
H), 1.07 (s, 9 H), 0.87 (t, J = 6.8 Hz, 3 H); 13C NMR (125 MHz, CDCl3): δ = 200.8, 171.8,
165.2, 85.1, 81.0, 43.1, 35.4, 32.0, 29.6, 29.5, 29.5, 29.4, 25.5, 24.9, 22.8, 14.3; IR (film) 3184,
2955, 2925, 2863, 1765, 1666, 1578, 1012 cm-1; HRMS (ESI) m/z calculated for C18H32NO3
[M+H]+: 310.23767, found: 310.23753.
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(S,E)-5-Isopropyl-2-(2-oxoundecylidene)oxazolidin-4-one (3-120). Yield: 33 mg (49%) of
3-120 as a white solid: [α]D = -36˚ (c = 0.2, dichloromethane); 1H NMR (400 MHz, CDCl3); δ
= 5.25 (s, 1 H), 4.47 (d, J = 3.8 Hz, 1 H), 2.37 (m, 2 H), 2.29 (m, 1 H), 1.59 (m, 2 H), 1.28 (m,
12 H), 1.11 (d, J = 7.0 Hz, 3 H), 0.97 (d, J = 6.9 Hz, 3 H) 0.85 (m, 3 H); 13C NMR (100 MHz,
CDCl3): δ = 201.0, 172.5, 165.7, 82.8, 81.3, 43.1, 32.0, 30.7, 29.6, 29.5, 29.4, 25.5, 22.8, 18.1,
15.7, 14.2; IR (film) 3238, 2958, 2925, 2854, 1769, 1667, 1580, 1014 cm-1; HRMS (ESI) m/z
calculated for C17H30NO3 [M+H]+: 296.22202, found: 296.22188.

Methyl (S,E)-6-(5-isopropyl-4-oxooxazolidin-2-ylidene)-5-oxohexanoate (3-121). Yield:
12 mg (61%) of 3-121 as an oil: [α]D = -34˚ (c = 0.4, dichloromethane); 1H NMR (400 MHz,
CDCl3); δ = 5.24 (s, 1 H), 4.48 (d, J = 3.8 Hz, 1 H), 3.67 (s, 3 H), 2.47-2.27 (m, 5 H), 1.94 (m,
2 H), 1.11 (d, J = 7.0 Hz, 3 H), 0.97 (d, J = 6.9 Hz, 3 H).; 13C NMR (125 MHz, CDCl3): δ =
200.4, 173.8, 172.2, 165.5, 84.1, 82.9, 51.8, 33.4, 30.7, 29.9, 20.3, 18.1, 15.8; IR (film) 3250,
2957, 2863, 1764, 1735, 1666, 1573, 1437 cm-1; HRMS (ESI) m/z calculated for C13H20NO5
[M+H]+: 270.13360, found: 270.13322.
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(S,E)-5-Isopropyl-2-(2-oxooct-7-yn-1-ylidene)oxazolidin-4-one (3-122). Yield: 18 mg
(55%) of 3-122 as an oil: [α]D = -41˚ (c = 2.3, dichloromethane); 1H NMR (400 MHz, CDCl3);
δ = 5.24 (s, 1 H), 4.47 (d, J = 3.8 Hz, 1 H), 3.74 (s, 1 H), 1.95-1.52 (m, 9 H), 1.09 (d, J = 7.0
Hz, 3 H), 0.96 (d, J = 6.9 Hz, 3 H); 13C NMR (100 MHz, CDCl3): δ = 200.0, 172.4, 165.6,
84.0, 82.8, 68.8, 42.31, 33.5, 30.7, 28.1, 27.8, 24.3, 18.3, 18.1; IR (film) 3293, 2937, 2875,
1766, 1664, 1574, 1435 cm-1; HRMS (ESI) m/z calculated for C14H20NO3 [M+H]+: 250.1437,
found: 250.14362.

(S,E)-2-(3-(4-Bromophenyl)-2-oxopropylidene)-5-isopropyloxazolidin-4-one

(3-125).

Yield: 7.4 mg (51%) of 3-125 as a white solid: [α]D = -26˚ (c = 0.6, dichloromethane); 1H NMR
(400 MHz, CDCl3); δ = 7.46 (m, 2 H), 7.12 (m, 2 H), 5.19 (s, 1 H), 4.47 (d, J = 3.9 Hz, 1 H),
3.61 (s, 2 H), 2.28 (m, 1 H), 1.09 (d, J = 7.0 Hz, 3 H), 0.95 (d, J = 6.9 Hz, 3 H); 13C NMR (125
MHz, CDCl3): δ = 196.9, 172.1, 166.3, 134.5, 132.0, 131.4, 121.2, 83.1, 81.0, 49.2, 30.8, 18.1,
15.9; IR (film) 3211, 2957, 2935, 2863, 1765, 1662, 1578, 1011 cm-1; HRMS (ESI) m/z
calculated for C15H17NO3Br [M+H]+: 338.03863, found: 338.03866.
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(S,E)-2-(3-([1,1'-Biphenyl]-4-yl)-2-oxopropylidene)-5-isopropyloxazolidin-4-one (3-126).
Yield: 6.8 mg (47%) of 3-126 as an oil: [α]D = -27˚ (c = 0.4, dichloromethane); 1H NMR (400
MHz, CDCl3); δ = 7.58 (m, 4 H), 7.43 (m, 2 H), 7.31 (m, 3 H), 5.27 (s, 1 H), 4.47 (d, J = 3.8
Hz, 1 H), 3.71 (s, 2 H), 2.28 (m, 1 H), 1.10 (d, J = 7.0 Hz, 3 H), 0.97 (d, J = 6.9 Hz, 3 H); 13C
NMR (125 MHz, CDCl3): δ = 197.9, 172.4, 166.4, 141.2, 140.3, 134.8, 130.3, 129.2, 127.8,
127.7, 127.4, 83.2, 81.3, 53.8, 31.0, 18.3, 16.1; IR (film) 2957, 2935, 2863, 1765, 1661, 1574,
1015 cm-1; HRMS (ESI) m/z calculated for C21H22NO3 [M+H]+: 336.15942, found: 336.15919.

(S,E)-5-Isopropyl-2-(2-oxo-3-phenylpropylidene)oxazolidin-4-one (3-127). Yield: 11 mg
(56%) of 3-127 as an oil: [α]D = -37˚ (c = 1.1, dichloromethane); 1H NMR (400 MHz, CDCl3);
δ = 7.34-7.23 (m, 5 H), 5.22 (s, 1 H), 4.45 (d, J = 3.8 Hz, 1 H), 3.67 (s, 2 H), 2.22 (m, 1 H),
1.09 (d, J = 7.0 Hz, 3 H), 0.95 (d, J = 6.9 Hz, 3 H); 13C NMR (125 MHz, CDCl3): δ = 197.9,
172.2, 166.1, 135.5, 129.6, 128.9, 127.1, 82.9, 81.1, 50.0, 30.7, 18.1, 15.8; IR (film) 3184,
2957, 2935, 2863, 1765, 1661, 1571, 1014 cm-1; HRMS (ESI) m/z calculated for C15H18NO3
[M+H]+: 260.12812, found: 260.12806.
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(S,E)-5-Isopropyl-2-(2-oxo-3,3-diphenylpropylidene)oxazolidin-4-one (3-128). Yield: 9.6
mg (46%) of 3-128 as an oil: [α]D = -44˚ (c = 1.0, dichloromethane); 1H NMR (400 MHz,
CDCl3); δ = 7.35-7.24 (m, 10 H), 5.31 (s, 1 H), 5.07 (s, 1 H), 4.46 (d, J = 3.9 Hz, 1 H), 2.27
(m, 1 H), 1.09 (d, J = 6.9 Hz, 3 H), 0.97 (d, J = 6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3): δ
= 198.7, 172.0, 166.3, 139.4, 129.3, 129.2, 128.8, 127.3, 127.2, 83.0, 82.2, 64.1, 30.7, 18.0,
15.8. IR (film) 3184, 2957, 2935, 2863, 1766, 1663, 1570, 1014 cm-1; HRMS (ESI) m/z
calculated for C21H22NO3 [M+H]+: 336.15942, found: 336.15913.

(S,E)-1-(5-Butyl-4-thioxooxazolidin-2-ylidene)undecan-2-one (3-130). 4-oxazolidinone 3108 (12 mg, 0.040 mmol) was dissolved in DCM (0.2 mL) and Lawesson’s reagent (8.1 mg,
0.020 mmol) was added. The reaction was stirred for 2 h at room temperature and then
concentrated in vacuo and purified by flash column chromatography on SiO2 (10%
EtOAc:hexanes) to yield: 9.1 mg (71%) of 3-130 as a yellow oil: [α]D = -14˚ (c = 0.5,
dichloromethane); 1H NMR (400 MHz, CDCl3); δ = 6.19 (s, 1 H), 4.67 (dd, J = 7.4, 4.5 Hz, 1
H), 2.81 (m, 2 H), 1.95 (m, 1 H), 1.71 (m, 1 H), 1.55 (m, 2 H), 1.48-1.25 (m, 16 H), 0.95-0.86
(m, 6 H).; 13C NMR (100 MHz, CDCl3): δ = 209.6, 174.3, 169.6, 98.1, 79.1, 53.2, 43.9, 32.0,
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30.0, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 24.0, 22.8, 14.2; IR (film) 3332, 2956, 2854, 1744,
1464, 1164 cm-1; HRMS (ESI) m/z calculated for C18H32NO2S [M+H]+: 326.21483, found:
326.21484.

Crystal data
Compound
Identification code

Rds308(11)

chemical formula

C7H9NO3

formula weight g/mol 155.15
temperature /K

100(2)

crystal system

monoclinic

space group

P21

a /Å

4.3927(3)

b /Å

18.3193(15)

c /Å

9.2635(7)

 /°

90

 /°

93.409(4)
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 /°

90

V Å3

744.13(10)

Z

4

calc g/cm3

1.385

F(000)

328

 range /°

2.20 to 31.07

reflections collected

20916

data / restr. / parms.

4784 / 1 / 209

Rint

0.0176

Goodness-of-fit

1.044

R1a (I>2(I))

0.0278

wR2b (I>2(I))

0.0754

a

R1 = |Fo| - |Fc||) / |Fo|, b wR2 = [ ( w( Fo2 – Fc2 )2) /  (w(Fo2)2 ]½ ; w=1/[σ2(Fo2)+(aP)2+bP],

GOF= {[ w(Fo2 – Fc2 )2] / (#reflns - #parms )}½
Single crystals suitable for structure analysis were selected under a microscope from
the bulk and mounted on a MiTeGen mount with a minimum of paratone-N oil. Data were
collected using a Bruker-Nonius X8 Kappa ApexII diffractometer by α and β scans using
MoKα radiation(α = 0.71073 Å). Corrections for Lorentz and polarization effects, and
absorption were made using SADABS.47 The structure was solved with direct methods, and
refined using full-matrix least squares (on F2) using the SHELX48 software package. All nonhydrogen atoms were refined anisotropically. H atoms were added at calculated positions, with
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coordinates and Uiso values allowed to ride on the parent atom. H-bond donor atom positions
were located from the difference map, and refined independently while maintaining typical
riding values for Uiso. Final Data are deposited with Cambridge Structural Database, CCDC
Deposition#: CCDC 1453529.
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Chapter 4
Biological Evaluation of Lipoxazolidinone A and Analogs
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4.1 Abstract
Following the development of a synthetic route to the 4-oxazolidinone natural product,
lipoxazolidinone A, and the construction of a 30-compound library, the antimicrobial activity
of these compounds was determined. A clear structure-activity relationship (SAR) emerged
from these studies, resulting in the development of a lead compound and laying the ground
work for further improvements on the activity and biological properties of this natural product.
To further assess the biological function(s) and to demonstrate that the lipoxazolidinones could
be of therapeutic value, a lead compound and the natural product were subjected to several
additional biological assays. These additional assays demonstrated the lipoxazolidinone
scaffold does not possess hemolytic activity and is able to eradicate mature MRSA biofilms.

4.2 Introduction and Background
Treating a S. aureus infection was once trivial and rarely resulted in morbidity. Now,
multidrug resistant bacteria present a significant threat to human and animal health and
therefore novel antimicrobial agents are urgently needed.1 Each year more than two million
people are infected by multidrug resistant bacteria and at least 25,000 of these infections lead
to death in the U.S.2 One of the most clinically relevant pathogens, Staphylococcus aureus, has
become increasingly resistant to commonly employed antibiotics.3 Methicillin-resistant
Staphylococcus aureus (MRSA) is responsible for about 80,000 infections per year, resulting
in 11,000 deaths in the U.S.2 Even antibiotics of last resort such as vancomycin have failed to
treat an increasing number of MRSA infections due to resistance mechanisms.4
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There are a growing number of reported bacterial infections that are not treatable with
commonly employed antibiotics. Common antibiotics used to treat MRSA infections include,
linezolid (3-8), clindamycin (4-1), tetracycline (4-2), mupirocin (4-3) and vancomycin (4-4,
Figure 4.1).5 MRSA isolates that display resistance to each one of these compounds have been
reported.6 There are a total of 15 classes of antibiotics approved by the FDA and none have
evaded the emergence of resistance.7 The repertoire of clinically useful antibiotics is dwindling
and requires the immediate development of novel antibiotic classes to allow for the treatment
of bacterial infections to remain trivial. There is no question that gram-negative bacteria are
inherently more difficult to treat, yet resistant gram-positive pathogens remain a significant
threat to human and animal health.

Figure 4.1. Commonly prescribed antibiotics for the treatment of MRSA infections.5

Some classes of antibiotics had resistance emerge quickly following clinical use.8 Other
antibiotics, like vancomycin (4-4), did not see resistance emerge for over 30 years (Figure 4.2).
These bacteria acquire resistance mechanisms either by gene transfer between species or stepwise chromosome mutations.9 Multiple mutations can be acquired by a single organism leading
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to bacterial strains that are resistant to all currently employed antibiotics.10 The continued
emergence of resistance to common antibiotics in MRSA and other bacterial isolates is
alarming and requires immediate action by scientists and healthcare providers to prevent the
estimated increase in worldwide deaths from 700,000 to 10 million by 2050.11, 12

Figure 4.2. Antibiotic deployment into the clinic is shown along the top and the first report of
resistance to a class of antibiotics is shown along the bottom (this does not indicate that the
class is clinically irrelevant).13

MRSA infections are further complicated by their ability to form biofilms. Biofilms
allow bacteria to be up to 1,000 times less susceptible to commonly prescribed antibiotics, such
as linezolid (3-8).14 As a result of their ability to form biofilms, MRSA is the dominant cause
of implant related infections, which result in limb amputations and morbidity.15 In addition,
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there are currently no approved antibiotics that are able to effectively inhibit and/or disperse
MRSA biofilms.16
MRSA biofilm matrices are comprised of polysachrides, proteins, extracellular DNA,
lipids and decomposition substances, collectively known as exopolymeric substances (EPS).17
A 5-step sequence has been defined for the mechanism by which biofilm formation
progresses.18 Planktonic bacteria adhere to a surface and then through many complex signaling
systems form an extra-cellular matrix and progress towards a mature biofilm (Figure 4.3). The
mature biofilm then releases planktonic bacteria to colonize other surfaces and complete the
biofilm cycle. Several strategies have been applied towards the inhibition and dispersion of
biofilms, but only a few molecular scaffolds have been identified as effective biofilm
modulators.19

Figure 4.3. 5-step scheme of a biofilm life cycle; 1) planktonic bacteria adhere to a surface; 2)
changes in gene expression occur; 3) extra-cellular matrix is excreted; 4) bacteria multiply
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rapidly within the biofilm; 5) mature biofilm releases planktonic bacteria to colonize additional
surfaces.

Cationic amphiphiles have been demonstrated to be effective biofilm inhibitors and/or
dispersion agents. Melander and coworkers demonstrated that simplified bromoagelferin
analogs (4-5, 4-6) inhibited the formation of biofilms produced by the Gram-negative
pathogen, Pseudomonas aeruginosa; interestingly, these compounds did not affect the growth
and viability of planktonic bacteria (Figure 4.4). Following this report, Melander and
coworkers also demonstrated that 2-aminobenzimidazole derivatives (4-7) inhibited the
formation of MRSA, vancomycin-resistant Enterococcus faecium and Staphylococcus
epidermidis biofilms (Figure 4.4).20 Wuest and coworkers demonstrated that quaternary
ammonium cations (4-8) (QAC) possessed antimicrobial activity as well as biofilm eradication
properties against both Gram-positive and Gram-negative pathogens (Figure 4.4).21 In addition,
Clardy and coworkers reported guanidine (4-9) and bisguanidine cationic mimics of
norspermidine that were able to inhibit the formation of S. aureus and B. subtilis biofilms
(Figure 4.4).22 More recently, Cohen and coworkers developed cationic pillararenes decorated
with positively charged quaternary ammonium cations (4-10) that effectively inhibited the
formation of biofilms produced by several Gram-positive strains of bacteria (Figure 4.4). In
addition, the decorated pillararenes were demonstrated to have no hemolytic activity as well
as no effect on the growth and viability of planktonic bacteria.23
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Figure 4.4. Cationic amphiphiles with antibiofilm activity.

Despite there being 24 clinically approved antibiotics and recent reports of biofilm
dispersion and inhibition agents, MRSA continues to be a global health crisis; therefore, the 4oxazolidinone heterocycle and the lipoxazolidinone scaffold serve as a novel platform for
antimicrobial development.

4.3 Results and Discussion
To our knowledge, the recent surge in 4-oxazolidinone syntheses has not sparked
additional medicinal chemistry efforts. The 4-oxazolidinone scaffold has not been thoroughly
explored as a potential antimicrobial pharmacophore. The in vitro results reported herein serve
as evidence and a starting point for further development of 4-oxazolidinone antimicrobial
agents with potent activity against MRSA. Utilizing the 30-compound library that was
constructed based on the lipoxazolidinone A natural product, a clear structure-activity
relationship emerged. We systematically examined the sterics and electronics of the 4oxazolidinone core and the side chains extending from it to assess the importance of each
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functionality as a function of antimicrobial activity (Table 1). In addition, we further validated
the lipoxazolidinone scaffold as a potential therapeutic agent against Gram-positive bacteria.

Table 4.1: Antimicrobial activity of lipoxazolidinone A (3-1) and analogs.
MIC (µg/mL)
MRSAb

A. baumanniic

1

0.5

>50

3-64
3-106
3-107

>128
4
0.5

>128
1
0.125

NT
NT
>50

3-108
3-109
3-110

2
128
16

0.25
>128
16

NT
NT
>50

3-111
3-112
3-113

128
2
4

16
1
0.5

NT
>128
NT

3-114
3-115

2
1

1
0.8

NT
NT

3-116

4

2

NT

3-117
3-118

0.5
0.5

0.0675
0.0675

>128
>128

3-119
3-120

0.5
0.5

0.0675
0.0338

NT
128

3-121
30
3-122

64
8

32
16

NT
NT

3-123

NT

64

NT

3-124

NT

16

NT

3-125

1

0.5

NT

3-126
3-127
3-128

0.25
4
0.5

0.125
2
0.5

NT
NT
NT

Compound

S. aureus

3-1

a
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Table 4.1 (continued)
3-129
3-130

8
128

8
64

NT
NT

3-131

>128

NT

NT

3-132

>128

>128

NT

vancomycin
linezolid

1
0.5

1
1

>100
>100

tetracycline

0.25

NT

2

a

ATCC 29213. bATCC 33591. cATCC 19606. NT = not tested.

Gratifyingly, the antimicrobial activity of synthetic 3-1 was in line with that reported
for the isolated natural product against both MSSA and MRSA. Interestingly, the natural
product possessed improved activity against methicillin-resistant S. aureus (0.5 µg/mL vs 1
µg/mL); however, as reported, 3-1 did not demonstrate significant activity against the Gramnegative pathogen A. baumannii. Following confirmation of the in vitro biological activity of
the natural product, we systematically determined what features of the natural product were
important for activity. First, the importance of the stereochemistry at the 5 position of the
oxazolidinone ring was examined. (R)-Lipoxazolidinone A (3-106), the enantiomer of the
natural product, exhibited a slight reduction in antimicrobial activity (1 μg/mL) thus suggesting
that stereochemistry was not crucial for activity. Next, the α, β unsaturation and the vinyl
methyl group were assessed, as it was hypothesized that this functionality may be acting as a
Michael acceptor to impart the observed antimicrobial activity. To make the potential Michael
acceptor more electrophilic the vinyl methyl group was removed and a 4-fold increase in
activity was observed (3-107, 0.125 μg/mL). This highlights the importance of making
pinpoint modifications around a natural product scaffold. Surprisingly, the related saturated
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analog (3-108), displayed a 2-fold increase in potency compared to the natural product. This
demonstrates that the α, β unsaturation is not acting as a Michael acceptor, and furthermore
this result demonstrated that simplified analogs of lipoxazolidinone A retain biological
activity. The saturated compound was further examined by the extension and truncation of both
lipophilic side chains. Truncation of both lipophilic side chains (3-64) and the extension and
truncation of the lipophilic tail extending from the ketone moiety (3-109, 3-110, 3-111)
resulted in a significant reduction in activity (64- to 512-fold). The truncation of the carbon
chain extending from the chiral center (3-114, 3-115, 3-116) resulted in a 4- to 8-fold decrease
in potency. These results suggested there was flexibility in the requirements of the substituent
extending from the chiral center. To further probe the SAR, the long carbon chain extending
from the ketone was retained and the requirements of the other side chain were further
explored. Both the phenyl (3-112) and benzyl (3-113) substituted analogs displayed a slight
reduction in potency (2- to 4-fold). A series of branched chain analogs were synthesized (3117, 3-118, 3-119, 3-120) that displayed a 4- to 8-fold increase in potency compared to 3-108.
In particular the isopropyl substitutent (3-120) was the most potent analog with an 8-fold gain
in antimicrobial activity (33 ng/mL against MRSA). The isopropyl substituent was retained
and the requirements of the lipophilic chain extending from the ketone were further
investigated. The cyclopropyl (3-123) and cyclohexyl (3-124) derivatives displayed a 500- to
2000-fold reduction in potency. The alkyne (3-122) and the more polar methyl ester (3-121)
side chain both displayed significant reductions in potency (500- to 900-fold). A series of
aromatic derivatives (3-125, 3-126, 3-127, 3-128) were synthesized and gratifyingly displayed
slight reductions in potency (4- to 60-fold). The p-biphenyl analog (3-126) displayed only a 4-
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fold reduction in potency and provides an excellent scaffold for further optimization. In
particular, we envision the cross-coupling of p-bromo analog (3-125) to yield many analogs of
3-126. In addition to probing the side chains, the 4-oxazolidinone core was manipulated to
further understand the requirements for antimicrobial activity of lipoxazolidinone A.
Methylation of the amide nitrogen (3-129) resulted in a 250-fold reduction in potency.
Exchanging the amide oxygen for a sulfur atom (3-130) resulted in a significant loss in potency
(2000-fold). The reduced compound, lacking the exocyclic alkene and ketone moieties (3-131)
as well as the bicyclic pyrazole (3-132) both displayed no efficacy at 128 μg/mL (4000-fold
reduction). These results suggest that the hydrogen-bonding interactions made by the amide
and ketone are required for potent antimicrobial activity.
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Figure 4.5: Analogs of lipoxazolidinone A.

The 30-compound library has allowed for the systematic evaluation of the
lipoxazolidinone scaffold and allowed for the determination of key features required for
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antimicrobial activity which include the 4-oxazolidinone core, the ketone and the lipophilic
chain extending from it (Figure 4.6). These analogs highlight the importance of structureactivity relationship (SAR) studies for improving the activity of natural products and lay the
ground work for further development. In addition to the initial MIC data, we wanted to further
elaborate on the biological function(s) of these compounds to validate the lipoxazolidinones as
potential therapeutic lead molecules.

Figure 4.6. Key features of the natural product required for potent antimicrobial activity
against MRSA are highlighted with circles and compared to the lead compound 3-120.

Due to the amphipathic nature of these molecules, it was hypothesized that the mode
of action may involve disruption of the cell membrane. First, general mammalian hemolysis
was assessed by subjecting 3-120 to a red blood cell hemolysis assay.24 This revealed no
hemolysis at 40 μM (< 1%) for both natural product 3-1 and lead compound 3-120, which is
significantly higher than the MIC value for both compounds (1.6 μM and 0.11 μM,
respectively). These results are encouraging, although not conclusive, and require a more
rigorous in vitro cytotoxicity study (not conducted to date). In addition, we assessed the effect
of these compounds on the cell-membrane integrity of S. aureus by performing a BacLight
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membrane permeability assay.25 It was determined that compound 3-120 does not damage the
cell membrane of S. aureus cells at 4x the MIC.
Natural product 3-1 and lead compound 3-120 were then evaluated against linezolid
and vancomycin intermediate/resistant MRSA and S. epidermidis strains to show that these
compounds are not cross-resistant with current resistance mechanisms found in these bacterial
strains. Both the natural product 3-1 and lead 3-120 exhibited remarkable potency against
linezolid resistant MRSA (NR45924, NR45926, NR45930, NR46062) and several S.
epidermidis strains, including vancomycin intermediate S. epidermidis (NR45860) (Table 4.2).
These results suggest that the lipoxazolidinones may possess a novel mode of action, or at least
not share a binding site with these existing antimicrobial agents.

Table 4.2: Antimicrobial activity against additional strains of MRSA and S. epidermidis.
Strain

3-1 MIC (µg/mL)

3-120 MIC (µg/mL)

MRSA NR45924 (LR)

0.5

0.125

MRSA NR45926 (LR)

0.25

0.0675

MRSA NR45930 (LR)

0.5

0.25

MRSA NR46062 (LR)

2

0.5

MRSA NR45906

0.25

0.25

MRSA NR45898

1

1

MRSA BAA44

4

0.5

S. epidermidis NR46376

2

0.25
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Table 4.2 (continued)
S. epidermidis NR46379

1

0.5

S. epidermidis NR45860 (VI)

1

1

LR = linezolid resistant; VI = vancomycin intermediate

To further understand the mode of action and assess the likelihood of resistance
occurring to lead 3-120, S. aureus (ATCC 29213) was subjected to serial passages in the
presence of compound 3-120 and fusidic acid was used as a control. After 20 consecutive
passages, fusidic acid showed high levels of resistance at 50x the initial MIC. After 25
passages, compound 3-120 exhibited no increase in MIC value (Figure 4.7). This indicates that
3-120 may have several molecular targets and possesses a complex mode of action.26 We
followed these results with a subsequent experiment to increase the possibility of obtaining a
resistant mutant. This differed from the aforementioned experiment by serial passage of S.
aureus (ATCC 29213) in the presence of increasing concentrations of 3-120 and ofloxacin for
55 days, which led to a 130x increase in the initial MIC of 3-120 (see experimental, executed
with Kaylib Robinson).

148

Figure 4.7: Serial passage of S. aureus in the presence of fusidic acid (▲) or analog 3-120 (●).

It is important to determine the mechanism of action (MOA) for these lipoxazolidinone
analogs, although this has not been accomplished to date. We attempted to directly incorporate
chemical tags such as biotin and fluorescene moieties into the synthesis of 4-oxazolidinone
analogs, but as discussed in the previous chapter, these efforts did not yield any of the desired
products. We also have employed the technique, drug affinity responsive target stability
(DARTS), to explore the antimicrobial target.27 The hypothesis of this approach is that when
a small molecule is bound to a protein target it is able to stabilize the protein and protect it
from proteolysis, then the protein of interest is subsequently separated by SDS page and
identified by mass spectrometry (Figure 4.8). The biggest advantage of this technique is that it
does not require any chemical modifications to the drug to identify the target. The DARTS
experiment was repeated several times, none of which led to the identification of a clear band
that would correspond to a possible protein target (see experimental section).
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Figure 4.8: General DARTS approach to small-molecule target identification.28

It is a known limitation of DARTS that the detection of a target protein by SDS page
is restricted due to the lower abundance of many target proteins.27 An alternative detection
method to circumvent this problem would be multidimensional protein identification
technology (MudPIT) analysis.29 This technique avoids the requirement of separating complex
peptide mixtures by SDS page prior to mass spectrometry analysis, typically using MALDITOF. MudPIT analysis instead separates the peptide mixture by 2D liquid chromatography
prior to directly entering a tandem MS/MS instrument. The mass spectrometry data is then
analyzed to determine the enriched peptide fragments. Efforts are ongoing in our lab to use
this technique and others towards the determination of the mechanism of action.
In addition to determining the mechanism of action, we also became interested in
studying the antibiofilm properties of lead compound 3-120. This was due to a report in 2014
by Svenson and coworkers on the antifouling properties of synoxazolidinone A and C.30 In this
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paper the authors report the potent antifouling activity of the synoxazolidinones against several
micro- and macrofouling species including Vibrio carcharie and Balanus improvises.
We hypothesized that the lipoxazolidinones may possess the same activity due to the
similar 4-oxazolidinone structure. We were particularly interested in the inhibition and
dispersion of MRSA biofilms due to the difficulty and complications of treating a biofilm
infection with currently available antibiotics.31 To this end, compound 3-120 was examined
for its ability to act as an antibiofilm agent.32 It was demonstrated that compound 3-120 was
able to reduce MRSA (BAA44) biofilm mass by 50% at 3 μM (2x MIC, MBEC50 = 3 μM) and
by >99% at 40 μM (25x MIC) (Figure 4.9). The clinically employed antibiotic linezolid
reduced 50% of the MRSA (BAA44) biofilm mass at 300 μM (100x MIC, MBEC50 = 300
μM), this is in line with previous reports of linezolid lacking efficacy against MRSA biofilms
(Figure 4.9).33 It is unclear the mechanisms behind this activity, or the clinical implications of
these findings, but current studies are looking to better define the antibiofilm properties of the
4-oxazolidinone heterocycle. These results demonstrate the unique properties of the
lipoxazolidinone family of natural products and is significant due to the difficulty and clinical
importance of eradicating mature MRSA biofilms.34 Biofilms have been shown to be upwards
of 1,000 times more resistant to common antibiotics,19 highlighting the urgent need for
antibiotics with novel modes of action.
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Figure 4.9: MRSA (BAA44) Biofilm eradication plots for analog 3-120, lipoxazolidinone A
(3-1) and linezolid (3-8).

In addition to biofilms produced by the Gram-positive organism, MRSA, we were also
interested in inhibiting the biofilm formation of Gram-negative pathogens. As mentioned
earlier compound 3-120 does not exhibit any efficacy against Gram-negative pathogens in an
MIC assay. Thus, compound 3-120 was examined for the ability to inhibit the formation of
Pseudomonas aeruginosa biofilms. Surprisingly, compound 3-120 promoted the formation of
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P. aeruginosa biofilms, instead of inhibiting it. At 50 μM compound 3-120 reproducibly
promoted the formation of 65% more biofilm mass as compared to the control (Figure 4.10).

Figure 4.10: Biofilm promotion of P. aeruginosa.

We have not confirmed the mechanism by which 3-120 promotes biofilms to date;
however, there is significant structural similarity between compound 3-120 and N-(3oxododecanoyl)-L-homoserine lactone (4-11, Figure 4.11).

Figure 4.11. Structural similarity between N-(3-oxododecanoyl)-L-homoserine lactone (4-11)
and 3-120.

In order to better understand these observations, compound 3-120 and N-(3oxododecanoyl)-L-homoserine lactone (4-11) were modeled in silico in collaboration with
Professor Denis Fourches (NC State). Fourches and coworkers were able to build a homology
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model of LasR and subsequently dock both compound 3-120 and N-(3-oxododecanoyl)-Lhomoserine lactone (4-11, Figure 4.12). It can be seen from this model that both molecules
occupy the same space in the binding pocket and more specifically, form two of the same
hydrogen bonding interaction with tryptophan60 and arginine61. These initial findings are
intriguing and efforts are underway to better understand the role that compound 3-120 plays in
the promotion of P. aeruginosa biofilm formation.

Figure 4.12: In silico docking of AHL (4-11) and 3-117.
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Utilizing a 30-compound library based on the lipoxazolidinone natural products, we
have been able to answer key questions about the structure-activity relationship of the natural
product scaffold. We have demonstrated that these molecules possess unique biological
function against different strains of bacteria, both in the planktonic and biofilm states, and
warrant further investigation.

4.4 Conclusions
The 4-oxazolidinones reported herein are potent antimicrobial agents and are promising
eradication agents against mature MRSA biofilms. Due to the urgent need for new antibiotic
classes with novel modes of action the lipoxazolidinone scaffold warrants further
experimentation to validate it as a potential therapeutic. Studies towards understanding the
mode of action of these marine natural products as well as continued efforts to improve potency
and efficacy are ongoing.

4.5 Experimental Section

Biological assay protocols and supplementary assay data

Compound handling and reagents
Stock solution of synthetic compounds (10 mM) were prepared in DMSO and stored
at room temperature in sealed vials. Solvent resistant polystyrene (Corning Costar cat. no.
3997) 96-well plates were used. All biological reagents were purchased from Fischer and used
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accordingly. MHB media was prepared as described.35 TSBG was prepared by the addition of
0.5% glucose to tryptic soy broth.

Instrumentation
Optical densities were measured using a Thermo Scientific Genesys 20
spectrophotometer. Data for biofilm dispersion assays was collected using a BioTek ELx808
Microplate Reader. A 540 nm filter was used for reading crystal violet biofilm assays. All
graphs were generated and analyzed using GraphPad Prism 7.

Minimum inhibitory concentration (MIC)
MIC was determined by broth microdilution according to CLSI guidelines. The test
medium for gram-positive species was Mueller-Hinton broth (MHB). The test medium for A.
baumannii was Lysogeny broth (LB). All cell concentrations were adjusted to approximately
5 × 105 cells/mL. After 16 hours of incubation at 37 °C, the MIC was defined as the lowest
concentration of antibiotic with no visible growth. Experiments were performed in duplicate.

Hemolysis assay24
Hemolysis assays were performed on mechanically defibrinated sheep blood
(Hemostat Labs: DSB50). Defibrinated blood (1.5 mL) was placed into a microcentrifuge tube
and centrifuged for 10 min at 10,000 rpm. The supernatant was then removed and then the cells
were resuspended in 1 mL of phosphate-buffered saline (PBS). The suspension was
centrifuged, the supernatant was removed and cells were re-suspended two additional times.
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The final cell suspension was then diluted 10-fold. Test compound solutions were made in PBS
and then added to aliquots of the 10-fold suspension dilution of blood. PBS was used as a
negative control and a zero hemolysis marker. Triton X (a 1% sample) was used as a positive
control serving as the 100% lysis marker. Samples were then placed in an incubator at 37 °C
while being shaken at 200 rpm for one hour. After one hour, the samples were transferred to
microcentrifuge tubes and centrifuged for 10 min at 10,000 rpm. The resulting supernatant was
diluted by a factor of 40 in distilled water. The absorbance of the supernatant was then
measured with a UV spectrometer at a 540 nm wavelength.

Resistance studies36
For single step resistance, S. aureus (ATCC29213) at approximately 108 cfu were
plated onto TSA containing 5x, 10x, and 20x MIC of compound 3-120. After 48 hours of
incubation at 37 °C, no resistant colonies were detected. For resistance development by
sequential passaging, S. aureus (ATCC29213) cells at exponential phase were diluted to an
OD600 of 0.01 in 1 mL of MHB containing compound 3-120 or fusidic acid. Cells were
incubated at 37 °C with agitation, and passaged at 24 hour intervals in the presence of
compound 3-120 or fusidic acid at sub inhibitory concentrations. The MIC was determined by
broth microdilution every 5th passage. Experiments were performed in duplicate.
To increase the chance of obtaining a resistant mutant an additional experiment was
done with incremental amounts of 3-120. S. aureus (ATCC29213) cells at exponential phase
were diluted to an OD600 of 0.2 and cells were added to 0.25x MIC, 0.5x MIC, 1x MIC, 2x
MIC and 4x MIC of either 3-120 or ofloxacin. Every 24 hours, cultures were checked for
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growth by measuring OD600. Cultures with OD600 closest to 0.2 were diluted 1:100 in fresh
MHB containing 0.25x MIC, 0.5x MIC, 1x MIC, 2x MIC and 4x MIC of either 3-120 or
ofloxacin. Serial passages were continued for 25 days for ofloxacin and 55 days for 3-120.
Cultures with growth at 2x MIC or 4x MIC of antibiotic were plated on drug free agar plates
and the MIC was determined.

SI Figure 4.13: Resistance acquisition of S. aureus (ATCC29213) to 3-120 (JJM-6-33) and
ofloxacin.

Bacterial membrane permeablization assay37
The backlight assay (Invitrogen) was used with S. aureus (ATCC29213) to assess the
membrane permeability of 3-120. An overnight culture of S aureus in MHB was diluted 1:40
and grown to an optical density (OD600) of ~ 1.0. The cultures were centrifuged at 10,000 rpm
for 15 minutes. The cell pellet was washed once with sterile water and resuspended in 1/10 the
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original volume and then diluted 1:20 in water and water containing various concentrations of
3-120. Samples were incubated at 37 ˚C for 1 hour with shaking and then centrifuged at 10,000
rpm for 10 minutes. The cell pellet was washed once with water and then resuspended in the
same amount of water. A 1:1 mixture of SYTO-9 and propidium iodide were added to the
samples (3 μL/mL) and mixed well. The samples were then added to the wells of a 96-well
plate and incubated in the dark for 15 minutes at room temperature. Green fluorescence
(SYTO-9) was read at 530 nm and red fluorescence (propidium iodide) was read at 645 nm
(excitation wavelength = 485 nm). The ratio of green to red fluorescence was determined and
expressed as a percentage of the control.

Biofilm inhibition38
An overnight culture of MRSA (BAA44) in TSBG was diluted to an optical density
(OD600) of 0.1. Next, 1 mL of bacterial culture was mixed with various concentrations of 3120 and then 100 μL of the mixture was added to each of the wells in a row of a 96-well plate.
Control wells with no compound and wells without bacteria were also added. After incubation
at 37 ˚C for 24 hours, planktonic bacteria and media were removed by turning the plates over
and subsequently washed vigorously with distilled water (4x). Then 125 μL of a 0.1% crystal
violet solution was added to each well and incubated at room temperature for 30 minutes. Next,
the crystal violet solution was removed by turning the plates over and vigorously washing with
distilled water (4x). The dye was solubilized by adding 200 μL of ethanol to each well and
biofilm formation was quantized. This was done by comparing the difference between the
absorbance of the treated and untreated bacterial samples for each concentration of 3-120 as
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well as the blank wells at 540 nm using a plate reader. Each concentration was tested in eight
replicates and three independent experiments were performed.

Biofilm eradication39
An overnight culture of MRSA (BAA44) in TSBG was diluted to an optical density
(OD600) of 0.1. Next, 100 μL of the bacterial solution were added to the wells of a 96-well
plate. Following incubation at 37 ˚C for 24 hours, planktonic bacteria and media were removed
by turning the plates over and washing vigorously with distilled water (4x). Then 100 μL of
TSBG containing test concentrations of 3-120 were added to each well (single concentration
per row) and incubated for 24 hours at 37 ˚C. After incubation, the planktonic bacteria and
media were removed by turning the plates over and washing vigorously with distilled water
(4x). Then 125 μL of 0.1% crystal violet solution was added to each well and incubated at
room temperature for 30 minutes. Next, the crystal violet solution was removed by turning the
plates over and vigorously washing with distilled water (4x). The dye was solubilized by
adding 200 μL of ethanol to each well and biofilm formation was quantized. This was done by
comparing the difference between the absorbance of the treated and untreated bacterial samples
for each concentration of 3-120 as well as the blank wells at 540 nm using a plate reader. The
IC50 value (MBEC50) was defined as the lowest concentration in which 50% reduction in
biofilm mass was observed compared to untreated wells. Each concentration was tested in eight
replicates and three independent experiments were performed.
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Drug affinity responsive target stability (DARTS)40
An overnight culture of MRSA (ATCC33591) (OD600 ~ 1.8) was centrifuged and the
pellet washed once with sterile water and re-suspended in 60 μL dH2O, 150 μL lysis buffer
(400 mM NaCl, 100 mM Tris-HCl, 20% glycerol), 75 μL 4x phosphatase inhibitor solution
(40 mM sodium pyrophosphate, 200 mM NaF, 0.4 mM Na3VO4) and 15 μL 20x protease
inhibitor solution. The suspension was placed on ice and cells were lysed under ultra sonication
using a 15 second on and 15 second off pulse sequence for 15 minutes. The tube was then
centrifuged and the supernatant was transferred to a new tube and placed on ice. Then 300 μL
of 1x TNC buffer (diluted from 10x TNC buffer: 500 mM Tris-HCl, 500 mM NaCl, 100 mM
CaCl2) was added. Then 297 μL of this solution was aliquoted into two different tubes. To one
tube was added 3 μL of DMSO and to the other tube was added 3 μL of 100x compound and
the tubes were mixed well and incubated at room temperature for 1 hour. A 1:100 pronase
solution (12.5 μL of 10 mg/mL pronase and 87.5 μL cold 1x TNC buffer) was serially diluted
with 1x TNC buffer to make 1:300, 1:1000, 1:3000 and 1:10000 stock solutions. The tube
containing lysate and compound (or DMSO) was split into 5 tubes containing 50 μL each and
the remaining 50 μL is saved and used as a non-digested control sample. At equal intervals, 2
μL of each of the pronase solutions were added to each of the 5 tubes. After 30 minutes of
incubation at room temperature the digestion was stopped by the addition of 3 μl of SDS
loading buffer and each sample was heated to 95 ˚C for 5 minutes. The samples were then
analyzed by SDS-PAGE and stained with coomassie blue.
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SI Figure 4.14: SDS page gel from DARTS experiment with 3-120 using MRSA lysate.
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