
    

ABSTRACT 

FROHOCK, BRAM HAMILTON.  Synthesizing Novel Heterocycles to Investigate their 

Antimicrobial and Anti-Biofilm Properties (Under the direction of Dr. Joshua G. Pierce). 
 

Natural products have been a continued source of inspiration for the development of 

medicine for decades and about two thirds of all small-molecules that are FDA approved are 

inspired by, or are derived from, natural products. At the same time, there appears to be a steadily 

growing occurrence of antibiotic resistance to the antibiotics we have used for decades, including 

observed clinical resistance to every frontline antibiotic. If we do not match the pace of the 

development of antimicrobial resistance with new treatments, the World Health Organization 

(WHO) has predicted that drug-resistant infections could potentially kill more people annually 

than cancer, one of the top three causes of death in the US, by the year 2050. Given the daunting 

challenge posed by antibiotic resistance, it is imperative that both industrial and academic leaders 

continue to support the natural products as a source of novel and effective antibiotics in parallel 

with other approaches to antimicrobial development, both small molecule and bio-molecule based. 

The synoxazolidinone family of natural products (A, B, and C) were isolated in 2010-2011 

and were reported to have promising antimicrobial activity against methicillin-sensitive 

Staphylococcus aureus (MSSA) and methicillin-resistant Staphylococcus aureus (MRSA). After 

the total synthesis of synoxazolidinones A and B, the development of another method to access 

the 4-oxazolidinone core, and a paper reporting the antibiofilm properties of a series of 

dichlorinated synoxazolidinone derivatives, another series of synoxazolidinone analogs were made 

to evaluate the antibiofilm structure activity relationship (SAR) further. Among this new series 

were several potent inhibitors of MRSA biofilm formation as well as analogs displaying significant 

synergy with FDA-approved antibiotics against a much more robust and translationally relevant 

biofilm model.  



    

Clindamycin is still a commonly prescribed antibiotic even though it first was approved in 

the late 1960’s, and there has been observed resistance to clindamycin in the clinic. After 

investigation of the clindamycin SAR, it was apparent that the sugar motif was the least modified 

and underexplored; specifically, whether or not replacing the oxygen, inside the sugar ring, with 

nitrogen would improve or expand the antimicrobial activity. Using the SAR data from the 

literature and the crystal structure of the binding site in the ribosome, a quantitative structure 

activity relationship (QSAR) model was created and used to screen a library of 630 theoretical 

aza-sugar clindamycin analogs to compare the docking scores with clindamycin. Several 

theoretical aza-sugar clindamycin analogs had equal or better docking scores, compared to 

clindamycin, so we set out to synthesize our proposed aza-sugar analogs while also pursuing semi-

synthetic routes to aza-sugar analogs in parallel.  

Using a multicomponent reaction developed in our lab, our group had previously reported 

a series of pyrrolidinones as a novel scaffold that possessed good antimicrobial activity against 

MRSA and vancomycin-resistant Staphylococcus aureus (VRSE). Using the same 

multicomponent reaction, we expanded the SAR and identified that these pyrrolidinone scaffolds 

also have significant antibiofilm properties in addition to modest antimicrobial activity. Most 

interestingly, the aniline substituted pyrrolidinone analogs appear to have potent biofilm 

modulation properties.  
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CHAPTER 1: General Introduction to Antimicrobial Resistance and Biofilms 

1.1 Introduction 

Academia and small to medium biotechnology companies continue to be the primary 

driving force for the research and development of new antibiotic drugs given the challenging 

economic climate for novel antibiotic development. Over recent decades, pharmaceutical 

companies have been increasingly reluctant to pursue the high-risk-low-reward investment in 

antibiotic drug development given the fact that it is difficult to bring a biologically active lead 

molecule across the finish line of the long arduous drug pipeline, even with the necessary 

resources. In order to increase the number of antibiotic drugs that are being approved, academia 

and the pharmaceutical industry need to collaborate and refocus their combined efforts on the 

development of antibiotics for resistant strains that affect many people, especially Gram-negative 

bacteria. There has not been a new class of readily accessible, broad spectrum antibiotics since 

linezolid, and we have yet to see significant antibiotic approval resulting from high-throughput 

screening libraries. The majority of antibiotic development in the previous decades has centered 

on the modification of existing antibacterial classes, temporarily out flanking resistant organisms 

and thereby allowing for extended clinical utility of existing antibiotics.   

The Pierce lab is focused on the synthesis of complex natural products, especially marine 

natural products, in order to drive the discovery of new synthetic methods and to identify novel 

biologically active molecules. Marine natural products are of particular interest due to the 

biological diversity associated with the ocean and the complex variety of microbiomes that are 

present, yielding very complex and diverse chemical structures with a range of bioactivity. For 

example, there are several marine natural products and derivatives that are in advanced clinical 

trials (Figure 1).1 To evaluate the potential of marine natural products as chemical probes and drug 
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leads, the Pierce group synthesizes these biologically active natural products and derivatives in 

order to identify novel medicinal scaffolds to combat infectious disease and antibiotic resistance. 

  

Figure 1.1. Examples of marine natural products and derivatives in advanced clinical trials. 

The prevalence and rapid development of antibiotic resistance is a serious global health 

concern, and, in 2017, the World Health Organization (WHO) published a list of antibiotic resistant 

“priority pathogens”.2 This report highlights how important it is to develop more drugs to combat 

Gram-negative bacteria, such as critical priority carbapenem-resistant Acinetobacter baumannii 

(A. baumannii), but even Gram-positive bacteria like methicillin-resistant Staphylococcus aureus 

(MRSA) and Enterococcus faecium (E. faecium) are listed as high a priority. MRSA is of particular 

importance due to its relevance in nosocomial infections. There are at least 80,000 severe MRSA 

infections every year and at least 11,000 deaths every year in the US alone.3 Furthermore, MRSA 

has become resistant to all known classes of antibiotics4 as well as the last resort antibiotics 

linezolid5 and vancomycin6 which is a significant motivator for the development of unique 
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molecular scaffolds that will have inherently unique modes/mechanisms of action. We continue to 

look to new or unexplored natural products to inspire the next medicinal scaffold to address 

antibiotic resistance as natural products and their analogs have provided the majority of approved 

antibiotics to date.7 

In addition to the traditional antibiotic resistance mechanisms (efflux pumps, target 

mutagenesis, enzymatic degradation), bacteria also have the ability to become tolerant to the 

treatment of antibiotics through the formation of biofilms. A biofilm is a surface-associated 

community of bacteria encased in an extracellular polymeric matrix of polysaccharides, DNA and 

proteins, which offers a protective barrier from environmental threats, host immune response and 

antimicrobial agents.8 The phenotypic shift from planktonic bacteria to a surface attached 

community of bacteria is a unique aspect of biofilms that is heavily regulated genetically and 

occurs with decreased rates of growth.9 Inside this biofilm remain the persister cells which are 

tolerant to antibiotics and are extremely problematic since after treatment with antibiotics, persister 

cells can be released from the biofilm to reinfect the patient.10 The persister cell/biofilm 

combination is one of the primary reasons chronic and reoccurring infections occur.11 In addition, 

it is well known that these persister cells are metabolically inactive (not growing) which makes 

these cells inherently resistant to antibiotics that target dynamic processes.10 These persister cell 

and biofilm properties, as well as other inherent bacterial properties, allow biofilm formation and 

bacterial survivability on non-human surfaces such as implanted medical devices, hospital 

equipment, and clothing which increases rates of secondary infections.12 As a result, bacterial 

biofilms have been implicated in many human bacterial infections ranging from dental plaques to 

cystic fibrosis.11,13 Given the reduced efficacy of current antibiotics against robust bacterial 

biofilms (100-1000x less efficacy), it is essential to identify novel classes of molecules that are 
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capable of inhibiting biofilms and that are capable of probing the regulatory pathways involved in 

surface- attached biofilms.14,15 
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CHAPTER 2. Synthesis and Biological Evaluation of Two Novel Synoxazolidinone Series 

2.1 Abstract 

The failure of frontline antibiotics in the clinic is one of the most serious threats to human 

health and requires a multitude of novel therapeutics and innovative treatment approaches to curtail 

the growing crisis.  In addition to traditional resistance mechanisms resulting in the lack of efficacy 

of many antibiotics, most chronic and recurring infections are further made tolerant to antibiotic 

action by the presence of biofilms. Herein, we report an expanded set of 5-benzylidene-4-

oxazolidinones that are able to inhibit the formation of Staphylococcus aureus biofilms, disperse 

preformed biofilms and in combination with common antibiotics are able to significantly reduce 

the bacterial load in a robust collagen-matrix model of biofilm infection. 

2.2 Introduction and Background 

Synoxazolidinones A, B, and C were isolated from the sub-Artic ascidian Synoicum 

pulmonaria off of the Norwegian coast, and these natural products (NPs) were found to have 

minimum inhibitory concentration (MIC) values of 10, 30, and 10 μg/mL against MRSA (ATCC 

33591), respectively (Figure 2.1).1,2 In addition, synoxazolidinones A and C were reported to have 

potent antifouling activity against common marine organisms.3 The biological activity, the unique 

chemical scaffold, and the chemical challenges associated with the synoxazolidinone family led 

Dr. Nataliia V. Shymanska and Dr. Il Hwan An to complete the total synthesis; developing a 

synthetic platform to explore the SAR of these marine natural products.    



 

8 
 

 

 

 

Figure 2.1. Synoxazolidinones A-C and their reported antimicrobial activity.   

There are several reported synthetic methods towards 4-oxazolidinones, but all of these 

methods are limited due to the rather limited substrate scope of the starting materials employed. In 

2002, Kamimura and co-workers reported a diastereoselective high yielding synthesis of 2-oxy-

1,3-oxazolidin-4-ones, nitrogen analogs of orthoesters, in which they make various C-2 substituted 

molecules.4 However, the molecules were pursued for their synthetic utility rather than any 

potential biological activity. Comesse and coworkers published a method that afforded substituted 

4-oxazolidinones by adding 10 equivalents of water to their previously developed method for the 

synthesis of oxazolo-pyrrolidinones.5 Yet, the general oxazolidinone scaffold prepared is not 

extendable to the synoxazolidinone and lipoxazolidinone natural products, even though they cite 

these natural products as the driving force for the development of new methods.  

Several methods, within about 8 months of each other and from four unique research 

groups, use the in situ generation of aza-oxallyl cations to react with various carbonyl containing 

electrophiles to obtain the corresponding 4-oxazolidinones.6,7,8,9 Even though these methods have 

high yields and employ a wide variety of aldehydes, ketones, and isatins, there are only a few 

examples in which the -OBn group on the nitrogen is removed and the diversity of the C-5 position 

in the reaction products is somewhat limited. Lastly, there have been a few catalytic 
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enantioselective methods towards 4-oxazolidinones.10,11,12 To date, none of the 4-oxazolidinones 

reported in these method development campaigns have been biologically evaluated (to the best of 

our knowledge), and there is only one example of a novel 4-oxazolidinone scaffold that has 

significant biological activity that isn’t related to the synoxazolidinone or lipoxazolidinone natural 

products.13  

In the initial efforts to prepare synoxazolidinone A, Dr. Nataliia V. Shymanska and Dr. Il 

Hwan An developed an imine acylation/cyclization approach shown in Scheme 2.1. Although this 

method had modest yields and required a deprotection, it did successfully allow the synthesis of 

racemic synoxazolidinones A & B.14 A second method that was developed, by Dr. Nataliia V. 

Shymanska,  Dr. Il Hwan An, and Sebastián Guevara-Zuluaga, for the synthesis of 4-

oxazolidinones in our group is shown in Scheme 2.2, and this acid-promoted method benefits from 

the ability to access the N-H substituted 4-oxazoldinone without a subsequent deprotection step.15 

Through these initial synthetic efforts they demonstrated that the products from our developed 

methods have antimicrobial activity against MSSA and MRSA. 

 

Scheme 2.1. Acid chloride/imine acylation method yielding 4-oxazolidinone precursor to the 

natural product.  
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Scheme 2.2. Acid promoted method yielding N-H substituted 5-benzylidine-4-oxazolidinones. 

After the total synthesis of synoxazolidinones A & B and several synoxazolidinone 

analogs, these analogs (Figure 2.2) were tested against MSSA (ATCC 29213), MRSA (ATCC 

33591), and A. baumannii (ATCC 19606). The activity of synoxazolidinone A & B that was 

reported in the isolation was corroborated with the synthetic material, and it was found that 

dichlorinated 5-benzylidene-4-oxazolidinones were similarly active, relative to the NPs, but had 

increased activity against A. baumannii.  These initial analogs were prepared via the imine 

acylation approach originally developed for the natural products themselves.  

 

Figure 2.2. An initial look at the SAR of synoxazolidinone analogs (MIC values are reported in 

μg/mL); MSSA (ATCC 29213), MRSA (ATCC 33591), A. baumannii (ATCC 19606). 
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While the synthesis of synoxazolidinone A & B was being developed, Dr. Nataliia V. 

Shymanska, Dr. Il Hwan An, and Sebastián Guevara-Zuluaga also developed the previously 

introduced acid-promoted dehydration-cyclization towards 4-oxazolidinones. Thus, they 

synthesized another panel of 4-oxazolidinones were made by reacting various phenylpyruvic 

amides with hexanal in a 2:1 mixture, by volume, of trifluoroacetic acid (TFA) and 

dichloromethane (DCM) (Figure 2.3). Out of these 9 analogs, the para-substituted electron 

deficient aryl system containing analogs, 2-22 and 2-26, were the most active against MSSA 

(ATCC 29213) and MRSA (ATCC 33591). Interestingly, the des-chloro analogs, 2-22 and 2-26, 

were more active than the mono-chlorinated versions, but the des-chloro analog, 22-26, had very 

similar activity as its dichlorinated version whereas analog 2-24 (dibromo-methoxy analog in 

Figure 2.3) was more active than its dichlorinated version. It was not entirely clear what was the 

most important structural feature in terms of the antimicrobial SAR, but the initial antimicrobial 

activity they identified against S. aureus prompted us to pursue analog 2-22 as our lead scaffold 

for optimization and to explore what other biological properties these synoxazolidinone analogs 

may possess.  

Multidrug resistant bacteria are further protected from antibiotic action by their ability to 

develop a matrix-encased phenotypic state or biofilm. Even though bacteria benefit from the 

biofilm phenotype for survival, significant energy is devoted to this pathway and it represents new 

targets for antimicrobial therapy.16 The majority of developed antibiotics work on 5 primary 

targets, and most of those drug targets have developed resistance to our current treatments.17,18 

Currently, there is a lack of commercial development of antibiofilm agents. To date, there have 

been a number of small molecules, peptides, and nanoparticle agents that increase the efficacy of 

antibiotics against biofilms, and there has been some in vivo efficacy demonstrated through clinical 
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trials. Furthermore, biofilms are heavily implicated in many reoccurring diseases for many reasons 

such as enhanced gene transfer, a physical matrix of extracellular DNA (eDNA), proteins, and 

polysaccharides, and even the ability to drastically impact the efficacy of antibiotics. Arguably, 

the influence of bacterial biofilms on persisting or reoccurring infections is most likely 

underestimated.19 Hence, it is of importance to continue efforts towards the development of drug-

like antibiofilm compounds.  

Both Gram-positive and Gram-negative bacteria in the ESKAPE pathogens are high 

priority in terms of the need for the development of novel therapies and treatments, for various 

clinical settings. Thus far, there have been a quite a few examples of various agents increasing the 

efficacy of antibiotics via the development of novel antibiofilm agents. There have been several 

examples of the synergy between small molecules and small peptides and currently FDA approved 

antibiotics. Although it can be difficult to execute in a clinical setting, an adjuvant approach 

appears to be an attractive potential route towards a lifesaving dual drug therapy.18  
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Figure 2.3. MIC values (reported in μg/mL) of second synoxazolidinone series; MSSA (ATCC 

29213), MRSA (ATCC 33591), A. baumannii (ATCC 19606). 

Our interest in exploring other biological properties of the synoxazolidinone natural 

products and reports of the antifouling properties of synoxazolidinones A & C led Dr. Grant A. 

Edwards to synthesize a new series of 2-dichloroalkyl-5-benzylidene-4-oxazolidinones and screen 

these analogs for their ability to inhibit and disperse biofilms.20 This series was made using the 

imine acylation of phenylpyruvic acid chlorides and resulted in 7 novel dichlorinated 

synoxazolidinone analogs. These analogs were assayed (see Table 2.1) along with: 

synoxazolidinone A (2-1), a 2-tert-butyl-4-oxazolidinone (2-34), the most active des-chloro analog 

(2-22), and a secondary pyruvic amide 2-37 (Figure 2.4) in order to distinguish which structural 

features were necessary for antibiofilm activity.  
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Figure 2.4. Synoxazolidinone A and other analogs tested for initial biofilm SAR.  

Out of the compounds tested for biofilm inhibition and dispersion, analogs 2-17 and 2-31 

had the lowest MIC values and the most biofilm inhibition and dispersion at the concentrations 

tested (Table 2.1). Compared to other known S. aureus biofilm modulators, 2-17 and 2-31 have 

some of the most potent activity reported for biofilm inhibition against MRSA.21,22,23 Furthermore, 

all of the dichlorinated analogs, except para-methoxy substituted analog 2-30, were able to inhibit 

at least 50% of MRSA (BAA-44) biofilms at 5 μM despite these analogs possessing a wide 

variation in MIC values. From this series of analogs, it was determined that the 4-oxazolidinone 

core is required for biofilm inhibition, the electron withdrawing aryl substituents improve biofilm 

activity, and the dichloromethylene moiety further improves the biofilm activity. With this initial 

biofilm SAR for these synoxazolidinones in hand, I joined this project and decided to revisit the 

acid promoted oxazolidinone synthesis method we developed to expand on both the synthetic 

scope and to expand on the biofilm SAR for the synoxazolidinone scaffold. 
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Table 2.1. Biofilm inhibition and dispersion data of synoxazolidinone A (2-1) and analogs against 

MRSA (ATCC BAA-44). 

 

2.3 Results and Discussion 

2.3.1 Synthesis of Novel Alkyl and Aryl Substituted Synoxazolidinone Analogs 

The second method our group developed towards 4-oxazoldinones is shown in Scheme 2.2 

(page 8). Various phenyl pyruvic amides were synthesized and reacted with hexanal to determine 

the effect of different aryl substituents on the MIC against MSSA and MRSA. After learning that 

electron deficient functional groups on the benzylidene system were beneficial, we decided to only 

make analogs bearing either the natural product aryl system or the para-CF3 system. Thus, our 

goals were to expand the synoxazolidinone SAR and to identify analogs with promising biological 

activity.  

To begin our study, we began screening which aldehydes or aldehyde equivalents would 

yield the corresponding 4-oxazolidinone product. To our surprise, both benzaldehyde and its 

dimethylacetal, 4-pyridienecarbaldehyde, 2-thiophenecarbaldehyde, 4-morpholinobenzaldehyde, 

1H-indole-5-carbaldehyde, and 4-nitrobenzaldehyde did not yield the corresponding 

oxazolidinone product under the optimized conditions (Scheme 2.2). Other aldehydes, or dimethyl 

acetals as noted, containing an aliphatic primary chloride (dimethyl acetal, 2-44), a ketone (α-keto-
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aldehyde, 2-45), an unsubstituted cyclopropane (2-46), an acetonide (2-47), an α-β unsaturation in 

conjugation with a phenyl ring (trans-cinnamaldehyde, 2-48), a dimethyl-tertbutyl silyl (TBS) 

protected alcohol (α-hydroxy-aldehyde, 2-49), a primary amine (dimethyl acetal, 2-55), a tertiary 

amine (2-51), a tertbutyloxycarbonyl (Boc) protected piperidine (2-50), a di-Boc protected 

guanidine (2-52), and a carboxybenzyl protected secondary amine (2-53) were all found to be 

incompatible with this method towards 5-benzylidine-4-oxazolidinones (Figure 2.5). After failing 

to obtain the aryl substituted synoxazolidinone analogs at room temperature, even with the electron 

deficient 4-nitrobenzaldehyde, this reaction was repeated in a pressure vessel at 100 °C.  To our 

delight, the corresponding oxazolidinone product, 2-59, was obtained in modest yield (Scheme 

2.3).  

 

Figure 2.5. Aldehydes and acetals used in substrate screening. 

  

Scheme 2.3. Synthesis of a C-2 aryl 5-benzylidine-4-oxazolidinone. 
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When formaldehyde was used in these reaction conditions we were surprised to observe 

the N-hydroxymethylene functional group in the isolated product (See Scheme 2.4). The 

hydroxymethylene at this position could be a potential functional handle to diversify the 

synoxazolidinone analogs, and it might be possible to introduce a biologically cleavable bond, like 

an ester or phosphonate ester, via the alcohol. For these reasons, analog 2-22 (p-CF3, 2-pentyl) was 

reacted with formaldehyde under the TFA:dichloromethane conditions to determine if the 

hydroxymethylene could be attached after the synoxazolidinone was synthesized. Gratifyingly, the 

desired hydroxymethylated product, 2-62, was obtained in nearly quantitative yield. To explore 

the effect of this hydroxymethylene on the antibacterial and antibiofilm activity, analog 2-61 was 

made.  

 

Scheme 2.4. Hydroxymethylene containing analogs and their preparation.  

Although we did not evaluate ketones in our substrate scope they might be worth future 

investigation. After testing many commercially available aldehydes and dimethyl acetals 

containing a functional handle for synthetic modification or a nitrogen containing functionality, 

we were mainly left with aliphatic aldehydes to explore. To our delight, a number of alkyl 

aldehydes underwent smooth conversion to the target oxazolidinones with both the 

dibromomethoxy and trifluoromethyl substituted phenyl pyruvic acid amides. In total, 24 
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analogues incorporating branched alkyl, aryl, alkenyl, and carbocyclic substituents were prepared 

(2-60 to 2-82, Figure 2.6). 

 

Figure 2.6. Synoxazolidinone analogs prepared for biological evaluation. 

2.3.2 Biological Evaluation of Alkyl and Aryl Substituted Synoxazolidinone Analogs  

The biological evaluation of these 24 analogs began with determining the MIC for each of 

them. Table 2.2 lists the MIC values for these analogs against MSSA (ATCC 29213), MRSA 

(ATCC BAA-44), and A. baumannii (ATCC 19606). Analogs 2-22, 2-64, 2-65, 2-66, 2-70, 2-71, 

2-72, 2-73, 2-74, 2-75, 2-76, 2-77, and 2-78 were assayed to determine whether or not the linearity 

or decreasing the size of the C-2 alkyl substituent would improve or decrease antimicrobial 

activity. Analog 2-72 was the shortest linear substituent that showed activity against MRSA at 128 

μg/mL whereas analogs 2-64, 2-70, and 2-71 all had MICs of >128 μg/mL. Analog 2-71 has 

significantly less activity than the dichlorinated version (2-29, MIC against MRSA (BAA-44) = 

32 μg/mL). This difference in activity highlights the relationship between electron withdrawing 

substituents, which are alpha and exocyclic to the C-2 position, and the relative increase in activity. 
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The constitutional isomer of 2-72, analog 2-73, didn’t inhibit growth of MSSA and MRSA at the 

concentrations tested. On the other hand, analog 2-65 had an MIC of 128 μg/mL against both 

MSSA and MRSA which contradicted our initial belief that the electron-deficient aryl system 

would be inherently better for antimicrobial activity. The butyl (2-74) and isobutyl (2-75) analogs 

are another example of how branching diminishes activity going from an MIC of 64 μg/mL against 

MRSA to >128 μg/mL respectively. Terminal alkenes 2-66 and 2-76 did not show inhibition of 

growth nor did the cyclopentane (2-77) or cyclohexane (2-78) analogs. The pentyl containing 

analog (2-22) was one of the most active antimicrobial agents with an MIC of 16 and 4 μg/mL 

against MSSA and MRSA respectively. Interestingly, analog 2-22 is the only example in which 

its dichlorinated counterpart (2-17) had a higher MIC (2-17 had an MIC = 12 μg/mL). It is not 

fully understood why the saturated analog 2-22 had an improved MIC over its dichlorinated 

counterpart, but there will be further discussion on the differences with regard to biofilm inhibition.  

Table 2.2. MIC and biofilm data of synoxazolidinone analogs. Bacterial strains for MIC data are 

S. aureus (ATCC 29213), MRSA (ATCC BAA-44), A. baumannii (ATCC 19606). Biofilm 

inhibition studies conducted on MRSA (ATCC BAA-44) and MBEC studies with MSSA (ATCC 

25923). 

 

Aldehydes containing a phenyl group were incorporated into analogs 2-67, 2-68, 2-69, 2-

79, 2-80, and 2-81 to see what affect the aromatic and polar character of these substituents would 

have on the MIC. Analogs 2-67, 2-68, and 2-79 weren’t active at the concentrations tested, and 2-

compound 2-63 2-64 2-65 2-66 2-67 2-68 2-69 2-70 2-71 2-72 2-73 2-74 2-75 2-76 2-22 2-77 2-78 2-79 2-80 2-81 2-82 2-60 2-61 2-62

MIC (S. aureus ) >128 >128 128 >128 >128 >128 >128 >128 >128 >128 >128 >128 >128 >128 16 >128 >128 >128 >128 >128 >128 >128 >128 4

MIC (MRSA) >128 >128 128 >128 >128 >128 >128 >128 128 128 >128 64 >128 >128 4 >128 >128 >128 128 >128 >128 >128 >128 4

MIC (A. baumannii ) ND >128 ND ND ND ND ND ND ND ND ND ND ND ND >128 ND ND ND ND >128 >128 128 >128 >128

% Biofilm inhibition (5 µM) ND ND ND ND 6 ND 45 ND 13 31 ND 33 ND 14 8 ND ND 29 ND 53 41 6 18 25

% Biofilm inhibition (40 µM) ND ND ND ND 3 ND 39 ND 29 37 ND 46 ND 29 69 ND ND 36 ND 56 58 31 31 71

% Biofilm dispersion (5 µM) ND ND ND ND ND ND ND ND ND ND ND ND ND ND 2 ND ND ND ND ND ND ND ND 4

% Biofim dispersion (40 µM) ND ND ND ND ND ND ND ND ND ND ND ND ND ND 42 ND ND ND ND ND ND ND ND 63

MBEC ND ND ND ND ND ND ND ND ND ND ND ND ND ND 256 ND ND ND ND ND ND ND ND 256

MBEC of doxycycline/8 µg/mL 

compound
ND ND ND ND ND ND ND ND ND ND ND ND ND ND 16 ND ND ND ND ND ND ND ND 16
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80 was the only analog containing an aromatic ring in the C-2 substituent that had any activity 

with a MIC of 128 μg/mL. Analogs 2-69 and 2-81 were also synthesized to compare directly to 

the dichlorinated version (2-31). Analog 2-31 had an MIC of 6 μg/mL against MRSA (ATCC 

BAA-44) which was significantly better than the MIC of >128 μg/mL for both 2-69 and 2-81. 

Even though the aryl substituted oxazolidinone (2-82) did not have antimicrobial activity at the 

concentrations tested, it did have notable antibiofilm activity which will be discussed later.  

The unexpected products, 2-60 and 2-63, both had MICs of >128 μg/mL against MSSA 

and MRSA. Interestingly, 2-60 was the only analog tested that showed any activity (128 μg/mL) 

against A. baumannii. Because this unique N-hydroxymethylene analog possessed limited Gram-

negative activity, we proceeded to test the other N-hydroxymethylene analogs, 2-61 and 2-62 

against A. baumannii. Unfortunately, these hydroxymethylated analogs showed no activity at the 

concentrations tested (>128 μg/mL) against A. baumannii. Fortunately, analog 2-62 retained 

similar activity, compared to 2-22, which suggests that the hydroxyl-methylene might not be long-

lived in the assay conditions. To date, the most potent MICs for our synoxazolidinone analogs 

against MRSA (ATCC BAA-44), are analogs 2-22 and 2-62. 

With all of the MIC values in hand, we proceeded to screen the biofilm inhibition properties 

against MRSA (ATCC BAA-44) (Table 2.2) of the analogs to answer specific SAR questions. 

The stability and unexpected MIC activity, against A. baumannii, was the reason that 2-60 was 

tested for biofilm inhibition, and it was found to only inhibit about 30% of biofilm formation at 40 

μM. Analogs 2-22, 2-71, 2-72, and 2-74 were tested to determine the relationship between 

extending the C-2 substituent, by a methylene unit, and the level of biofilm inhibition. There 

appears to be a slight increase in the average percent biofilm inhibition in Table 2.2, but there is 

not a significant distinction between analogs 2-71 and 2-72 due to the standard deviations 
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associated the measurements. Analog 2-74, however, had a higher percentage of biofilm inhibition 

from concentrations of 2.5 μM to 40 μM. Analog 2-22 possesses unique biofilm inhibition data 

due to the overlap between the concentrations tested in the biofilm inhibition assay and the MIC 

of 2-22 (4 μg/mL against MRSA). Thus, the 69% “inhibition” being reported is most likely due to 

the growth inhibition which is corroborated by the fact that there is essentially no inhibition at 5 

μM (8%). This is still considered to be significant biofilm inhibition especially due to the fact that 

the amount of bacteria in the biofilm assay is much more than are present in the MIC assays. The 

aryl substituted analog, 2-82, was tested because this was the first C-2 aryl substituted 

synoxazolidinone natural product analog that this method has afforded, and it turned out to be a 

good biofilm inhibitor with an average biofilm inhibition of 58% at 40 μM and 41% inhibition 

even as low as 5 μM.  

Next, we tested analogs 2-67 and 2-79 to see what effect the aromatic containing C-2 

substituents would have on the levels of biofilm inhibition. Analog 2-79 had mediocre biofilm 

inhibition and 2-67 had practically no biofilm inhibition (Table 2.2). When the phenyl ring is 

removed from the synoxazolidinone core by two methylene units (analogs 2-69 and 2-81), the 

average biofilm inhibition was nearly 50% for both analogs at 5 μM (Table 2.2). The average 

percent inhibition for 2-69 decreased at 40 μM due to the larger standard deviations in the raw data 

at that concentration. Overall, 2-69 is a decent inhibitor of MRSA (ATCC BAA-44) biofilms. Even 

though 2-60 didn’t have potent biofilm inhibition, analogs 2-61 and 2-62 were assayed to see what 

effect the hydroxymethylene substituent had on the biofilm inhibition. Although both of those 

analogs inhibited biofilms to nearly the same extent as 2-22 and 2-72, respectively, it is interesting 

to note that the addition of the hydroxymethylene doesn’t completely shut down biofilm inhibition 

or MIC activity. With the biofilm inhibition data against MRSA (ATCC BAA-44) in hand, we 
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chose the most potent growth inhibitors (2-22 & 2-62) to see how these analogs would inhibit and 

disperse (a pre-formed biofilm) on a different strain of MRSA. Thus, these analogs were also tested 

for biofilm inhibition and biofilm dispersion against MRSA (ATCC 43300). For analogs 2-22 & 

2-62, the levels of biofilm inhibition against both strains of MRSA were very similar. The 

percentage of biofilm dispersion for 2-22 & 2-62 was close to the levels of biofilm inhibition 

against both BAA-44 and 43300 (see Table 2.3), which is impressive given that these were pre-

formed biofilms. The MIC values of these two compounds were evaluated against MRSA (43300) 

and both analogs had lower MIC values compared to the BAA-44 strain (see Table 2.3).  

Table 2.3. MIC, biofilm inhibition, and biofilm dispersion data for select analogs against MRSA 

(ATTC BAA-44) and MRSA (ATTC 43300). 

 

 Given that analogs, 2-22 and 2-62, were able to significantly disperse preformed biofilms, 

we then evaluated their minimum biofilm eradication concentration (MBEC) against MSSA 

(ATCC 25923). The MBEC for both 2-22 and 2-62 is 256 μg/mL which, considering previous 

observations and the activities presented, we postulated that the active oxazolidinones could work 

synergistically with existing antibiotics thereby significantly lowering the combined MBEC. To 

this end we explored the MBEC of doxycycline (MBEC = 128 μg/mL) upon treatment with 2-22 

and 2-62 and found that the synoxazolidinone analogs reduced the MBEC to 16 μg/mL — a 16-

fold decrease. Following these MBEC experiments with a checkerboard assay to determine 
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synergy, we calculated a fractional inhibitory concentration (FIC) of 0.16 for 15 and 0.19 for 24, 

thereby highlighting the synergistic nature of this compound combination (See Table 2.4; 

FIC<0.5=synergistic).24 

Table 2.4. Table of calculated FIC index and the MBEC for each compound.

 

Having demonstrated that 2-22 and 2-62 work synergistically with doxycycline, we 

explored their efficacy in a more robust biofilm model that better reflects the biofilm composition 

in wounds (48 h aged biofilms in collagen coated plates). We first tested the activity of 2-62 in this 

biofilm model and imaged living (Syto9, green) and dead (PI, red) cells across a concentration 

range of 0.25 to 160 μM (Figure 2.7, section a)); there was little activity up to 10 μM  and 

subsequent increasing activity up to 160 μM. As the MIC is in this 10–20 μM range, these data 

compare well with those collected earlier and are also consistent with the MBEC data, as there are 

still viable bacteria in the biofilm even at 160 μM of compound 2-62. We then evaluated the log 

reduction of viable bacteria by treating these biofilms with a series of commonly employed 

antibiotics and 2-62 at 40 μM (Figure 2.7,  section b). Antibiotics alone did not reduce the bacterial 

load >2 log  Colony Forming Units (CFU) mL-1 at 10 x MIC (within the pharmacokinetic range of 

the chosen antibiotics). However, when these antibiotics were combined with 2-62, the bacterial 

load was decreased >2 log CFU mL-1. These results were confirmed by imaging the biofilms using 

a live/dead stain and imaging with a fluorescence microscope. We found that combining 2-62 with 
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any antibiotic tested herein increased the staining of dead cells (red), with the doxycycline/2-62 

combination being the most effective (Figure 2.7,  section c)). These results are significant, as the 

biofilms employed in these more-robust assays are less metabolically active and therefore less 

subject to the action of common antibiotics than those in the MBEC assay discussed previously. 
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Figure 2.7. Effects of 2-62 on mature biofilms. a) treatment across a dose range and subsequent 

imaging; b) log reduction of viable bacteria after treatment for 24 hours; Bars are means and 

standard deviations of three technical replicates and significant differences (p<0.05) as determined 

by ANOVA with Tukey post-hoc are indicated by differing letters. c) Imaging of biofilms with 

antibiotic alone (10 × MIC) or in combination with 2-62 (40 µM). 
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2.3.3 Conclusions  

In conclusion, we have demonstrated that the 4-oxazolidinone scaffold present in the 

synoxazolidinone natural products is capable of working synergistically with commonly employed 

antibiotics to significantly reduce the viable bacteria in robust S. aureus biofilms. The compounds 

reported herein represent starting points for the development of novel agents to combat Gram-

positive biofilms, which currently lack effective treatment options. Ongoing efforts are focused on 

determining the mechanism of action of this class of heterocycles and further improving their 

potency. 

2.3.4 Abstract 

Expanding on previously reported antimicrobial and antibiofilm SAR developed on 

synoxazolidinone analogues, nitrogen functionalized synoxazolidinones and their corresponding 

intermediates have been synthesized and evaluated biologically. Due to the prevalence and 

implications of multi-drug resistant ESKAPE pathogens it is imperative to not only develop new 

antibiotics but to develop novel drugs that target inherently bacterial biofilm pathways; a novel set 

of underexplored drug targets. Upon initial investigation of minimum inhibitory concentrations 

(MICs), some analogues show selective activity for Pseudomonas aeruginosa (P. aeruginosa) over 

MSSA and MRSA. The work herein describes the nitrogen functionalized analogues and their 

ability to potentiate several FDA approved antibiotics against both MSSA biofilms and 

significantly reduce the load of viable bacteria in a robust biofilm model.  
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2.3.5 Introduction and Background 

In previous work, we have developed a series of synoxazolidinone analogues, inspired by 

the synoxazolidinone marine natural product family, which had been shown to inhibit, disperse 

and eradicate methicillin-resistant Staphylococcus aureus (MSSA) biofilms. In addition, some of 

these analogues, using a single 40 μM dose, showed significant synergy with doxycycline and 

various other antibiotics against robust MSSA (ATCC 29523) biofilms. Given that our modular 

synthesis allows for versatile modification of the synoxazolidinone scaffold, and that we have 

demonstrated significant activity against robust MSSA biofilms, we began investigating whether 

or not a new series of nitrogen functionalized analogues would be effective against both MSSA 

and other ESKAPE pathogens.  

There are quite a few reasons to focus on the development of antibiofilm agents for both 

MSSA and P. aeruginosa. Both of these pathogens have been characterized as high priority targets 

of drug development by the WHO, and these infections result in thousands of deaths each year. 

With the prevalence of biofilm implicated infections in addition to rapidly developing drug 

resistance, there is an increasing need to get new treatments to the clinic in order to make up for 

the lack of new classes of antibiotics. Another marine natural product family, the 

lipoxazolidinones, have been used to identify genes that are significantly related to the reduction 

of biofilm formation or increased biofilm production.25 Though this project, it was shown that 

there were several genes of interest related to known biofilm pathways in P. aeruginosa. There 

have been many cases where nitrogen functionalization or heteroatom incorporation has been 

crucial in the development of FDA approved drugs, thus we set out to synthesize a new panel of 

nitrogen functionalized synoxazolidinones.  The nitrogen functionality has been difficult to install 

through our existing oxazolidinone synthesis methods, and this work aims to install it on the 
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preformed oxazolidinone core to investigate the effect of a polar substituent on the antimicrobial 

and antibiofilm properties. 

2.3.6 Synthesis of Nitrogen-Containing Functionalized Synoxazolidinones 

The synthesis of these new synoxazolidinones began with a modified approach to the TFA-

catalyzed cyclization that has been previously used. After a one-step amide coupling between the 

corresponding phenyl pyruvic acid and 2, 4-dimethoxybenzylamine, the secondary amide was 

subjected to a 2:1 (v/v) mixture of TFA and dichloromethane in addition to the desired aldehyde 

and was microwaved for 15 minutes (Scheme 2.5). The desired synoxazolidinone derivative was 

obtained as well as some deprotected primary alpha-keto amide which can be subjected to the 

reaction conditions to produce the desired synoxazolidinone product. These synoxazolidinones 

were either Boc or Cbz protected prior to further functionalization (Scheme 2.6).  

 

Scheme 2.5. Microwave preparation of synoxazolidinone analogs directly from a secondary amide 

precursor. 
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Scheme 2.6. Protection of synoxazolidinone starting materials prior to functionalization. 

With the protected synoxazolidinone scaffold in hand we proceeded to further functionalize 

the synoxazolidinone scaffold in two locations: the para-bromo position on the aryl ring on the left 

side of the molecule and the terminal alkene at the C-2 position of the heterocycle indicated by 

blue spheres in Scheme 2.6. These two positions were chosen with the goal of installing a nitrogen 

containing heterocycle using either the para-bromo or the alkene functional handles. For the para-

bromo amine containing heterocycle functionalization, a Buckwald-Hartwig amination was one of 

the first methods that was attempted to introduce a morpholine fragment. Unfortunately, the 

conditions for Buckwald-Hartwig amination, Ullman coupling, and other traditional metal 

catalyzed amination methods, as well as Ir catalyzed photochemical methods, were not compatible 

with the para-bromo substituted synoxazolidinone substrate. To our delight, we were finally able 

to install both morpholine and piperizine at the para position of the aromatic ring using 

electrochemical amination, developed in the Baran Lab,1 and this is shown in Scheme 2.7. It is 

notable that this electrochemical method was able to provide the desired product, especially when 

all of the traditional aryl amination methods were not compatible with the substrate, with no 

modification of the published procedure. Unfortunately, when we attempted to use other amine 

substrates, using the same e-amination conditions, we were unable to isolate the desired products. 

This is not surprising due to the fact that the Baran lab also reports that for various aryl bromide 

or amine partners it may be required to optimize the reaction conditions. With the Boc protected 
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para-amino functionalized analogs in hand, a simple TFA catalyzed deprotection afforded the final 

desired analog (Scheme 2.7).  

 

Scheme 2.7. Electrochemical-amination and deprotection of aryl-amino substituted 

synoxazolidinones. 

 

Figure 2.8. Synthesized cross metathesis partners. 

 Based on our previously developed synoxazolidinone SAR, we chose to use the para-CF3 

aryl system for analogs bearing the terminal alkene in order to be able to directly compare 

antimicrobial and antibiofilm data of related analogs. Using the Cbz protected synoxazolidinone, 

a cross metathesis strategy was employed using N-allyl substituted metathesis partners or a benzyl 

acrylate partner (Figure 2.8) along with the protected synoxazolidinone to afford the 

corresponding cross metathesis product in decent yields (Scheme 2.8). The cross metathesis 

conditions were not widely explored or optimized and could likely be improved through catalyst 

variation and other modifications, but this was a good starting point for this SAR investigation. 
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After obtaining the cross metathesis products, they were all subjected to hydrogenation conditions 

shown in the top row of Scheme 2.8. Changing the equivalents and reaction time allowed us to 

access either the Cbz-deprotected terminal benzyl ester analog or the fully deprotected and more 

saturated version where the benzylidene position has also been hydrogenated (middle and bottom 

row of Scheme 2.8). The benzyl ester can easily be saponified to obtain the terminal carboxylic 

acid with the benzylidene still intact. This analog where the benzylidene position is reduced 

appeared to be a single diastereomer, but the relative stereochemistry was not determined. Overall, 

16 new synoxazolidinone analogs were successfully prepared including 9 analogs containing a 

nitrogen heterocycle and two analogs possessing a terminal carboxylic acid moiety (Figure 2.9).  

 

Scheme 2.8. Cross metathesis and one-pot Cbz deprotection and alkene reduction.  
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Figure 2.9. Novel synoxazolidinone analogs prepared for biological evaluation. 

2.3.7 Biological Evaluation of Functionalized Synoxazolidinones 

After preparing all of the analogs, the antimicrobial activity of each compound was 

evaluated against a panel of ESKAPE pathogens. The MIC data can be found in Table 2.5 below. 

The only analogs with an MIC below 128 μg/mL, against MSSA (ATCC 29213), were para-bromo 

and terminal alkene substituted analog 2-89, with a MIC of 64 μg/mL, and the two pyrrole 

substituted analogs 2-97 and 2-98 (Figure 2.9) both with a MIC of 16 μg/mL. These pyrrole 

analogs also had a MIC of 16 μg/mL against MRSA (ATCC 33591); certainly the most potent 

analog in this series. Notably, the saturated, carboxylic acid containing analog 2-93 had a small 

amount of growth observed in well 128 μg/mL, suggesting that the exocyclic alkene may not be 

entirely necessary for activity. However, the analog that would be needed to absolutely confirm 

this SAR trend would be the same analog as 2-93, but without the terminal carboxylic acid. This 

analog has not been made and will be pursued in the future. The terminal alkene analog 2-89 has 

a MIC of 128 μg/mL against MRSA (ATCC BAA-44 and 33591) and against P. aeruginosa. 
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Gratifyingly, both morpholine substituted analogs 2-88 and 2-91 had a MIC of 128 μg/mL against 

P. aeruginosa and did not show any significant activity against MSSA or MRSA at or below 128 

μg/mL. The three analogs (2-88, 2-89, and 2-91) that had activity against P. aeruginosa confirmed 

that the aryl morpholine moiety is not absolutely necessary for activity against P. aeruginosa, but 

that the lack of activity against MSSA and MRSA is unique to the morpholine substitution when 

compared to analogs 2-85 and 2-89.  

Table 2.5. MIC data for novel synoxazolidinone analogs against various ESKAPE pathogens. 

 

 With all of the MIC data collected, we proceeded to quantify biofilm inhibition for several 

analogs. The collected biofilm inhibition data is shown below in Table 2.6. We were pleased to 

see that analog 2-88, bearing the aryl morpholine, inhibited nearly 50% of the biofilm at 40 μM, 

but there was essentially no activity at 5 μM. Both of the indole substituted analogs, 2-95 and 2-

96, seemed to better activity at 5 μM, inhibiting 49% and 43% of biofilm formation respectively, 

compared to having 19% and 39% biofilm inhibition at 40 μM. The carboxylic acid substituted 

analog 2-93 had modest activity inhibiting 40% of biofilm formation at 40 μM. The best biofilm 

inhibitors were the para-bromo terminal alkene, 2-89, and both of the pyrrole analogs, 2-97 and 2-

98, all of which inhibited at least 70% of biofilm formation at 40 μM. Furthermore, only analogs 

2-89 and 2-98 had modest activity of 32% inhibition compared to unfunctionalized pyrrole analog, 
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2-97, at 5 μM. The activity observed in analog 2-89 is notable because, when the bromine atom is 

replaced with a -CF3 group, analog 2-76, the compound isn’t active in the MIC assays against 

MSSA and MRSA and it had 29% biofilm inhibition even at 40 μM.  

Table 2.6. Biofilm Inhibition data for synoxazolidinone analogs against MRSA (ATCC BAA-44). 

 

2.3.8 Conclusions 

The modular 4-oxazolidinone synthetic routes we have developed give us access to 

synoxazolidinone scaffolds that can be further modified which enables the exploration of the 

synoxazolidinone SAR. We were successful in the functionalization of synoxazolidinones with 

nitrogen containing heterocycles and a distal carboxylic acid for the first time, and we were able 

to further investigate the synoxazolidinone SAR. The aryl morpholine substituted analogs, 2-88 

and 2-91, which had selective activity for P. aeruginosa compared to other ESKAPE pathogens, 

and the para-bromo terminal alkene analog, 2-89, were active against both P. aeruginosa, MSSA, 

and MRSA. The most potent analogs from this series were the pyrrole substituted analogs with an 

MIC of 16 μg/mL against both MSSA and MRSA. In addition, these pyrrole analogs, 2-97 and 2-

98, significantly inhibited 78% and 70% of the biofilm formation at 40 μM. These data highlight 
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the possibility for the tolerance and/or benefits of the presence of particular heterocycles on the 

synoxazolidinone scaffold. The last remaining experiments for this series of analogs would be to 

screen a few heterocyclic functionalized synoxazolidinones for MBEC synergy with antibiotics 

and to investigate the antibiofilm properties against P. aeruginosa, for which there are even fewer 

examples of unique classes of biofilm modulating scaffolds.  

2.4 Experimental  

Preparation of 2-oxo-3-arylpropanoic acids: 

 

Scheme S2.1. Synthetic route towards 2-oxo-3-arylpropanoic acids. 

General Procedure: The aldehyde (1 equiv), sodium acetate (1.3 equiv), N-acetylglycine (1.3 

equiv), and acetic anhydride (10 or 15 equiv) were added to a 250 mL round bottom (rb) flask 

containing a stir bar. The contents of the flask were stirred at 420 RPM and refluxed at 100 °C for 

1 h. The hot reaction mixture was added to an Erlenmeyer flask, containing ice water, and it was 

covered with a rubber septum then sonicated for 15 minutes. The suspension was then filtered with 

a Buchner funnel and rinsed with excess deionized (DI) water. The solid was transferred to a 100 

mL RB flask for the hydrolysis. Next, 50 mL of 3 M HCl was added to the 100 mL RB and the 

suspension was then refluxed for 24 h at 100 °C at 750 RPM. The hot solution was added to an 

Erlenmeyer flask containing ice water. The Erlenmeyer was sealed with a rubber septum and 

sonicated for 15 min. After the ice melted, the suspension was filtered with a Buchner funnel and 

rinsed with DI water. The solid was then transferred to a 250 mL Erlenmeyer flask, and excess 
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DCM was added. The suspension was sonicated for 15 minutes, and the solid was filtered with a 

Buchner funnel containing DCM-soaked filter paper and rinsed with excess DCM. The solid was 

air-dried on the Buchner funnel, and then transferred to a vial where it was then dried under high 

vacuum. The dried solid was used without further purification. 

 

(Z)-2-Hydroxy-3-(4-(trifluoromethyl)phenyl)acrylic acid (2-101): Synthesis of this starting 

material was performed using 3.0 g (16.9 mmol) of the 4- (trifluoromethyl) benzaldehyde and 

acetic anhydride (10 equiv). The product, 2.73g (75 % yield), was isolated as a bright yellow 

powder. Analytical data was consistent with data previously reported, but the general procedure is 

altered from the reported protocol.1 

 

(Z)-3-(3,5-diBromo-4-methoxyphenyl)-2-hydroxyacrylic acid (2-102): Synthesis of this 

starting material was done using 3.0 g (10.2 mmols) of the 3,5-dibromo-4-methoxy- benzaldehyde 

and acetic anhydride (15 equiv). The product, 2.2 g (61% yield), was isolated as a beige and 

powdery solid. Analytical data was consistent with data previously reported, but the general 

procure is altered from the reported protocol.1 
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3-(4-Bromophenyl)-2-oxopropanoic acid (2-103): Synthesis of this starting material was done 

using 5.0 g (26.8mmol) of the 4-bromobenzaldehyde and acetic anhydride (15 equiv). The product, 

4.5 g (68% yield), was isolated as a bright yellow powder. Analytical data was consistent with data 

previously reported, but the general procure is altered from the reported protocol.1 

Preparation of halogenated benzaldehyde: 

 

Scheme S2.2. Synthetic route towards 3,5-dibromo-4-methoxybenzaldehyde. 

 

3,5-diBromo-4-methoxybenzaldehyde (2-105): Synthesis of this starting material was performed 

using 4.0 g (32 mmol) of 4-hydroxybenzaldehyde, AcOH (70 mL, 100 mL total), Br2 (3.6 mL, 

69.7 mmol, dissolved in 30 mL of AcOH), and NaOAc (8.06 g, 97.2 mmol). After the first reaction 

was complete, it was quenched with DI water (200 mL) and filtered on a Buchner funnel. The 

crude product was used without further purification. The next reaction was carried out by adding 

9.1 g (32.4 mmol) of crude 3,5-dibromo-4-hydroxybenzaldehyde to a 250 rb flask containing a stir 

bar, K2CO3 (2 equiv), and NaI (1 equiv). The rb was sealed with a rubber septum and purged with 
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nitrogen before adding N,N-dimethylformamide (DMF, 80 mL). Finally, MeI (1 equiv) was added 

to the rb and the reaction was stirred at ambient temperature for 24 h. The resulting reaction 

mixture was partitioned between DI water (200 mL) and Et2O (200 mL). The aqueous phase was 

extracted with Et2O (200 mL x 2), and the combined organic layers were washed with 5% (w/w) 

LiCl solution (200 mL x 2), water (200 mL x 2), and brine (250 mL), dried (MgSO4) and 

concentrated in vacuo. The product, 7.2 g (64% yield), was isolated as a beige powder. The 

procedure was adapted, with some minor changes, and data are consistent with what has been 

previously reported.2 

Preparation of 2-Oxo-3-N-(2,4-dimethoxybenzyl)-3-aryl-2-Oxopropanamides: 

 

Scheme S2.3. Synthetic route towards 2-Oxo-3-N-(2,4-dimethoxybenzyl)-3-aryl-2-

Oxopropanamides. 

General Procedure: The corresponding 2-oxa-3-arylpropanoic acid (1 equiv) and N,N,N′,N′-

Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU, 1 equiv) was added 

to a 100 mL rb flask, containing a stir bar, and purged with N2 gas for 5 minutes. Next, THF (0.2 

M) and N,N-diethylisopropylamine (DIPEA, 1 equiv) were added to the rb which was then cooled 

to 0 °C while stirring at 420 RPM. Finally, 2,4-dimethoxybenzylamine (DMBA, 1 equiv) was 

added dropwise to the RB and stirred for 24 h while gradually warming to ambient temperature. 

The resulting mixture was transferred to a separatory funnel using a minimal amount of EtOAc, 

washed with 1 M HCl (100 mL x 1), sat. aq. NaHCO3 (100 mL x 1), and brine (100 mL x 1), and 



 

39 
 

 

 

dry loaded onto 50 μm silica gel. The adsorbed compound was then loaded onto a 25 g SNAP 

Ultra Biotage® column and purified using a EtOAc:hexanes mobile phase (3 column volumes (CV) 

7% EtOAc, 10 CV 7-60% EtOAc, and 2 CV 60% EtOAc). 

 

N-(2,4-diMethoxybenzyl)-2-oxo-3-(4-(trifluoromethyl)phenyl)propanamide (2-108): 

Synthesis of this starting material was performed using 1.0 g (4.3 mmol) of the corresponding 2-

oxa-3-arylpropanoic acid. The product, 0.84 g (50% yield), was isolated as a yellow crystalline 

solid. Analytical data was consistent with data previously reported, but the general procure above 

is altered from the published procedure.3  

 

3-(3,5-diBromo-4-methoxyphenyl)-N-(2,4-dimethoxybenzyl)-2-oxopropanamide (2-109): 

Synthesis of this starting material was performed using 1.0 g (2.84 mmol) of the corresponding 2-

oxa-3-arylpropanoic acid. The product, 0.54 g (61% yield), was isolated as a transparent, yellowish 

oil. Analytical data was consistent with data previously reported, but the general procure above is 

altered from the published procedure.3 
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3-(4-Bromophenyl)-N-(2,4-dimethoxybenzyl)-2-oxopropanamide (2-110): Synthesis of this 

starting material was performed using 1.0 g (4.11 mmol) of the corresponding 2-oxa-3-

arylpropanoic acid. The product, 0.8 g (47% yield), was isolated as a transparent, yellowish oil. 

Analytical data was consistent with data previously reported, but the general procure above is 

altered from the published procedure.3 

Preparation of 2-Oxo-3-arylpropanamides: 

 

Scheme S2.4. Synthetic route towards 2-Oxo-3-arylpropanamides. 

General Procedure: A solution of the corresponding N-(2,4-dimethoxybenzyl)-3-aryl-2-

oxopropanamide (0.03 M) in TFA/THF (2:1, v/v) was heated at 70 °C for 1 h. The reaction mixture 

was cooled to rt and was transferred to a 500 mL separatory funnel using minimal EtOAc. The 

mixture was washed with sat. aq. NaHCO3 (150 mL x 2) and the organic layer was separated. The 

aqueous layer was then extracted with 30-50 mL of EtOAc, and then the combined organic layers 

were washed with brine (150 mL x 1). The combined organic layer was dried (NaSO4) and was 

then dry loaded onto 50 μm silica gel. The adsorbed compound was then loaded onto a 50 g SNAP 

KP-Sil Biotage® column and purified using a EtOAc:hexanes mobile phase (3 column volumes 

(CV) 10% EtOAc, 10 CV 10-80% EtOAc, and 2 CV 80% EtOAc). 
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2-Oxo-3-(4-(trifluoromethyl)phenyl)propanamide (2-113): Synthesis of this starting material 

was performed using 1.67 g (4.38 mmols) of the corresponding N-(2,4-dimethoxybenzyl)-3-aryl-

2-oxopropanamide. The product, 0.73 g (69% yield), was isolated as an off-white powder. 

Analytical data was consistent with data previously reported, but the general procure above is 

altered from the published procedure.3 

 

2-Oxo-3-(4-(trifluoromethyl)phenyl)propanamide: Synthesis of this starting material was 

performed using 1.0 g (2.04 mmol) of the corresponding N-(2,4-dimethoxybenzyl)-3-aryl-2-

oxopropanamide. The product, 0.602 g (84% yield), was isolated as a yellow-orange oil. Analytical 

data was consistent with data previously reported, but the general procure above is altered from 

the published procedure.3 

Microwave preparation of 5-benzylidene-4-oxazolidinones: 

 

Scheme S2.5. Synthetic scheme to prepare 5-benzylidene-4-oxazolidinones. 
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General Procedure: A solution of the corresponding secondary amide (0.1 M) and the 

corresponding aldehyde in TFA/CH2Cl2 (2:1, v/v) was microwaved at 100 ℃ for 15 minutes. The 

reaction mixture was cooled to room temperature and then transferred into a separatory funnel 

using EtOAc, washed with sat. aq. NaHCO3 (50 mL x 3), washed with brine (75 mL x 1), dried 

(NaSO4) and dry loaded onto a 12 g C18 SNAP Ultra Biotage® column using Celite and eluted 

using ACN:DI water (with 0.1% v/v TFA) mobile phase (3 column volumes (CV) 5% ACN, 10 

CV 5-95% ACN, and 3 CV 95% ACN). The product was purified once more with a second 

purification using an EtOAc:hexanes mobile phase and regular phase silica gel was required. 

 

(Z)-5-(4-Bromobenzylidene)-2-methyloxazolidin-4-one (2-83): This compound was 

synthesized from acetaldehyde and 36.6 mg (65% yield) was isolated as an off-white solid. 1H 

NMR (700 MHz, Chloroform-d) δ 8.28 (s, 1H), 7.53 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 8.6 Hz, 2H), 

6.17 (s, 1H), 5.77 (q, J = 5.5 Hz, 1H), 1.62 (d, J = 5.5 Hz, 3H); 13C NMR (176 MHz, Chloroform-

d) δ 165.35, 144.38, 132.94, 131.98, 130.90, 121.67, 102.58, 86.08, 23.37; IR νmax (cm-1): 1719, 

1673, 1485, 1375, 1340; HRMS (HESI) m/z calculated for C12H12Br2NO3 [M+H] 375.91784, 

found 375.91801. 
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(Z)-5-(4-Bromobenzylidene)-2-pentyloxazolidin-4-one (2-85): This compound was synthesized 

from hexanal resulting in 15.4 mg (24% yield) as a tan-white solid: 1H NMR (700 MHz, 

Chloroform-d) δ 8.18 (s, 1H), 7.53 (d, J = 8.5 Hz, 1H), 7.47 (d, J = 8.6 Hz, 1H), 6.16 (s, 1H), 5.63 

(t, J = 5.3 Hz, 1H), 1.84 (td, J = 7.9, 5.4 Hz, 2H), 1.50 (ddt, J = 46.4, 14.2, 7.0 Hz, 2H), 1.36 (td, 

J = 10.2, 9.7, 5.1 Hz, 4H), 0.91 (t, J = 7.1 Hz, 2H); 13C NMR (176 MHz, Chloroform-d) δ 165.26, 

144.45, 133.03, 131.99, 130.85, 121.59, 102.35, 89.16, 36.82, 31.70, 23.00, 22.77, 14.25; IR νmax 

(cm-1): 2956, 2928, 2857, 1719, 1601, 1517; HRMS (HESI) m/z calculated for C14H16Br2NO3 

[M+H] 403.94915, found 403.94835. 

 

(Z)-5-(4-Bromobenzylidene)-2-(but-3-en-1-yl)oxazolidin-4-one (2-89): This compound was 

synthesized from 4-pentenal resulting in 18.7 mg (30% yield) as a beige solid: 1H NMR (700 MHz, 

Chloroform-d) δ 8.51 (s, 1H), 7.53 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 6.17 (s, 1H), 5.85 

(ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.66 (t, J = 5.3 Hz, 1H), 5.13 (dd, J = 17.1, 1.6 Hz, 1H), 5.06 (dd, 

J = 10.2, 1.3 Hz, 1H), 2.36 – 2.23 (m, 2H), 2.01 – 1.92 (m, 2H); 13C NMR (176 MHz, Chloroform-

d) δ 165.01, 143.96, 136.41, 132.57, 131.65, 130.51, 121.32, 116.15, 102.20, 88.36, 35.54, 27.36; 

IR νmax (cm-1): 3169, 3083, 2928, 1714, 1482, 1365; HRMS (HESI) m/z calculated for 

C15H16Br2NO3 [M+H] 415.94915, found 415.95004. 
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(Z)-2-(But-3-en-1-yl)-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-76): This 

compound was synthesized from 4-pentenal and 130 mg (30%, 0.500 g scale) was isolated as an 

light brown solid. 1H NMR: (400 MHz, CDCl3) δ 9.28 (bs, 1H), 7.76 (d, J = 8.11 Hz, 2H), 7.60 

(d, J = 8.34 Hz, 2H), 6.24 (s, 1H), 5.86 (ddt, J = 6.59, 10.17, 16.85 Hz, 1H), 5.72 (t, J = 5.15 Hz, 

1H), 5.15 (dd, J = 1.54, 17.11 Hz, 1H), 5.07 (dd, J = 1.31, 10.26 Hz, 1H), 2.38-2.24 (m, 2H), 1.99 

(q, J = 7.47 Hz, 2H). 13C NMR: (100 MHz, CDCl3) δ 165.3, 145.5, 137.3, 136.5, 129.2, 125.5 (q, 

J = 3.72 Hz), 116.4, 101.9, 89.0, 35.6, 27.5. IR νmax (cm-1): 3159, 3071, 3033, 2921, 2859, 2795, 

1721, 1681, 1614, 1448, 1415, 1389, 1373, 1325, 1162, 1111, 1065, 1017, 921, 856. HRMS 

(HESI) m/z calculated for C15H15F3NO2 [M+H] 298.10494, found 298.10520. 

Preparation of 5-Benzylidene-4-oxazolidinones: 

 

Scheme S2.6. Synthetic route towards 5-benzylidene-4-oxazolidinones. 

General Procedure: A 50-55 mg (0.216 mmol) portion of the corresponding 2-Oxa-3-

arylpropanamide was added to a 5 or 10 mL rb flask containing a stir bar, and the rb was sealed 

with a rubber septum and purged with N2 gas. Next, TFA and DCM (0.1 M, 2:1, v/v, 1.4 mL:0.7 

mL, TFA:DCM) were added to the rb while under an inert N2 atmosphere. Finally, the 

corresponding aldehyde (2 equiv) was added to the rb, and the reaction mixture was stirred at rt 
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for 24 h. The reaction mixture was then transferred into a separatory funnel using EtOAc (20-30 

mL), washed with sat. aq. NaHCO3 (75 mL x 1), and washed with brine (75 mL x 1). The organic 

layer was then dried (NaSO4) and dry-loaded onto Celite®. The adsorbed compound was then 

loaded onto a 12 g C18 SNAP Ultra Biotage® column and purified using a acetonitrile (ACN):DI 

water (with 0.1% v/v TFA) mobile phase (3 column volumes (CV) 5% ACN, 10 CV 5-95% ACN, 

and 3 CV 95% ACN). For products in which the R group had a phenyl ring or a fluorine, a second 

purification using an EtOAc:hexanes mobile phase and normal phase silica gel was required. 

 

 

(Z)-3-(Hydroxymethyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-60): This 

compound was synthesized from 37% formaldehyde in H2O and 20.4 mg (34% yield) was isolated 

as an off-white solid. 1H NMR: (400 MHz, CDCl3) δ 7.71 (d, J = 8.21 Hz, 2H), 7.56 (d, J = 8.33 

Hz, 2H), 6.27 (s, 1H), 5.62 (s, 2H), 5.04 (s, 1H). 13C NMR: (100 MHz, CDCl3) δ 162.2, 145.3, 

136.9, 129.2, 125.5 (q, J = 3.72), 103.3, 80.6, 64.9. IR νmax (cm-1): 3365, 2958, 2926, 2857, 1705, 

1617, 1450, 1415, 1380, 1325, 1164, 1119, 1065, 1019, 909, 861, 733, 682, 647, 599. mp: 132-

134 °C (CDCl3/DCM). HRMS (HESI) m/z calculated or C12H11F3NO3 [M+H] 274.06855, found 

274.06790. 
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(Z)-5-(3,5-diBromo-4-methoxybenzylidene)-3-(hydroxymethyl)oxazolidin-4-one (2-63): This 

compound was synthesized from 37% formaldehyde in H2O and 12.1 mg (20% yield) was isolated 

as an off-white solid. 1H NMR: (400 MHz, CDCl3) δ 7.78 (s, 2H), 6.09 (s, 1H), 5.61 (s, 2H), 5.02 

(s, 1H), 3.89 (s, 3H). 13C NMR: (100 MHz, CDCl3) δ 162.1, 153.4, 144.8, 133.1, 132.2, 118.3, 

101.6, 80.6, 64.9, 60.9. IR νmax (cm-1): 3389, 3014, 2952, 2926, 2865, 1705, 1534, 1472, 1448, 

1424, 1376, 1325, 1266, 1210, 1138, 1054, 995, 880, 746, 682, 591. HRMS (HESI) m/z calculated 

for C12H12Br2NO4 [M+H] 391.91276, found 391.91289. 

 

 

(Z)-2-Methyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-70): This compound was 

synthesized from acetaldehyde and 34.1 mg (61% yield) was isolated as a white solid. 1H NMR: 

(400 MHz, CDCl3) δ 9.18 (bs, 1H), 7.76 (d, J = 8.17 Hz, 2H), 7.60 (d, J = 8.32 Hz, 2H), 6.23 (s, 

1H), 5.82 (q, J = 5.82, 1H), 1.65 (d, J = 1.65, 3H). 13C NMR: (100 MHz, CDCl3) δ 165.3, 145.4, 

137.3, 129.2, 125.5 (q, J = 3.84), 101.8, 86.4, 23.1. IR νmax (cm-1): 3159, 3068, 2924, 2848, 1724, 

1673, 1614, 1378, 1322, 1170, 1114, 1065, 1017, 933, 853, 741, 597, 564. HRMS (HESI) m/z 

calculated for C12H11F3NO2 [M+H] 258.07364, found 258.07371. 
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(Z)-5-(3,5-diBromo-4-methoxybenzylidene)-2-methyloxazolidin-4-one (2-64): This compound 

was synthesized from acetaldehyde and 36.6 mg (65% yield) was isolated as an off-white solid. 

1H NMR: (400 MHz, CDCl3) δ 8.50 (bs, 1H), 7.79 (s, 2H), 6.04 (s, 1H), 5.80 (q, J = 5.56 Hz, 1H), 

3.89 (s, 3H), 1.64 (d, J = 5.48 Hz, 3H). 13C NMR: (100 MHz, CDCl3) δ 164.7, 153.2, 144.8, 132.9, 

132.7, 118.3, 100.3, 86.2, 60.9, 23.2. IR νmax (cm-1): 3162, 3006, 2924, 2851, 1721, 1531, 1469, 

1424, 1381, 1269, 1250, 1108, 1065, 1004, 909, 877, 805. HRMS (HESI) m/z calculated for 

C12H12Br2NO3 [M+H] 375.91784, found 375.91801. 

 

 

(Z)-2-Ethyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one(2-71): This compound was 

synthesized from propionaldehyde and 30.6 mg (52% yield) was isolated as an off-white solid. 1H 

NMR: (400 MHz, CDCl3) δ 9.44 (bs, 1H), 7.76 (d, J = 8.27 Hz, 2H), 7.60 (d, J = 8.50 Hz, 2H), 

6.22 (s, 1H), 5.62 (t, J = 4.91 Hz, 1H), 1.96-1.88 (m, 2H), 1.08 (t, J = 7.41 Hz, 3H). 13C NMR: 

(100 MHz, CDCl3) δ 165.6, 145.8, 137.4, 129.2, 125.5 (q, J = 3.74), 101.6, 90.2, 29.6, 7.10. IR 

νmax (cm-1): 3172, 3076, 2979, 2931, 1713, 1679, 1614, 1464, 1415, 1373, 1325, 1167, 1116, 1067, 

1019, 977. HRMS (HESI) m/z calculated for C13H13F3NO2 [M+H] 272.08929, found 272.08964. 
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(Z)-2-Propyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-72): This compound was 

synthesized from butyraldehyde and 32.8 mg (49% yield) was isolated as a white solid. 1H NMR: 

(400 MHz, CDCl3) δ 9.54 (bs, 1H), 7.76 (d, J = 8.13 Hz, 2H), 7.60 (d, J = 8.28 Hz, 2H), 6.23 (s, 

1H), 5.70 (t, J = 5.18 Hz, 1H), 1.89-1.84 (m, 2H), 1.64-1.47 (m, 2 H), 1.04 (t, J = 7.37 Hz, 3H). 

13C NMR: (100 MHz, CDCl3) δ 165.4, 145.5, 137.3, 129.0, 125.4 (q, J = 3.73 Hz), 101.5, 89.3, 

38.5, 16.5, 13.8. IR νmax (cm-1): 3159, 3071, 3031, 2964, 2937, 2916, 2875, 2803, 1721, 1697, 

1614, 1442, 1415, 1370, 1330, 1162, 1114, 1067, 1017, 966, 856. HRMS (HESI) m/z calculated 

for C14H15F3NO2 [M+H] 286.10494, found 286.10496. 

 

(Z)-2-Isopropyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-73): This compound 

was synthesized from isobutyraldehyde and 26.5 mg (41% yield) was isolated as an off-white 

solid. 1H NMR: (400 MHz, CDCl3) δ 9.42 (bs, 1H), 7.76 (d, J = 8.13 Hz, 2H), 7.60 (d, J = 8.19 

Hz, 2H), 6.22 (s, 1H), 5.47 (d, J = 4.82, 1H), 2.09-2.01 (m, 1H), 1.08 (d, J = 5.57 Hz, 3H) 1.06 (d, 

J = 6.74 Hz, 3H). 13C NMR: (100 MHz, CDCl3) δ 165.6, 145.8, 137.5, 129.2, 125.5 (q, J = 3.79 

Hz), 101.4, 93.3, 34.2, 16.0, 16.0 (not a repeat peak). IR νmax (cm-1):3165, 3068, 2966, 2926, 2875, 

2854, 1715, 1679, 1614, 1469, 1415, 1370, 1325, 1162, 1116, 1102, 1065, 1030, 1017, 856. HRMS 

(HESI) m/z calculated for C14H15F3NO2 [M+H] 286.10494, found 286.10509. 
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(Z)-5-(3,5-diBromo-4-methoxybenzylidene)-2-isopropyloxazolidin-4-one (2-65): This 

compound was synthesized from isobutyraldehyde and 15.4 mg (24% yield) was isolated as an 

off-white solid. 1H NMR: (400 MHz, CDCl3) δ 9.07 (bs, 1H), 7.80 (s, 2H), 6.03 (s, 1H), 5.44 (d, 

J = 4.85 Hz, 1H), 3.89 (s, 3H), 2.08-2.0 (m, 2H), 1.07 (d, J = 6.85 Hz, 3H) 1.04 (d, J = 6.81 Hz, 

3H). 13C NMR: (100 MHz, CDCl3) δ 165.3, 153.1, 145.2, 133.0, 132.8, 118.3, 99.8, 93.2, 60.9, 

34.1, 16.1, 15.9. IR νmax (cm-1): 3154, 3062, 2964, 2926, 2851, 1721, 1679, 1584, 1418, 1367, 

1269, 1253, 1201, 1102, 1033, 1001, 915, 875. HRMS (HESI) m/z calculated for C14H16Br2NO3 

[M+H] 403.94915, found 403.94835. 

 

(Z)-2-Butyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-74): This compound was 

synthesized from valeraldehyde and 18.5 mg (27% yield) was isolated as an off-white solid. 1H 

NMR: (400 MHz, CDCl3) δ 9.18 (bs, 1H), 7.76 (d, J = 8.18 Hz, 2H), 7.60 (d, J = 8.39 Hz, 2H), 

6.23 (s, 1H), 5.69 (t, J = 5.24 Hz, 2H), 1.90-1.85 (m, 2H), 1.57-1.39 (m, 4H), 0.96 (t, J = 7.10 Hz, 

3H). 13C NMR: (100 MHz, CDCl3) δ 165.3, 145.6, 137.4, 129.2, 125.5 (q, J = 3.83 Hz), 101.7, 

89.5, 36.3, 25.2, 22.5, 14.1. IR νmax (cm-1): 3178, 3068, 2961, 2934, 2868, 2792, 1718, 1679, 1617, 

1415, 1367, 1325, 1167, 1119, 1067, 1017, 859. HRMS (HESI) m/z calculated for C15H17F3NO2 

[M+H] 300.12059, found 300.12078. 
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(Z)-2-Isobutyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-75): This compound 

was synthesized from isovaleraldehyde and 27.8 mg (43% yield) was isolated as a white solid. 1H 

NMR: (400 MHz, CDCl3) δ 9.45 (bs, 1H), 7.75 (d, J = 8.17 Hz, 2H), 7.60 (d, J = 8.31 Hz, 2H), 

6.24 (s, 1H), 5.74 (t, J = 5.77 Hz, 2H), 2.04-1.94 (m, 1H), 1.77-1.73 (m, 2H), 1.07 (d, J = 1.71 Hz, 

3H) 1.05 (d, J = 1.67 Hz, 3H). 13C NMR: (100 MHz, CDCl3) δ 165.4 145.5, 137.4, 129.1, 125.5 

(q, J = 3.79 Hz), 101.8, 88.7, 45.5, 24.3, 23.1, 22.8. IR νmax (cm-1): 3165, 3071, 3033, 2961, 2937, 

2872, 2795, 1721, 1697, 1681, 1617, 1469, 1414, 1370, 1338, 1170, 1114, 1067, 1017, 980, 957, 

907, 856. mp: 147-148 °C (CDCl3/DCM). HRMS (HESI) m/z calculated for C15H17F3NO2 [M+H] 

300.12059, found 300.12100. 

 

(Z)-2-(But-3-en-1-yl)-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-76): This 

compound was synthesized from 4-pentenal and 23.1 mg (36%, 52% yield on 0.432 mmol - 0.100 

g scale) was isolated as an light brown solid. 1H NMR: (400 MHz, CDCl3) δ 9.28 (bs, 1H), 7.76 

(d, J = 8.11 Hz, 2H), 7.60 (d, J = 8.34 Hz, 2H), 6.24 (s, 1H), 5.86 (ddt, J = 6.59, 10.17, 16.85 Hz, 

1H), 5.72 (t, J = 5.15 Hz, 1H), 5.15 (dd, J = 1.54, 17.11 Hz, 1H), 5.07 (dd, J = 1.31, 10.26 Hz, 

1H), 2.38-2.24 (m, 2H), 1.99 (q, J = 7.47 Hz, 2H). 13C NMR: (100 MHz, CDCl3) δ 165.3, 145.5, 

137.3, 136.5, 129.2, 125.5 (q, J = 3.72 Hz), 116.4, 101.9, 89.0, 35.6, 27.5. IR νmax (cm-1): 3159, 

3071, 3033, 2921, 2859, 2795, 1721, 1681, 1614, 1448, 1415, 1389, 1373, 1325, 1162, 1111, 1065, 
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1017, 921, 856. HRMS (HESI) m/z calculated for C15H15F3NO2 [M+H] 298.10494, found 

298.10520. 

 

(Z)-2-(But-3-en-1-yl)-5-(3,5-dibromo-4-methoxybenzylidene)oxazolidin-4-one (2-66): This 

compound was synthesized from 4-pentenal and 18.7 mg (30% yield) was isolated as an off-white 

solid. 1H NMR: (400 MHz, CDCl3) δ 8.51 (bs, 1H), 7.80 (s, 2H), 6.05 (s, 1H), 5.86 (ddt, J = 6.66, 

10.25, 16.87 Hz, 1H), 5.68 (t, J = 5.27 Hz, 1H), 5.16 (dd, J = 1.51, 17.10 Hz, 1H), 5.09 (dd, J = 

10.17, 1.24 Hz, 1H), 2.33-2.27 (m, 2H), 2.01-1.95 (m, 2H). 13C NMR: (100 MHz, CDCl3) δ 153.2, 

144.7, 133.0, 132.6, 118.3, 116.5, 100.4, 88.9, 60.9, 35.6, 27.7. IR νmax (cm-1): 3165, 3068, 2926, 

2854, 1777, 1718, 1531, 1469, 1421, 1367, 1266, 1204, 1164, 1105, 1073, 998, 915, 877, 741. 

HRMS (HESI) m/z calculated for C15H16Br2NO3 [M+H] 415.94915, found 415.95004. 

 

(Z)-2-Pentyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-22): This compound was 

synthesized from valeraldehyde and 22.1 mg (41% yield) was isolated as an off-white solid. 

Analytical data is consistent with the data previously reported.4  

 



 

52 
 

 

 

 

(Z)-2-Cyclopentyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-77): This compound 

was synthesized from cyclopentanecarboxaldehyde and 28.7 mg (40% yield) was isolated as an 

off-white solid. 1H NMR: (400 MHz, CDCl3) δ 9.44 (bs, 1H), 7.76 (d, J = 8.17 Hz, 2H), 7.60 (d, 

J = 8.33 Hz, 2H), 6.22 (s, 1H), 5.56 (d, J = 6.02 Hz, 1H), 2.35-2.25 (m, 1H), 1.92-1.83 (m, 2H), 

1.74-1.60 (m, 4H), 1.56-1.48 (m, 2H). 13C NMR: (100 MHz, CDCl3) δ 165.6, 146.0, 137.5, 130.4, 

129.1, 125.6, 101.3, 97.3, 45.4, 27.1, 26.9, 25.9, 25.8. IR νmax (cm-1): 3162, 3060, 2961, 2868, 

1715, 1679, 1614, 1415, 1367, 1325, 1280, 1162, 1114, 1067, 1019, 853. HRMS (HESI) m/z 

calculated for C16H17F3NO2 [M+H] 312.12059, found 312.12079. 

 

(Z)-2-Cyclohexyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-78): This compound 

was synthesized from cyclohexanecarboxaldehyde and 31.8 mg (39% yield) was isolated as a pale 

yellow solid. 1H NMR: (400 MHz, CDCl3) δ 8.67 (bs, 1H), 7.76 (d, J = 8.12 Hz, 2H), 7.61 (d, J = 

8.14 Hz, 2H), 6.23 (s, 1H), 5.43 (d, J = 5.06 Hz, 1H), 2.21-2.11 (m, 1H), 1.96-1.93 (m, 2H), 1.86-

1.82 (m, 2H), 1.77-1.70 (m, 2H), 1.30-1.10 (m, 4H). 13C NMR: (100 MHz, CDCl3) δ 165.2, 147.5, 

137.5, 129.2, 125.6, 101.4, 92.5, 43.7, 26.6, 26.5, 26.2, 25.5, 25.5. IR νmax (cm-1): 2928, 2857, 

1713, 1679, 1614, 1450, 1414, 1370, 1325, 1277, 1164, 1124, 1067, 1017, 861. mp: 132-134 °C 

(CDCl3/DCM). HRMS (HESI) m/z calculated for C17H17F3NO2 [M-H] 324.12169, found 

324.12164. 
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(Z)-2-Benzyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-79): This compound was 

synthesized from 2-phenylacetaldehyde and 19.0 mg (23% yield) was isolated as a white solid. 1H 

NMR: (400 MHz, CDCl3) δ 8.51 (bs, 1H), 7.76 (d, J = 8.22 Hz, 2H), 7.61 (d, J = 8.27 Hz, 2H), 

7.36-7.30 (m, 3H), 7.29-7.24 (m, 2H), 6.19 (s, 1H), 5.84 (t, J = 5.15 Hz, 1H), 3.19 (dd, J = 13.91, 

5.22 Hz, 1H) 3.12 (dd, J = 13.90, 5.22 Hz, 1H). 13C NMR: (100 MHz, CDCl3) δ 164.8, 145.1, 

137.3, 133.1, 130.0, 129.2, 129.0, 129.0, 127.8, 125.6, 102.0, 89.1, 43.1. IR νmax (cm-1): 3153, 

3062, 3034, 2906, 2848, 1722, 1680, 1611, 1493, 1450, 1424, 1411, 1385, 1376, 1358, 1327, 1188, 

1164, 1111, 1066, 1036, 1016, 1003, 855, 835, 820, 773, 756, 739, 696. HRMS (HESI) m/z 

calculated for C18H15F3NO2 [M+H] 334.10494, found 334.10514. 

 

(Z)-2-Benzyl-5-(3,5-dibromo-4-methoxybenzylidene)oxazolidin-4-one (2-67): This compound 

was synthesized from 2-phenylacetaldehyde and 8.4 mg (12% yield) was isolated as a light yellow 

solid. 1H NMR: (400 MHz, CDCl3) δ 7.80 (s, 2H), 7.52 (bs, 1H), 7.40-7.28 (m, 5H), 6.03 (s, 1H), 

5.78 (t, J = 5.53 Hz, 1H), 3.90 (s, 3H), 3.21 (dd, J = 13.79, 5.61 Hz, 1H), 3.06 (dd, J = 13.70, 5.65 

Hz, 1H). 13C NMR: (100 MHz, CDCl3) δ 164.0, 144.3, 133.0, 129.9, 129.2, 127.9, 118.3, 100.6, 

89.0, 60.9, 43.4. IR νmax (cm-1): 3145, 3060, 3031, 2952, 2924, 2851, 2785, 1718, 1582, 1531, 

1469, 1456, 1424, 1367, 1269, 1253, 1201, 1108, 1065, 998, 907, 875, 805, 741. HRMS (HESI) 

m/z calculated for C18H16Br2NO3 [M+H] 451.94915, found 451.94925. 
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(Z)-2-(1-Phenylethyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-80): This 

compound was synthesized from 2-phenylpropionaldehyde and 27.4 mg (34% yield) was isolated 

as a tan solid in approximately a 1:1 diastereomeric ratio. 1H NMR: (400 MHz, CDCl3) δ 8.62 (bs, 

1H), 8.10 (bs, 1H), 7.76 (d, J = 8.22 Hz, 2H), 7.71 (d, J = 8.16 Hz, 2H), 7.62 (d, J = 8.45 Hz, 2H), 

7.59 (d, J = 8.51 Hz, 2H), 7.37-7.24 (m, 10H), 6.18 (s, 1H), 6.15 (s, 1H), 5.71 (d, J = 4.68 Hz, 1H), 

5.67 (d, J = 5.83 Hz, 1H), 3.21 (dt, J = 11.72, 5.85 Hz, 1H), 3.09 (q, J = 7.15 Hz, 1H), 1.49 (d, J 

= 7.06 Hz, 3H), 1.45 (d, J = 7.10 Hz, 3H). 13C NMR: (100 MHz, CDCl3) δ 165.1, 164.7, 145.3, 

139.1, 138.6, 137.3, 129.2, 129.2, 129.1, 128.9, 128.4, 128.3, 127.9, 127.9, 125.6, 101.9, 101.8, 

92.2, 92.2, 46.1, 45.3, 14.8, 13.7. IR νmax (cm-1): 3087, 3065, 3033, 2977, 2928, 2854, 1713, 1681, 

1617, 1469, 1453, 1414, 1370, 1325, 1280, 1167, 1119, 1067, 1019, 980, 909, 861. HRMS (HESI) 

m/z calculated for C19H17F3NO2 [M+H] 348.12059, found 348.12036. 

 

(Z)-5-(3,5-diBromo-4-methoxybenzylidene)-2-(1-phenylethyl)oxazolidin-4-one (2-69): This 

compound was synthesized from 2-phenylpropionaldehyde and 6.7 mg (10% yield) was isolated 

as an off-white solid. 1H NMR: (400 MHz, CDCl3) δ 7.96 (bs, 1H), 7.83 (s, 2H), 7.74 (s, 2H), 7.50 

(bs, 1H), 7.41-7.27 (m, 10H), 6.02 (s, 1H), 5.99 (s, 1H), 5.67 (d, J = 5.12 Hz, 1H), 5.64 (d, J = 

5.87 Hz, 1H), 3.91 (s, 3H), 3.90 (s, 3H), 3.22 (m, 1H), 3.06 (m, 1H), 1.47 (d, J = 7.03 Hz, 3H), 

1.43 (d, J = 7.10 Hz, 3H). 13C NMR: (100 MHz, CDCl3) δ 164.5, 164.1, 153.2, 144.8, 144.6, 139.3, 
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138.8, 133.0, 132.7, 132.6, 129.2, 129.1, 128.2, 128.2, 128.0, 127.9, 118.3, 100.3, 100.2, 92.1, 

92.0, 60.9, 60.9, 46.2, 45.3, 29.9, 29.6, 14.6, 13.3. IR νmax (cm-1): 3165, 3065, 3032, 2959, 2924, 

2851, 1711, 1680, 1530, 1470, 1453, 1422, 1362, 1268, 1253, 1203, 1109, 1065, 1023, 996. HRMS 

(HESI) m/z calculated for C19H18Br2NO3 [M+H] 465.96480, found 465.96468. 

 

(Z)-2-Phenethyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-81): This compound 

was synthesized from hydrocinnamaldehyde and 13.2 mg (24% yield) was isolated as an off-white 

solid. 1H NMR: (400 MHz, CDCl3) δ 8.90 (bs, 1H), 7.73 (d, J = 8.29 Hz, 2H), 7.61 (d, J = 8.23 

Hz, 2H), 7.34-7.30 (m, 2H), 7.26-7.21 (m, 3H), 6.25 (s, 1H), 5.69 (t, J = 5.30 Hz, 1H), 2.90-2.86 

(m, 2H), 2.24-2.19 (m, 2H). 13C NMR: (100 MHz, CDCl3) δ 165.1, 145.3, 140.0, 137.3, 129.2, 

128.9, 128.5, 126.6, 125.6, 102.0, 88.7, 38.1, 29.7. IR νmax (cm-1): 3410, 3194, 3089, 3065, 3031, 

2955, 2926, 2857, 2787, 2361, 1713, 1679, 1617, 1496, 1414, 1370, 1328, 1280, 1167, 1119, 1067, 

1017, 950, 907, 861. HRMS (HESI) m/z calculated for C19H17F3NO2 [M+H] 348.12059, found 

348.12032. 

 

(Z)-5-(3,5-diBromo-4-methoxybenzylidene)-2-phenethyloxazolidin-4-one (2-68): This 

compound was synthesized from hydrocinnamaldehyde and 11.9 mg (17% yield) was isolated as 

an off-white solid. 1H NMR: (700 MHz, CDCl3) δ 7.80 (s, 2H) 7.33-7.31 (m, 2H), 7.24-7.08 (m, 

2H), 7.08 (bs, 1H), 6.08 (s, 1H), 5.63 (t, J = 4.36 Hz, 1H), 3.90 (s, 3H), 2.92-2.88 (m, 1H), 2.85-
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2.81 (m, 1H), 2.21 (m, 2H). 13C NMR: (150 MHz, CDCl3) δ 153.3, 144.3, 139.8, 133.1, 132.6, 

128.0, 128.5, 126.8, 118.3, 100.7, 88.1, 60.9, 38.6, 29.6. IR νmax (cm-1): 2924, 2854, 1959, 1708, 

1689, 1482, 1453, 1421, 1391, 1362, 1266, 1201, 1105, 998, 883, 743, 698. HRMS (HESI) m/z 

calculated for C19H18Br2NO3 [M+H] 465.96480, found 465.96457. 

 

(Z)-2-(tert-Butyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-119): This 

compound was synthesized from pivaldehyde and 7.2 mg (11% yield) was isolated as a tan solid. 

Analytical data is consistent with the data previously reported.4  

 

Preparation of boc-protected 5-benzylidene-4-oxazolidinones: 

 

Scheme S2.7. Boc-protection of synoxazolidinones. 

General Procedure: The corresponding 5-benzylidene-4-oxazolidinone (0.1 M, 1 equiv) was 

added to a vial, dissolved in CH2Cl2, and cooled to 0 °C. Next, 2,3,4,6,7,8,9,10-

octahydropyrimido[1,2-a]azepine (DBU, 2 equiv) was added to the solution and stirred for 5 

minutes. Finally, di-tert-butyl dicarbonate (4 equiv) were added to the vial and gradually warmed 

to room temperature at 1000 rotations per minute (RPM) over 4 hours. The reaction was monitored 

by thin-layer chromatography (TLC) and liquid chromatography mass spectrometry until 
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completion. The resulting mixture was dry loaded onto a 5 g Sfar column using 50 μm silica gel. 

The column was eluted on a Biotage using a EtOAc:hexanes mobile phase (3 column volumes 

(CV) 10% EtOAc, 10 CV 10-80%, 2 CV 80%). 

 

tert-butyl (Z)-5-(4-bromobenzylidene)-2-methyl-4-oxooxazolidine-3-carboxylate (2-84): This 

compound was synthesized from 2-83 and 60 mg (70% yield) was isolated as a white solid. 1H 

NMR (700 MHz, Chloroform-d) δ 7.53 (d, J = 8.5 Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 6.34 (s, 1H), 

5.95 (q, J = 5.3 Hz, 1H), 1.70 (d, J = 5.4 Hz, 3H), 1.58 (s, 9H); 13C NMR: (100 MHz, CDCl3) δ 

153.2, 144.7, 133.0, 132.6, 118.3, 116.5, 100.4, 88.9, 60.9, 35.6, 27.7. 

 

tert-butyl (Z)-5-(4-Bromobenzylidene)-4-oxo-2-pentyloxazolidine-3-carboxylate (2-86): This 

compound was synthesized from resulting in 150 mg (Quantitative yield) as a white solid. 1H NMR 

(600 MHz, Chloroform-d) δ 7.52 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 6.32 (s, 1H), 5.87 

(m,  1H), 2.11 (m, 1H), 1.87 – 1.80 (m, 1H), 1.57 (s, 9H), 1.37 – 1.29 (m, 6H), 0.88 (t, J = 7.0 Hz, 

3H); 13C NMR (176 MHz, Chloroform-d) δ 160.2, 148.2, 146.9, 143.2, 132.4, 131.9, 131.1, 122.2, 

105.2, 90.7, 85.3, 84.8, 34.9, 31.4, 28.2, 27.6, 22.6, 22.4, 14.1. 
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tert-butyl (Z)-5-(4-Bromobenzylidene)-2-(but-3-en-1-yl)-4-oxooxazolidine-3-carboxylate (2-

122): This compound was synthesized from 2-89 resulting in (quantitative) yield (25% yield) as a 

white solid. 1H NMR (500 MHz, Chloroform-d) δ 7.53 (d, J = 8.7 Hz, 2H), 7.49 (d, J = 8.7 Hz, 

2H), 6.34 (s, 1H), 5.90 (dd, J = 7.0, 1.6 Hz, 1H), 5.82 (ddt, J = 16.26, 10.27, 6.36 Hz, 1 Hz), 5.10 

(dd, J = 17.1, 1.6 Hz, 1H), 5.04 (dd, J = 10.2, 1.5 Hz, 1H), 2.30 – 2.22 (m, 2H), 1.95 (m, 2H), 1.53 

(s, 9H); 13C NMR: (100 MHz, CDCl3) δ 153.2, 144.7, 133.0, 132.6, 118.3, 116.5, 100.4, 88.9, 

60.9, 35.6, 27.7. 

Preparation of Cbz protected synoxazolidinone analogs: 

 

Scheme S2.8. Synthesis of Cbz protected synoxazolidinone analog. 

Synoxazolidinone analog 2-76 (1 equiv) prepared, as described above, was added to a vial with a 

magnetic stir bar and dissolved in DCM (0.1 M). Benzyl chloroformate (1.2 equiv.) was added to 

the solution and stirred at 0 ℃. The reaction was monitored by TLC and purified under flash 

chromatography using EtOAc:hexanes mobile phase and regular silica gel. 
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Benzyl (Z)-2-(but-3-en-1-yl)-4-oxo-5-(4-(trifluoromethyl)benzylidene)oxazolidine-3-

carboxylate (2-123): This compound was synthesized from 2-76 and 80 mg (52% yield on 0.3364 

mmol - 0.100 g scale) was isolated as an white solid. 1H NMR: (400 MHz, CDCl3) δ 9.28 (bs, 1H), 

7.76 (d, J = 8.11 Hz, 2H), 7.60 (d, J = 8.34 Hz, 2H), 6.24 (s, 1H), 5.86 (ddt, J = 6.59, 10.17, 16.85 

Hz, 1H), 5.72 (t, J = 5.15 Hz, 1H), 5.15 (dd, J = 1.54, 17.11 Hz, 1H), 5.07 (dd, J = 1.31, 10.26 Hz, 

1H), 2.38-2.24 (m, 2H), 1.99 (q, J = 7.47 Hz, 2H). 13C NMR: (100 MHz, CDCl3) δ 165.3, 145.5, 

137.3, 136.5, 129.2, 125.5 (q, J = 3.72 Hz), 116.4, 101.9, 89.0, 35.6, 27.5.  

 

Cross-metathesis preparation of functionalized 5-benzylidene-4-oxazdolinones: 

 

Scheme S2.9. Cross metathesis reaction between Cbz-protected synoxazolidinone and allyl 

partners. 

General Procedure: An alkene containing, Cbz-protected synoxazolidinone, allyl reagent, and 

second-generation Hoveyda-Grubbs catalyst (0.05 equiv) were added to a stirring solution in 

anhydrous DCM (0.1 M). The mixture was heated under reflux (50 ℃) for 8 h. Upon completion, 

the mixture was reduced in vacuo to afford the crude product as an oil, which was purified under 
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flash chromatography using EtOAc:hexanes mobile phase and regular silica gel. These products 

were carried on to the hydrogenation/deprotection step without full characterization (1H NMR data 

was confirmed before proceeding with the next step).  

Reduction and deprotection of heteroatom functionalized 5-benzylidene-4-oxazolidinones: 

 

Scheme S2.10. One-pot hydrogenation of an alkene and Cbz deprotection.  

General Procedure: The isolated compound from the previous procedure was added to a round 

bottom flask with a magnetic stir bar. The product was dissolved in ethyl acetate and palladium on 

carbon (0.1 equiv) was added into the round bottom flask and sealed with a rubber septum. The 

round bottom flask was sparged with hydrogen gas for 10 minutes before sealing the flask with 

parafilm for 30 minutes. The mixture was then filtered over Celite and concentrated in vacuo 

without further purification.  

 

(Z)-5-(4-oxo-5-(4-(trifluoromethyl)benzylidene)oxazolidin-2-yl)pentanoic acid (2-93): 

According to the above procedure, 2-93 was synthesized yielding 20 mg (91% yield) as a white 

solid. 1H NMR (600 MHz, DMSO-d6) δ 12.01 (s, 1H), 9.82 (s, 1H), 7.86 (d, J = 8.2 Hz, 2H), 7.73 
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(d, J = 8.3 Hz, 2H), 6.13 (s, 1H), 5.73 (t, J = 5.0 Hz, 1H), 2.25 (t, J = 7.3 Hz, 2H), 1.83 – 1.67 (m, 

4H), 1.58 (m, 2H). 

 

(Z)-2-(5-(1H-indol-1-yl)pentyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-95): 

According to the general procedure, 2-95 was synthesized yielding 27 mg (39% yield) as a white 

solid. 1H NMR (600 MHz, Chloroform-d) δ 7.72 (d, J = 8.1 Hz, 2H), 7.63 (d, J = 7.8 Hz, 1H), 7.59 

(d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 1H), 7.19 (t, J = 7.5 Hz, 1H), 7.10 (t, J = 7.4 Hz, 1H), 7.07 

(d, J = 2.8 Hz, 1H), 6.48 (d, J = 3.1 Hz, 1H), 6.25 (s, 1H), 5.60 (t, J = 5.1 Hz, 1H), 1.93 – 1.76 (m, 

10H). 

 

Ethyl (Z)-1-(5-(4-oxo-5-(4-(trifluoromethyl)benzylidene)oxazolidin-2-yl)pentyl)-1H-indole-

2-carboxylate (2-96): According to the general procedure, 2-96 was synthesized yielding 40 mg 

(52% yield) as a white solid. 1H NMR (600 MHz, Chloroform-d) δ 7.91 (s, 1H), 7.72 (d, J = 8.1 

Hz, 2H), 7.67 (d, J = 7.9 Hz, 1H), 7.58 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 8.4 Hz, 1H), 7.34 – 7.30 

(m, 2H), 7.14 (t, J = 7.4 Hz, 1H), 6.22 (s, 1H), 5.63 (t, J = 5.1 Hz, 1H), 4.36 (q, J = 7.1 Hz, 2H), 

1.96 – 1.78 (m, 10H), 1.40 (t, J = 7.1 Hz, 3H). 
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(Z)-2-(5-(1H-pyrrol-1-yl)pentyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-97): 

According to the general procedure, 2-97 was synthesized yielding 11 mg (17% yield) as a white 

solid. 1H NMR (600 MHz, Methanol-d4) δ 7.72 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 8.2 Hz, 2H), 6.54 

(t, J = 2.1 Hz, 2H), 6.07 (s, 1H), 5.90 (t, J = 2.1 Hz, 2H), 5.59 (t, J = 5.0 Hz, 1H), 3.79 (t, J = 6.9 

Hz, 2H), 1.78 – 1.71 (m, 2H), 1.71 – 1.64 (m, 2H), 1.46 – 1.32 (m, 4H). 

 

Methyl (Z)-1-(5-(4-oxo-5-(4-(trifluoromethyl)benzylidene)oxazolidin-2-yl)pentyl)-1H-

pyrrole-2-carboxylate (2-98): According to the general procedure, 2-98 was synthesized yielding 

12 mg (20% yield) as a white solid. 1H NMR (700 MHz, Chloroform-d) δ 7.85 (s, 1H), 7.74 (d, J 

= 8.2 Hz, 2H), 7.60 (d, J = 8.2 Hz, 2H), 6.95 (dd, J = 4.0, 1.8 Hz, 1H), 6.82 (t, J = 2.1 Hz, 1H), 

6.24 (s, 1H), 6.11 (dd, J = 3.9, 2.6 Hz, 1H), 5.66 (t, J = 5.1 Hz, 1H), 3.81 (s, 3H), 1.91 – 1.76 (m, 

5H), 1.60 – 1.45 (m, 3H), 1.41 (m, , 2H). 
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Selective reduction of carboxylic acid functionalized synoxazolidinone: 

 

Scheme S2.11. Over-reduction of protected carboxylic acid substituted synoxazolidinone.  

General Procedure: The above cross metathesis product was added to a round bottom flask with 

a magnetic stir bar. The product was dissolved in ethyl acetate and palladium on carbon (0.5 equiv) 

was added into the round bottom flask and sealed with a rubber septum. The round bottom flask 

was sparged with hydrogen gas for 10 minutes before sealing the flask with parafilm for 24 hours. 

The mixture was then filtered over Celite and concentrated in vacuo without further purification. 

  

5-(4-oxo-5-(4-(trifluoromethyl)benzyl)oxazolidin-2-yl)pentanoic acid (2-94): According to the 

general procedure, 2-94   was synthesized yielding 31 mg (99% yield) as a white solid. 1H NMR 

(500 MHz, Chloroform-d) δ 8.13 (s, 1H), 7.56 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 7.9 Hz, 2H), 5.21 

– 5.17 (m, 1H), 4.52 (m, 1H), 3.22 (dd, J = 14.5, 3.9 Hz, 1H), 3.04 (dd, J = 14.5, 7.0 Hz, 1H), 2.34 

(m, 2H), 1.57 (m, 4H), 1.50 – 1.39 (m, 2H). 
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Saponification of benzyl ester to prepare carboxylic acid substituted synoxazolidinone: 

 

Scheme S2.12. Saponification of benzyl ester to reveal a carboxylic acid substituted 

synoxazolidinone. 

Procedure: To a solution of substrate in EtOH (10 mL) was added 2 mol/L NaOH-aq (12 mL, 24 

mmol) at ambient temperature. After stirring for 12 h, at ambient temperature, THF (10 mL) was 

added to the reaction mixture to make it homogeneous. After stirring for 4 h, at ambient 

temperature, cold 2 mol/L HCl-aq (13 mL, 26 mmol) was added to the reaction mixture. Make 

sure to sufficiently acidify at this point (pH = 1-2). Organic solvents were removed under reduced 

pressure, and the mixture was extracted with EtOAc twice. The combined organic layer was 

washed with water, brine and dried over MgSO4. The filtrate was concentrated under reduced 

pressure to yield product as a white solid.  

 

(Z)-5-(4-oxo-5-(4-(trifluoromethyl)benzylidene)oxazolidin-2-yl)pentanoic acid (2-93): 

According to the above procedure, 2-93 was synthesized yielding 19 mg (91% yield) as a white 

solid. Data matches what is reported above (Page 59).  
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Preparation of 5-benzylidene-3-hydroxymethyl-4-oxazolidinones: 

 

Scheme S2.13. Synthetic route towards 5-benzylidene-3-hydroxymethyl-4-oxazolidinones. 

General Procedure:  To a small vial, containing a stir bar, 5 or 10 mg of the corresponding 5-

benzylidene-4-oxazolidinone was added. Next, TFA and DCM (0.1 M, 2:1, v/v, TFA:DCM) were 

added to the vial. Finally, formaldehyde (10 equiv) was added to the vial, and the reaction mixture 

was stirred at rt for 24 h. The reaction mixture was then transferred into a separatory funnel using 

EtOAc (20-30 mL), washed with sat. aq. NaHCO3 (75 mL x 1), and washed with brine (75 mL x 

1). The organic layer was then dried over NaSO4 and dry loaded onto celite. The adsorbed 

compound was then loaded onto a 12 g C18 SNAP Ultra Biotage® column and purified using a 

acetonitrile (ACN):DI water (with 0.1% v/v TFA) mobile phase (3 column volumes (CV) 5% 

ACN, 10 CV 5-95% ACN, and 3 CV 95% ACN). For products in which the R group had a phenyl 

ring or a fluorine, a second purification using an EtOAc:hexanes mobile phase and regular phase 

silica gel was required. 

 

(Z)-3-(Hydroxymethyl)-2-propyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-61): 

This compound was synthesized from 37% formaldehyde in H2O and compound 2-61, and 11.0 

mg (quantitative yield) was isolated as a white solid. 1H NMR: (700 MHz, CDCl3) δ 7.73 (d, J = 
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7.92 Hz, 2H), 7.59 (d, J = 7.99 Hz, 2H), 6.26 (s, 1H), 5.76 (d, J = 6.34 Hz, 1H), 5.13 (d, J = 11.44, 

1H), 4.88 (d, J = 11.41 Hz, 1H), 2.10-2.06 (m, 1H), 1.80-1.75 (m, 1H), 1.58-1.50 (m, 1H), 1.02 (t, 

J = 7.33 Hz, 3H). 13C NMR: (150 MHz, CDCl3) δ 162.8, 145.2, 137.3, 129.3, 125.6, 105.6, 102.5, 

91.1, 64.7, 44.0, 16.1, 13.9. IR νmax (cm-1): 3396, 2966, 2922, 2877, 2851, 1680, 1616, 1464, 1428, 

1413, 1395, 1369, 1323, 1299, 1279, 1265, 1159, 1111, 1069, 1042, 1016, 974, 859. HRMS 

(HESI) m/z calculated for C15H17F3NO3 [M+H] 316.11550, found 316.11441. 

 

(Z)-3-(Hydroxymethyl)-2-pentyl-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-62): 

This compound was synthesized from 37% formaldehyde in H2O and 4.6 mg of compound 2-62  

(42% yield) was isolated as a colorless oil. 1H NMR: (700 MHz, CDCl3) δ 7.73 (d, J = 8.22 Hz, 

2H), 7.58 (d, J = 8.28 Hz, 2H), 6.26 (s, 1H), 5.75 (dd, J = 6.64, 2.50 Hz, 1H), 5.13 (d, J = 11.46, 

1H) 4.88 (d, J = 11.46 Hz, 1H), 2.10-2.07 (m, 1H), 1.81-1.75 (m, 1H), 1.51-1.46 (m, 2H), 1.37-

1.32 (m, 4H), 0.90 (t, J = 7.06 Hz, 3H). 13C NMR: (150 MHz, CDCl3) δ 162.8, 145.3, 137.3, 129.3, 

125.6, 102.5, 91.2, 64.8, 34.3, 31.5, 22.6, 22.2, 14.1. IR νmax (cm-1): 3389, 2955, 2928, 2862, 1708, 

1617, 1464, 1429, 1415, 1373, 1325, 1306, 1277, 1167, 1124, 1067, 1017, 945, 864. HRMS 

(HESI) m/z calculated for C17H24F3NO3 [M+H] 344.14680, found 344.14573.  
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Preparation of (Z)-2-(4-Nitrophenyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one: 

 

Scheme S2.14. Synthetic route towards (Z)-2-(4-nitrophenyl)-5-(4-

(trifluoromethyl)benzylidene)oxazolidin-4-one. 

Procedure: To a screw-top pressure vessel, containing a stir bar, 2-oxo-3-(4-

(trifluoromethyl)phenyl)propanamide (0.050 g, 0.22 mmol) and 4-nitrobenzaldehyde (0.066 g, 

0.43 mmol) was added. Next, TFA and dichloroethane (0.1 M, 2:1, v/v, TFA:DCE) were added to 

the pressure vessel, and the pressure vessel was sealed and purged with N2 gas. The reaction 

mixture was refluxed at 100 °C for 24 h while stirring at 750 RPM. Once cooled to rt, the reaction 

mixture was then transferred into a separatory funnel using EtOAc (20-30 mL), washed with sat. 

aq. NaHCO3 (75 mL x 1), and washed with brine (75 mL x 1). The organic layer was then dried 

(NaSO4) and dry loaded onto Celite®. The adsorbed compound was then loaded onto a 12 g C18 

SNAP Ultra Biotage® column and purified using a acetonitrile (ACN):DI water (with 0.1% v/v 

TFA) mobile phase (3 column volumes (CV) 5% ACN, 10 CV 5-95% ACN, and 3 CV 95% ACN). 

This material required another purification in which it was dry loaded onto 50 μm silica gel and 

loaded onto a 10 g SNAP Ultra Biotage® column and purified using a EtOAc:hexanes mobile 

phase (3 column volumes (CV) 10% EtOAc, 10 CV 10-80% EtOAc, and 3 CV 80% EtOAc). 
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(Z)-2-(4-Nitrophenyl)-5-(4-(trifluoromethyl)benzylidene)oxazolidin-4-one (2-82): This 

compound was synthesized from 4-nitrobenzaldehyde and 21.7 mg (28% yield) was isolated as a 

pink solid. 1H NMR: (400 MHz, CDCl3) δ 9.17 (bs, 1H), 8.35 (d, J = 8.70 Hz, 2H), 7.72 (dd, J = 

11.38, 8.62 Hz, 4H), 7.59 (d, J = 8.28 Hz, 2H), 6.67 (s, 1H), 6.36 (s, 1H). 13C NMR: (100 MHz, 

CDCl3) δ 165.1, 144.0, 143.0, 136.5, 129.5, 127.7, 125.7, 124.7, 103.7, 87.8. IR νmax (cm-1): 3157, 

3068, 2921, 2851, 1727, 1679, 1611, 1525, 1415, 1346, 1322, 1204, 1120, 1102, 1065, 1014, 995, 

883, 867, 856. HRMS (HESI) m/z calculated for C17H12F3N2O4 [M+H] 363.05981, found 

363.05988. 

Preparation of amine-substituted boc-protected 5-benzylidene-4-oxazolidinones: 

 

Scheme S2.15. Synthesis of aryl amino substituted Boc-protected synoxazolidinone analogs. 

General Procedure: A 5 mL ElectraSyn vial with a magnetic stir bar was charged with the 

corresponding boc-protected 5-benzylidene-4-oxazolidinone (1 equiv), trisbipyridylnickel 

bromide (25 mol%), tetrapropylammonium bromide (0.1 M), amine (2 equiv), 2,3,4,6,7,8,9,10-

octahydropyrimido[1,2-a]azepine (DBU, 2 equiv), and DMA (4 mL) [Liquid compounds were 

added after the addition of DMA]. The ElectraSyn vial cap equipped with anode (RVC) and 
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cathode (Ni foam) was inserted into the solution. The vial was then placed under nitrogen using 

freeze, pump, thaw methods, in which the cycle was repeated three times. The reaction mixture 

was electrolyzed under a constant current of 5 mA until consumption of starting material was 

demonstrated by thin-layer chromatography (TLC). Following the reaction, the ElectraSyn vial 

cap was removed and the reaction mixture was put into a separation funnel by rinsing the vial and 

electrodes with EtOAc. The reaction mixture was subsequently washed with aqueous sat. NH4Cl 

three times, which was followed by brine. The combined organic layers were dried over anhydrous 

Na2SO4 and concentrated in vacuo. The crude material was dry loaded onto a C18 Snap Reverse 

column using C18 silica gel and eluted using acetonitrile (ACN):DI water (with 0.1% v/v TFA) 

mobile phase (3 column volumes (CV) 5% ACN, 10 CV 5-95% ACN, and 3 CV 95% ACN). The 

product was purified once more with a second purification using an EtOAc:hexanes mobile phase 

and regular phase silica gel was required. 

 

tert-butyl (Z)-5-(4-morpholinobenzylidene)-4-oxo-2-pentyloxazolidine-3-carboxylate (2-87): 

According to the general procedure, 2-87 was synthesized from 2-86 resulting in 7 mg (20% yield) 

as a white solid. 1H NMR (700 MHz, Chloroform-d) δ 7.62 (d, J = 8.8 Hz, 2H), 6.97 (d, J = 8.8 

Hz, 2H), 6.36 (s, 1H), 5.85 (m, 1H), 3.91 – 3.88 (m, 4H), 3.28 – 3.23 (m, 4H), 2.09 (m, 1H), 1.83 

(m, 1H), 1.58 (s, 9H), 1.53 – 1.44 (m, 2H), 1.33 (dqd, J = 6.8, 5.3, 4.6, 1.6 Hz, 4H), 0.89 (t, J = 

7.0 Hz, 3H); 13C NMR (176 MHz, Chloroform-d) δ 160.8, 149.8, 148.4, 141.2, 131.1, 115.8, 106.7, 

90.4, 84.6, 66.6, 51.5, 49.3, 35.0, 31.4, 30.1, 29.9, 29.0, 28.2, 26.7, 25.5, 22.6, 22.5, 14.1. 
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tert-butyl (Z)-2-(But-3-en-1-yl)-5-(4-morpholinobenzylidene)-4-oxooxazolidine-3-

carboxylate (2-90): According to the general procedure, 2-90 was synthesized from 2-122 

resulting in 20 mg (30% yield) as a white solid. 1H NMR (500 MHz, Chloroform-d) δ 7.60 (d, J = 

8.9 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 6.37 (s, 1H), 5.88 – 5.86 (m, 1H), 5.85 – 5.78 (m, 1H), 5.10 

(dd, J = 17.1, 1.7 Hz, 1H), 5.03 (dd, J = 10.2, 1.5 Hz, 1H), 3.88 – 3.84 (m, 4H), 3.26 – 3.18 (m, 

4H), 2.31 – 2.19 (m, 2H), 1.57 (s, 9H), 1.46 (d, J = 5.6 Hz, 1H), 1.26 (t, J = 7.1 Hz, 1H); 13C NMR 

(176 MHz, Chloroform-d) δ 160.5, 150.8, 148.2, 140.4, 136.6, 130.9, 124.6, 115.8, 114.9, 107.0, 

89.5, 84.3, 66.7, 60.4, 53.4, 48.4, 34.1, 29.7, 28.4, 28.0, 27.2, 21.0, 14.2. 

 

(Z)-2-(but-3-en-1-yl)-5-(4-(piperazin-1-yl)benzylidene)oxazolidin-4-one (2-133): According 

to the corresponding general procedure, 2-133 was synthesized from 2-122 resulting in 24 mg 

(30% yield) as a white solid. 1H NMR (500 MHz, Chloroform-d) δ 7.61 (d, J = 8.9 Hz, 2H), 6.92 

(d, J = 8.8 Hz, 2H), 6.37 (s, 1H), 5.87 (dd, J = 7.0, 1.8 Hz, 1H), 5.85 – 5.79 (m, 1H), 5.10 (dd, J = 

17.1, 1.6 Hz, 1H), 5.03 (dd, J = 10.2, 1.5 Hz, 1H), 3.59 (t, J = 5.2 Hz, 4H), 3.22 (t, J = 5.2 Hz, 4H), 

2.28 – 2.23 (m, 2H), 1.97 – 1.89 (m, 2H), 1.58 (s, 9H), 1.48 (s, 9H); 13C NMR: (100 MHz, CDCl3) 

δ 153.2, 144.7, 133.0, 132.6, 118.3, 116.5, 100.4, 88.9, 60.9, 35.6, 27.7.  
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Deprotection of Boc-protected aryl-amino substituted synoxazolidinone analogs: 

 

Scheme S2.16. TFA deprotection affording aryl amino substituted synoxazolidinone analogs. 

General Procedure: The isolated compound from the general procedure was dissolved in CH2Cl2 

(0.1 M) and added to a 10 mL vial, where twice the volume of TFA was added and allowed to stir 

at room temperature. The reaction was monitored by TLC and liquid chromatography—mass 

spectrometry (LCMS). Once complete, the reaction mixture was purified by column 

chromatography using EtOAc:hexanes mobile phase and regular silica gel. 

 

(Z)-5-(4-Morpholinobenzylidene)-2-pentyloxazolidin-4-one (2-88): According to general 

procedure G, 10 was synthesized from 2-87 resulting in 12 mg (20% yield) as a white solid. 1H 

NMR (700 MHz, DMSO-d6) δ 9.45 (s, 1H), 7.52 (d, J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 

5.93 (s, 1H), 5.60 (t, J = 5.0 Hz, 1H), 3.75 – 3.71 (m, 4H), 3.15 – 3.10 (m, 4H), 1.73 – 1.62 (m, 

2H), 1.43 – 1.35 (m, 2H), 1.30 (m, 4H), 0.87 (t, J = 7.1 Hz, 3H); 13C NMR: (100 MHz, CDCl3) δ 

153.2, 144.7, 133.0, 132.6, 118.3, 116.5, 100.4, 88.9, 60.9, 35.6, 27.7; IR νmax (cm-1): 2956, 2926, 

1714, 1604, 1514.  
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(Z)-2-(But-3-en-1-yl)-5-(4-morpholinobenzylidene)oxazolidin-4-one (2-91): According to the 

general procedure, 2-91 was synthesized from 2-90 resulting in 17 mg (25% yield) as a white solid. 

1H NMR (500 MHz, Chloroform-d) δ 7.61 (d, J = 8.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 6.22 (s, 

1H), 5.85 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.64 (t, J = 5.2 Hz, 1H), 5.12 (dd, J = 17.1, 1.6 Hz, 

1H), 5.06 (dd, J = 10.2, 1.5 Hz, 1H), 3.90 – 3.87 (m, 4H), 3.25 – 3.19 (m, 4H), 2.37 – 2.21 (m, 

2H), 1.96 (dd, J = 13.6, 6.2 Hz, 4H); 13C NMR (176 MHz, DMSO-d6) δ 163.3, 149.8, 142.6, 137.4, 

129.6, 115.4, 114.7, 100.8, 87.4, 66.0, 47.9, 35.2, 26.7; IR νmax (cm-1): 2920, 2848, 1650. 

 

(Z)-2-(But-3-en-1-yl)-5-(4-(piperazin-1-yl)benzylidene)oxazolidin-4-one (2-92): According to 

the general procedure, 2-92 was synthesized from 2-133 in 20 mg (40% yield) as a white solid. 1H 

NMR: (400 MHz, CDCl3) δ 8.51 (bs, 1H), 7.80 (s, 2H), 6.05 (s, 1H), 5.86 (ddt, J = 16.87, 10.25, 

6.66 Hz, 1H), 5.68 (t, J = 5.27 Hz, 1H), 5.16 (dd, J = 17.10, 1.51 Hz, 1H), 5.09 (dd, J = 10.17, 

1.24 Hz, 1H), 2.33-2.27 (m, 2H), 2.01-1.95 (m, 2H); 13C NMR: (100 MHz, CDCl3) δ 153.2, 144.7, 

133.0, 132.6, 118.3, 116.5, 100.4, 88.9, 60.9, 35.6, 27.7; IR νmax (cm-1): 2926, 2854, 1777, 1718, 

1531, 1469. 
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Bacterial strains and growth conditions, assay protocols and biological data  

General information - Biology 

Methicillin-resistant Staphylococcus aureus (MRSA) strains were obtained from the Laboratory 

of Professor Christian Melander (NC State) ATCC (BAA 44 and BAA 43 300) and colonies were 

grown on solid media as instructed. Mueller-Hinton broth (MHB, 211443-BD), tryptic soy broth 

(TSB, Remel: R455052) and D-glucose (CAS: 492-62-6) were purchased from Fisher Scientific. 

Tryptic soy agar (TSA, cat. # 22091) and Linezolid (cat. # P70014) were purchased from Sigma-

Aldrich. Bacteria for biofilm inhibition and dispersion assays were cultured overnight in TSBG 

(tryptic soy broth with 0.5% glucose supplement). All assays were run in duplicate and repeated 

at least two separate times for MIC assays and at least four separate times for biofilm inhibition 

and dispersion assays. All compounds were dissolved in molecular biology grade DMSO as 10 

mM stock solutions. Optical densities were measured using a Thermo Scientific Genesys 20 
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spectrophotometer. Data for biofilm inhibition and dispersion assays was collected using a BioTek 

ELx808 Microplate Reader. All graphs were generated and analyzed using GraphPad Prism 7.  

 

 

Broth microdilution method for determination of minimum inhibitory concentrations  

As prescribed by the Clinical and Laboratory Standards Institute (CLSI) M07-A8, Vol. 29 (2) 

MSSA (ATCC 29213) and MRSA (ATCC BAA 43300 or BAA 44) was grown in MHB for 6-8 

h; this culture was used to inoculate fresh MHB (5 x 105 CFU/mL). The resulting bacterial 

suspension was aliquoted (1 mL) into 1.5 mL Eppendorf tubes and compound was added from a 

10 mM DMSO stock to achieve the desired initial starting concentration (typically 128 µg/mL). 

Linezolid (from a 10 mM DMSO stock) was used as a positive control. Inoculated media not 

treated with compound served as the negative control. Rows 2-12 of a 96-well microtiter plate 

were filled at 100 μL/well from the remaining inoculated media, allowing the concentration of 

compound to be kept uniform throughout the dilution procedure. The samples containing test 

compounds and linezolid were then aliquoted (200 μL) into the corresponding first row wells of 

the microtiter plate (two wells for each compound and two negative controls). Row 1 wells were 

mixed 6 to 8 times, then 100 μL was transferred to row 2. Row 2 wells were mixed 6 to 8 times, 

followed by a 100 μL transfer from row 2 to row 3. This procedure was repeated to serially dilute 

the rest of the rows of the microtiter plate. The plate was then covered and sealed with GLAD 

Press’n Seal® and incubated under stationary conditions at 37 °C. After 16 h, MIC values were 

recorded as the lowest concentration of compound at which no visible growth of bacteria was 

observed.  
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Determination of the inhibitory effect of test compounds on MRSA biofilm formation  

(S. A. Rogers and C. Melander, Angew Chem Int Ed, 2008, 47, 5229-5231.) 

Inhibition assays were performed by subculturing an overnight culture of MRSA (ATCC BAA 44 

or BAA 43 300) to an OD600 of 0.01 in TSBG (tryptic soy broth with a 0.5% glucose supplement). 

Stock solutions of predetermined concentrations of the test compound were then made using the 

inoculated TSBG. These stock solutions were aliquoted (100 μL) into the wells of the 96-well PVC 

microtiter plate. Two rows (6 & 7) were filled with 100 μL of inoculated broth that did not contain 

the compound being assayed. Sample plates were then sealed and wrapped in GLAD Press’n 

Seal® and incubated under stationary conditions for 24 h at 37 °C. After incubation, the medium 

was discarded from the wells and the plates were washed with water. Prior to staining, plates were 

left to dry at ambient temperature for 6-8 h. Plates were then stained with 125 μL of 0.1% solution 

of crystal violet (CV) and then incubated at ambient temperature for 30 min. Plates were washed 

with water again and the remaining stain was solubilized with 200 μL of 95% ethanol. A sample 

of 110 μL of solubilized CV stain from each well was transferred to the corresponding wells of a 

polystyrene microtiter dish. Biofilm inhibition was quantified by measuring the OD540 of each well 

and calculated as a percentage of the control (no compound); a negative control lane wherein no 

biofilm was formed served as a background and was subtracted out. Percent inhibition was then 

plotted against concentration in Prism 7. Each of the four experiments were plotted separately and 

analyzed by a normalized nonlinear regression. The graphs on the following pages were generated 

from an average of the total data set. Biofilm data represent four separate experiments, with each 

experiment performed in duplicate (average of 8 data points for each concentration tested, unless 

otherwise noted). 
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Determination of the dispersal effect of test compounds on pre-formed MRSA biofilms  

(J. J. Richards, T. E. Ballard and C. Melander, Org Biomol Chem, 2008, 6, 1356-1363.)  

Dispersion assays were performed by taking an overnight culture of MRSA (ATCC BAA-44 or 

BAA 43 300) and subculturing it at an OD600 of 0.01 into TSBG. The resulting bacterial suspension 

was aliquoted (100 μL) into the wells of a 96-well PVC microtiter plate. Plates were then wrapped 

in GLAD Press’n Seal and incubated under stationary conditions at 37 °C to allow formation of 

biofilms. After 24 h, the medium was discarded from the wells and the plates were washed with 

water. These plates were allowed to dry at ambient temperature for 6-8 hours. Stock solutions of 

predetermined concentrations of the test compound were then made in TSBG. These stock 

solutions were aliquoted (100 μL) into the wells of the 96-well PVC microtiter plate with the 

established biofilms. Medium alone was added to all wells in rows 6 and 7 to serve as a control. 

Sample plates were then incubated under stationary conditions for 24 h at 37 °C. After incubation, 

the medium was discarded from the wells and the plates were washed with water. Prior to staining, 

plates were left to dry at ambient temperature for 6-8 h.  Plates were then stained with 125 μL of 

0.1% solution of crystal violet (CV) and then incubated at ambient temperature for 30 min. Plates 

were washed with water again and the remaining stain was solubilized with 200 μL of 95% ethanol. 

A sample of 110 μL of solubilized CV stain from each well was transferred to the corresponding 

wells of a polystyrene microtiter dish. Biofilm inhibition was quantified by measuring the OD540 

of each well and calculated as a percentage of the control (no compound), a negative control lane 

wherein no biofilm was formed served as a background and was subtracted out. Percent dispersion 

was then plotted against concentration in Prism 7. Each of the four experiments were plotted 

separately and analyzed by a normalized nonlinear regression. The graphs on the following pages 

were generated from an average of the total data set. Biofilm data represent four separate 
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experiments, with each experiment performed in duplicate (average of 8 data points for each 

concentration tested, unless otherwise noted). 

Determination of the Minimum Biofilm Eradication Concentrations (MBEC) using the 

Calgary Biofilm Device (CBD) on MSSA (ATCC 25923) biofilms 

(H. Ceri, M. E. Olson, C. Stremick, R. R. Read, D. Morck, and A. Buret, J. Clin. Microbiol., 1999, 

1771–1776.) 

Biofilm eradication experiments were performed using MSSA (ATCC 25923) and the Calgary 

Biofilm Device (CBD) to determine MBEC values for various compounds of interest (Innovotech, 

product code: 19111). The Calgary device is a 96-well plate with a lid containing 96 pegs that sit 

in the media contained in the bottom well.  Biofilm are established on the individual pegs.  The 

established biofilm (contained on the individual peg) can then be transferred to a new base well 

for MBEC testing. For the MBEC assay, an overnight culture of MSSA (ATCC 25923) was 

adjusted to 0.5 McFarland in MHB-G.  The CBD was inoculated with 100µL of the 0.5 McFarland 

and incubated at 37 °C for 24 hours to establish biofilms. The CBD lid containing the established 

biofilms on individual pegs was removed, washed 3x with PBS and transferred to another 96-well 

plate containing serial dilutions of the test compounds (the “challenge plate”)and incubated at 37 

°C for 24 hours. The CBD lid was then removed from the challenge plate, washed 3x with PBS to 

remove any residual compound and placed into a new 96-well base plate containing fresh MHB. 

The plate was then sonicated for sonicated for 30 minutes to disperse biofilms on the pegs into the 

fresh MHB in the base well. After sonication, the plate was incubated for 24 hours at 37°C. MBEC 

values were determined as the lowest test concentration that resulted in no growth in the sonicate 

fluid. 
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Determination of CFU/mL and Live/Dead staining images from robust Biofilm Assay on 

MSSA (ATCC 25923) biofilms  

S. aureus (ATCC®25923™) biofilms were grown on 24-well collagen coated plates (Thermo 

Fisher Scientific, Waltham, MA) in 50% Dulbecco's Modified Eagle Medium (DMEM) and 50% 

fetal bovine serum (FBS). Biofilms were allowed to form 24 hours before removing spent media, 

washing biofilms 3× with warm 1X phosphate-buffered saline (PBS) and replacing with fresh 50% 

DMEM/50% FBS.  Biofilms were grown for another 24 hours (48 hours total) prior to treatment.  

Biofilms were left untreated or treated with a panel of different antibiotics from several drug 

classes at 10× the minimum inhibitory concentration (MIC) as determined by in vitro antimicrobial 

susceptibility testing (as described above) with or without the addition of compounds at 40 µM.  

Treatments were carried out for 24 hours prior to determination of bacterial load. Post-treatment 

biofilms were washed 3× with warm PBS to remove any remaining antibiotic or compound and 

incubated with 1 mL of PBS containing 200 µg/mL proteinaseK for 5-10 minutes to detach 

adherent bacteria. The dispersed biofilms were enumerated for bacterial concentration by serial 

dilutions and plate counting of colony forming units (CFU/mL).  Additionally, biofilms were fixed 

with 4% paraformaldehyde and stained with Invitrogen™ LIVE/DEAD™ BacLight™ Bacterial 

Viability Kit (Thermo Fisher Scientific, Waltham, MA) per manufacturers’ instructions. Images 

were collected on an Olympus IX73 inverted scope with DP80 camera using appropriate 

fluorescent channels (Olympus Corporation, Shinjuku, Tokyo, Japan). 
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Determination of Synergy between Doxycycline Hyclate and compounds 15 & 24 on MSSA 

(ATCC 25923) biofilms via checkerboard assay 

(Gani Orhan, Aysen Bayram, Yasemin Zer, and Iclal Balci, J. Clin. Microbiol., 2005, 140–143.) 

Compound synergy against established biofilms was performed as above with minor 

modifications. Established biofilms of MSSA (ATCC 25923) were challenged with a combination 

of doxycycline hyclate (From Sigma Aldrich; Product ID: D9891) and compound 15 or 24.The 

challenge plate was set up as a checkerboard to determine at what concentration the combination 

of doxycycline hyclate and/or compound 15 or 24 resulted in complete eradication of the biofilm. 

A well with no antibiotic or compound served as a negative control. Serial two fold dilutions 

doxycycline were added vertically along the numbered columns (1-12 on the long side of the 96-

well plate) and serial two fold dilutions, of compounds 15 or 24, were added horizontally along 

the lettered rows (A-F on the short side of the 96-well plate). The total volume of media with 

compound, antibiotic and/or bacterial inoculate in each well in the challenge plate was 100 µL. 

The CBD checkerboard assay was incubated at 37 °C for 24 h. The lid was then removed from the 

challenge plate, washed 3x with PBS to remove any residual antibiotic or compound, and placed 

in a new 96-well plate containing fresh media. The plate was then sonicated for 30 minutes. After 

sonication, the sonicated fluid containing dispersed biofilms was incubated at 37 °C for 24 h. 

MBEC values were determined as the lowest concentration of the antibiotic and compounds 

combinations that resulted in now visible growth. Synergy was calculated as the fractional 

inhibitory concentration (FIC) index value as follows: FIC = FIC (doxycycline) + FIC 

(compound), where FIC (doxycycline) is the MBEC of doxycycline in combination divided by the 

MBEC of doxycycline alone. The combination is considered synergistic when the FIC is ≤0.5, 

indifferent when the FIC is >0.5 to <2, and antagonistic when the FIC is ≥2. 
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MIC Data: 

 

Table S2.1. MIC and biofilm data of synoxazolidinone analogs. Bacterial strains for MIC data 

are S. aureus (ATCC 29213), MRSA (ATCC BAA-44), A. baumannii (ATCC 19606). Biofilm 

inhibition studies conducted on MRSA (ATCC BAA-44) and MBEC studies with MSSA (ATCC 

25923). 
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Biofilm Dispersion Assays: 

Table S2.2. MIC, biofilm inhibition, and biofilm dispersion data for select analogs against MRSA 

(ATTC BAA-44) and MRSA (ATTC 43300). 

 

MBEC Data: 

Table S2.3. MBEC data for Synoxazolidinone analogs. 
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Absorbance Data for the Checkerboard assay: 

Table S2.4. Checkerboard assay data for Synoxazolidinone analogs. 
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Table S2.5. Table of Calculated the FIC Index and the MBEC for each Compound. 
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CHAPTER 3. Progress towards the Synthesis of Aza-Sugar Clindamycin Analogs 

3.1 Abstract 

 Lincomycin (LCM) is an antimicrobial natural product that was isolated from Streptomyces 

lincolnensis with clindamycin (CLDM) resulting from chemical modification of lincomycin. 

Clindamycin exhibited improved antibacterial activities and pharmacokinetics; however, it is not 

effective against resistant bacteria possessing the erythromycin ribosome methylase (erm) gene. 

Due to the increase of drug resistance, it has become critical to develop new clindamycin 

derivatives with improved potency and a broad antibacterial spectrum of activity. Many groups 

have focused on modifications at the proline side chain and the C7 position, in addition to the 

Myers Lab which reports improved activity against resistant enterococcal pathogens and various 

gram negative bacteria via the installation of an oxepanoprolinamide (instead of a proline 

fragment).1,2,3 However, deep-seated analogs such as aza-sugar clindamycin derivatives have not 

been explored until now. Since aza-sugars possess many different biological properties, such as 

antiviral, glycosidase inhibiting and antidiabetic activities, we therefore plan to synthesize aza-

sugar clindamycin derivatives and along the way explore the structure-activity relationships of 

lincosamide antibiotics. Herein, based on a SAR study and computer-aided molecular design, we 

report the synthetic efforts towards the preparation of trihydroxylated and dihydroxylated aza-

sugar clindamycin derivatives and the semi-synthesis of aza-clindamycin. 

3.2 Introduction and Background 

LCM and CLDM are clinically important antibiotics that are frequently used to treat 

infections. LCM is effective against Gram-positive bacteria, but it is no longer widely used. 

CLDM, which has an improved antibacterial activity compared with LCM, is active against many 
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aerobic Gram-positive cocci and a range of anaerobic Gram-positive and Gram-negative bacteria. 

Clindamycin prevents peptide-bond formation by binding to the peptidyl transferase center (PTC) 

of the 50S ribosomal subunit. A crystal structure of E. coli 50S ribosomal subunit complexed 

(Figure 3.1) with CLDM (3-1) documented this binding4,5. The C2 hydroxyl group of CLDM 

appears to form a H bond with N1 of nucleotide A2058. The C3 hydroxyl group can interact with 

N6 of A2058 and with the non-bridging phosphate-oxygens of G2505. The C4 hydroxyl group of 

CLDM could form a H bond with N6 of A2059 and with 2’OH of A2503. In addition, the bridging 

amine of clindamycin can form a H bond with the ribose O4’ of G2505. Additionally, the 

nucleotides C2452 and U2506 pack tightly against the propyl group of clindamycin via van der 

Waals interactions. Resistance to the lincosamides is commonly caused by the activity of a 

methyltransferase enzyme encoded by erm gene; particularly in S. pneumoniae. This enzyme 

methylates 23S rRNA at the N6 position of adenosine A2058. 

  

Figure 3.1. Clindamycin (3-1) bound to the E. coli ribosome.  

Almost all the modifications of either substituent identity or stereochemistry at positions 

1, 2, 3 or 4 of the sugar moiety resulted in drastic reduction of antibacterial activity6-8. Increasing 

the degree of oxidation of the sulfur atom was an unfavorable modification9. The 1-β-anomer was 

less active than the α-anomer. The S- and C1-substituted analogs, reported by Vasella’s group, 
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also proved less active than LCM10; however, 1-demethylthio-1-ethylthiolincomycin had at least 

equivalent activity to lincomycin. Markedly decreased activity was observed for 2-

deoxylincomycin and 2-O-methyllincomycin. The 4-epi-lincomycin had no antibacterial activity. 

Additionally, introduction of a C6-C7 double bond by dehydration also led to inactive compounds. 

To improve the taste properties of the compounds, a series of 2-, 3- or 7-monoesters, 2,3-

dicarbonate ester and 2,7-dialkylcarbonate esters were prepared, but they proved less active11,12. 

Unlike the previous modifications, modification at the C7 position of the sugar moiety does 

not result in complete loss of activity13,14. Antibacterial activities are affected by both configuration 

and the structure of the substituent at the C7 position. For example, clindamycin, which has a 7(S)-

configuration, is highly active compared to lincomycin. 7(R)-7-O-methyllincomycin showed 

improved potency, whereas 7(S)-7-O-methyllincomycin was 3.5 times more active than LCM 

against Sarcina lutea. Unfortunately, both larger alkoxy groups and substituted alkoxy groups lead 

to weaker antibacterial activities than those of LCM12. 7(R)-azido-7-deoxylincomycin was more 

potent than lincomycin, but less active than clindamycin16. However, its amine derivative (33, 34) 

and urea derivatives (35, 36) had decreased activities17 (Figure 3.2). 

 

Figure 3.2. LCM amine and urea derivatives by modifying at the C7 position. 
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On the other hand, 7(S)-7-deoxy-7-thiolincomycin and 7(R)-7-deoxy-7-thiolincomycin 

showed only 10% activity as compared with LCM. Both 7(S)-7-alkylthio-7-deoxylincomycin and 

7(S)-7-substituted alkylthio-7-deoxylincomycin were more active. Sztaricskai et al. reported a 

series of 7(S)-7-heteroarylthio-7-deoxylincomycin derivatives, but only compound 3-5 (Figure 

3.3) was almost as active as LCM, but less effective than CLDM. Then Wakiyama et al. prepared 

several series, over the course of a few years, of lincomycin derivatives possessing a substituted 

phenyl, a heteroaryl or a substituted azetidine moiety via a sulfur atom with 7(S)-configuration18-

25. Many of these showed potent activities against a variety of Streptococcus pneumoniae 

possessing erm gene, such as compounds 3-6 to 3-12. 

  

Figure 3.3. LCM derivatives by modifying at the C7 position with thio substituents 
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A 3D analysis of 3-9 and the peptidyl transferase was investigated. Based on the docking 

results and SAR analysis, filling a space around the C7 position of LCM has an important role to 

enhance antibacterial activities by hydrogen bonding, π-π stacking or CH–π interaction to 

undefined binding site on 23S rRNA. The location of a basic group in the C7 side chain is an 

important factor to enhance antibacterial activities. It is important for a substituent to keep a 

specific size, length and three-dimensional direction for appropriate binding to rRNA. Importantly, 

7(S)-configuration of lincomycin derivatives is found to be necessary for enhancing antibacterial 

activity. 

Since 1,2,3-triazoles are known peptide analogs resistant to hydrolytic cleavage and 

oxidative transformations, Collin et al. reported several 1,2,3-triazole analogs (3-13)26 (Figure 

3.4), but all of them proved inactive against the wild-type and A2058G mutant M. smegmatis cells. 

Expanding a five-membered ring to a six- or seven-membered ring and simultaneously optimizing 

the side chain at 4’ position was a good strategy to improve the potency, such as pirlimycin27. 

Conversely, analogs with 4’-cis-piperidine moieties showed greater antibacterial activities than 

those with 4’-trans-pyrrolidine moieties. Wakiyama et al. also synthesized a series of lincomycin 

derivatives, such as compounds 3-14 to 3-16 (Figure 3.4), by modifications at the proline moiety 

and C7 positions, and they all had improved antibacterial activity against S. pneumoniae 

possessing the erm gene. 
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Figure 3.4. LCM derivatives by modifying at the C7 position with thio substituents 

3.3 Results and Discussion 

In the field of molecular modeling, docking has been employed as a fast way to estimate 

the binding pose of a given compound within a specific target (protein or RNA) and predict binding 

affinity. In this case, the lincosamide antibiotics bind to the 23S rRNA of the 50S ribosomal subunit 

to prevent protein synthesis. Hence, we collaborated with Dr. Fourches’ group identify some 

potential compounds by developing of a QSAR (Quantitative Structure Activity Relationship) 

model followed by screening a virtual library of analogs. So far, the SAR has shown that it is 

challenging to improve the antibacterial activity of the scaffold by modifying at the sugar moiety, 

however, we envision that the aza-sugar clindamycin derivatives (replacing the oxygen atom in 

the sugar with a nitrogen atom) could potentially improve antibiotic potency or expand the 

antibacterial spectrum. To that end, we first set out to create the QSAR model in order to screen 

and compare our proposed analogs to the docking results of CLDM. 
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To develop a QSAR model, 207 CLDM analogs with their MIC data were collected from 

the literature18-25 and E. coli ribosome (PDB code 4V7V) was selected as receptor to perform 

docking calculations. At first, the receptor was processed with Protein Preparation Wizard to add 

hydrogen atoms, remove water molecules and metal ions, and cut atoms that are further than 50 Å 

from the native clindamycin ligand. Next, 207 ligands were prepared with LigPrep, and then 

docked in the E. coli receptor with Glide®. Once pose generation was completed, the resulting 

ligand binding pose was evaluated by both standard precision (SP) and extra precision (XP) 

scoring functions. SP and XP are scoring options for sampling ligand position and conformation 

in the binding pocket of the protein/RNA to find the best pose with the best interaction. 

The docking results showed that the best docked compounds were in the protonated states. 

It’s reported that there are 6 hydrogen bonds and 2 van der Waals interactions between the native 

clindamycin and E. coli receptor. The best docking poses of CLDM are shown in Figure 3.5. 

Scoring calculations showed that the best binding free energy of native clindamycin was -8.85 

kcal/mol in SP and -10.58 kcal/mol in XP and the second-best docking poses in SP (-8.62 kcal/mol) 

and XP (-10.49 kcal/mol) had 6 hydrogen bonds in common (Figure 3.6). Although SP is better 

adapted to RNA than XP28 and, in this case, the SP option is better to recognize the most 

susceptible compounds, it is good to consider both scores. The analogs from the literature, that had 

the best MIC values against resistant strains of S. pneumoniae, also had better docking scores than 

the native CLDM, which demonstrated that there was a good correlation between docking score 

and MIC value in the developed QSAR model and gave us increased confidence for our virtual 

library screen. 



 

94 
 

 

 

 

Figure 3.5. The best docking pose of CLDM in SP (left) and XP (right). 

 

Figure 3.6. Docking pose of CLDM in SP (left) and XP (right) with highest number (6) of 

hydrogen bonds. 

As shown in Figure 3.7, we used different piperidines with varying numbers and 

stereochemical configurations of hydroxyl groups to replace the pyranose (Red sphere in Figure 

3.7). Some highly optimized sulfur-aromatic motifs from the literature were selected to replace the 

chlorine atom in a combination of all possible stereoisomers of the main aza-sugar moiety (Yellow 

sphere in Figure 3.7). To simplify the molecular structure, analogs that removed the methyl group 

at the C7 position were also designed. Amide isosteres are generally introduced to modulate 
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polarity and bioavailability, while ester isosteres are used to improve metabolism. Therefore, some 

small amide bioisosteres were adopted to replace the amide, such as cyclopropane, oxetane, 

trifluoromethyl, monofluoro-substituted double bond and ester (Green sphere in Figure 3.7). 

Moreover, we also selected some optimized ring-expansion motifs, from the literature, to combine 

with various substituted aza-sugars and additionally designed some proline structures with amide 

bond at the end of the side chain to replace the pyrrolidine part to possibly increase or gain 

hydrogen bonding in a unique 3D area (Blue sphere in Figure 3.7). After systematic enumeration 

and 4 generations, 629 theoretical analogs were designed in total. 

 

Figure 3.7. Molecular design of the theoretical aza-sugar clindamycin library. 

With the QASR model in hand, the 629 designed theoretical analogs were docked and 

evaluated. The theoretical aza-sugar analogs were labeled T1-T629 and are referred to as such 

from herein. The docking results showed that 241 ligands have better SP docking score than native 

clindamycin (<-8.85 kcal/mol) and 165 ligands with XP option (<-10.58 kcal/mol). Considering 

the good docking scores and relatively easy synthetic access in account, we selected two types of 
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analogs to target. One group of scaffold targets possesses 3 hydroxyl groups on the aza-sugar 

moiety and does not contain methyl group at C7 position (Figure 3.8). On the other hand, the other 

group has 2 hydroxyl groups on the aza-sugar and contained the C7 methyl group (Figure 3.9). 

 

Figure 3.8. Docking results of trihydroxylated aza-sugar CLDM derivatives T583, T584 and 

T585. 

 

Figure 3.9. Docking results of dihydroxylated aza-sugar CLDM derivatives T164, T167, T176 

and T179. 

Ultimately, T164, T167 (Figure 3.9), T584 and T585 (Figure 3.8) were selected as the 

lead compounds to be synthesized. Docking results of T584 and T585 in SP option were shown in 

Figure 3.10. Although these theoretical compounds do not have better SP docking scores than 
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native clindamycin, they still have good scores in the same range as native pose which is around -

8 kcal/mol and the differences are almost within 1 kcal/mol. Besides, as we can see from the 

docking pose, all azasugar interactions with E. coli receptor have one extra H bond between N 

atom of piperidine and E. coli receptor. Hence, we will propose that aza-sugar clindamycin 

derivatives could have good binding affinity with the ribosome target. Furthermore, T49 (SP >-

8.715 kcal/mol, XP = -10.151 kcal/mol) was also selected as a control to be prepared through semi-

synthesis (Figure 3.11). 

 

Figure 3.10. Docking poses of T584 (left) and T585 (right) in SP option. 

 

Figure 3.11. Docking results of aza-CLDM (T49). 

As shown in Figure 12, the aza-sugar clindamycin derivatives could be split into two parts, 

the piperidine moiety (3-17 and 3-19) and the proline amino acid (3-18). The tri-hydroxyl 
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substituted piperidine 3-17, could be accessed via an alkene intermediate (3-20) through amino-

hydroxylation. The alkene, 3-20, could be synthesized from monosaccharide (3-23) through a 

series of reactions following literature precedent. For the di-hydroxyl substituted piperidine 3-19, 

this moiety could be obtained from a diene (3-22) via ring closing metathesis. Intermediate 3-25 

could be prepared through Grignard addition from a Garner-type aldehyde 3-25, which can be 

synthesized from commercially available D-allo-threonine (3-26). The proline amino acid 3-18 

could be obtained by reduction and chemoselective deprotection of intermediate 3-21 which could 

be synthesized from pyroglutamate 3-24 via a series of reactions from literature precedent.  

  

Figure 3.12. Retrosynthetic analysis of aza-sugar CLDM derivatives. 
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The proline amino acid sidechain was synthesized by using literature procedure (Scheme 

3.1).29 Starting from the Boc protected pyroglutamate (3-27), the alkene containing product (3-28) 

can be obtained through aldol condensation with butyraldehyde and dehydration to get the product 

in 72% yield. 3-28 was hydrogenated to afford the cis-proline 3-29, which, followed by 

epimerization with the treatment of DBU, produced the desired trans isomer 3-30 in good yield. 

After the successful reduction of the amide carbonyl, we attempted to selectively deprotect the 

carboxylic acid over the anime, however, under the TFA conditions, the desired product wasn’t 

obtained and instead the Boc group was removed. In the future, we will use a different protecting 

group on nitrogen (Cbz) to ensure selective deprotection, via hydrogenation, of the carboxylic 

acid.  

  

Scheme 3.1.  Preparation of the substituted proline fragment. 

3.4 Conclusions 

In summary, based on SAR of lincosamides and computer-aided molecular design of a 

QSAR model, two types of aza-sugar CLDM derivatives were targeted for synthesis due to the 

good docking scores that were obtained. Additionally, aza-CLDM (T59) was also targeted via 

semi-synthesis. A proline fragment was synthesized in order to attempt to couple this fragment 
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with the aza-sugar fragments that were being prepared by Minhua Nie. Future work will be done 

to complete the first synthesis and biological evaluation of an aza-sugar clindamycin analog.  

3.5 Experimental 

 

tert-Butyl (2S)-1-(tert-butoxycarbonyl)-4-butylidenepyroglutamate (3-28: The solution of 

lithium hexamethyldisilazide in THF (1 M, 25 mL, 25 mmol) was added to a stirred solution of 

tert-butyl N-BOC-pyroglutamate 3-28 (6 g, 21.023 mmol) in THF (50 mL) at -78 °C. The stirring 

was continued for 1 h at -78 °C prior to the addition of a solution of the butyraldehyde (2.16 mL, 

24.059 mmol) and BF3•Et2O (3 mL, 24.068 mmol) in THF (20 mL). Upon more stirring for 1 h at 

-78 °C, the reaction was quenched with saturated NH4Cl solution (150 mL), and extracted with 

ethyl ether (3 × 75 mL). The combined organic phases were dried over Na2SO4, filtered, and 

evaporated to dryness. The crude mixture of aldols was used without further purification in the 

next reaction step. The aldol mixture was dissolved in CH2Cl2 (100 mL), cooled to 0 °C and treated 

with methanesulfonyl chloride (2.68 mL, 34.4 mmol) and triethylamine (36 mL, 344 mmol). The 

resulting solution was stirred for 2 days at room temperature, then it was evaporated to dryness, 

re-dissolved in hexane/ethyl acetate mixture (100 mL, 1:1, v/v) and the precipitate formed was 

filtered off. The filtrate was evaporated and the reaction mixture was purified by flash 

chromatography (hexane/ethyl acetate 7:3) affording alkylidenepyroglutamate 3-28 (2.28 g, 32 %) 

as a slightly yellowish oil. Analytical data matched what was previously reported.29 
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tert-Butyl (2S,4S)-1-(tert-butoxycarbonyl)-4-butyl-pyroglutamate (3-29): Pd/C (800 mg, 

1.222 mmol, 10 % w/w) was added to a solution of alkene 3-28 (3.8 g, 11.196 mmol) in 40 mL of 

ethyl acetate. The reaction was allowed to proceed under hydrogen atmosphere at room 

temperature for 12 h. Filtration of the catalyst through Celite® gave compound 6a which was 

purified by flash chromatography (hexane/ethyl acetate 3:1) affording 3.28 g (86 %) of pure 3-29 

as a colorless oil. Analytical data matched what was previously reported.29 

 

tert-Butyl (2S,4R)-1-(tert-butoxycarbonyl)-4-butyl-pyroglutamate (3-30): The solution of 

pyroglutamate 3-29 (3.28 g, 9.607 mmol) in CH2Cl2 (50 mL) was cooled to 0 °C, DBU (5.13 mL, 

34.319 mmol) was added, and the resulting mixture was stirred for 1 h at 0 °C and then for 48 h at 

room temperature. The reaction mixture was then washed with HCl (0.1 M, 2 × 50 mL), with 

saturated solution of NaHCO3 (50 mL), and finally with water (50 mL). The organic layer was 

dried over Na2SO4, evaporated, and purified by flash chromatography (hexane/ethyl acetate 5:1), 

yielding 3-30 (1.67 g, 51 %) as a colorless oil. Analytical data matched what was previously 

reported.29 
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tert-Butyl (2S,4R)-1-(tert-butoxycarbonyl)-4-butyl proline (3-31): The solution of lithium 

triethylborohydride in THF (1.0 M, 5.6 mL, 5.6 mmol) was added to a solution of 3-30 (1.67 g, 

4.892 mmol) in THF (21 mL) at -78 °C under argon atmosphere. After 30 min, the reaction mixture 

was quenched with saturated aqueous NaHCO3 (2.5 mL) and warmed to 0 °C. H2O2 (18 drops, 30 

% w/w) was added, and the mixture was stirred at 0 °C. After 20 min the organic solvent was 

removed in vacuo, and the aqueous layer was extracted with CH2Cl2 (3 × 25 mL). The combined 

organic layers were dried over Na2SO4, filtered, and concentrated. The crude reaction mixture was 

dissolved in CH2Cl2 (30 mL) and used without further purification. After the addition of 

triethylsilane (0.75 mL, 4.821 mmol), the mixture was cooled to -78 °C. Boron trifluoride etherate 

(0.63 mL, 5.180 mmol) was dropwise added under argon atmosphere. Additional triethylsilane 

(0.75 mL) and boron trifluoride etherate (0.63 mL) were added after 30 min and the mixture was 

stirred at -78 °C for 2 h. The reaction mixture was quenched with saturated aqueous NaHCO3 (15 

mL), allowed to reach room temperature, extracted with CH2Cl2 (3 × 30 mL), and dried over 

Na2SO4. Evaporation of the solvent and purification by flash chromatography (hexane/ethyl 

acetate 4:1) yielded proline tert-butyl ester 3-31 (1.41 g, 88 %) as a colorless oil. This sample is a 

mixture of two components in the 2:1 ratio, and the analytical data matched what was previously 

reported.29 
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CHAPTER 4. Synthesis and Biological Evaluation of Novel Pyrrolidinone Analogs 

4.1 Abstract 

 Bacteria inside of a biofilm are inherently more resistant to typical antibiotics. In addition, 

biofilms are implicated in about 80% of nosocomial infections or reoccurring infections. Currently, 

there has not been a single agent or adjuvant small molecule for the general treatment of a 

methicillin-resistant S. aureus (MRSA) biofilm infection. In order to both address the lack of 

biofilm treatments and rapidly developing antimicrobial resistance, we must continue to seek, 

identify, and design modular synthetic routes to novel scaffolds possessing potent antimicrobial 

and antibiofilm activity. Previously, we had identified that pyrrolidinone scaffolds, synthesized 

using a multi-component reaction that had significant antimicrobial activity against MRSA and 

methicillin-resistant S. epidermidis (MRSE). Herein, we report that novel pyrrolidinones have 

shown significant inhibition of MRSA biofilms. Furthermore, these analogs were shown to have 

synergy with antibiotics in biofilm eradication assays.  

4.2 Introduction and Background 

 After the discovery of reaction conditions that led to the pyrrolidinone product rather than 

the oxazolidinone product,1 between an alpha keto acid and an imine, Dr. Nataliia Shymanska 

began to develop and optimize this reaction to explore its synthetic utility. After the initial 

optimization, the reaction was modified as a multi-component reaction (between an alpha keto 

ester, an amine, and an aldehyde) and a series of pyrrolidinone substrates were made using various 

aldehydes (Figure 4.1). After the heterocycle formation, an allyl group was installed in modest to 

good yields over two steps. This allyl group was installed to explore further functionalization, 

specifically sigmatropic rearrangements that were underexplored for the scaffold, in order to 
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access complex structures with potential for biological activity. Initial attempts to induce thermal 

Claisen rearrangements were successful in providing a good yield of a single diastereomer, 

confirmed by x-ray, but this thermal rearrangement was not suitable for all of the substrates. To 

address this problem, traditional Tsuji-Trost allylation conditions were used and successfully 

afforded the desired quaternary center as a single diastereomer in excellent yields (Figure 4.2).2 

 

Figure 4.1. Substrate Scope of 3-(Allyloxy)-1,5-dihydro-2H-pyrrol-2-one Synthesis. 



 

108 
 

 

 

 

Figure 4.2. Synthesis of Novel Pyrrolidine-2,3-dione Heterocycles Containing All-Carbon 

Quaternary Stereocenter. 

 With easy access to a highly functionalized quaternary-carbon containing scaffold, further 

modifications were explored by Alex Cusumano and Matt Boudreau such as ring closing 

metathesis (RCM), to make fused bicyclic products, and oxidative ring opening reactions, to afford 

the β-amino acids, followed by conversion into the corresponding β-lactams. This work showed 

that these pyrrolidinone scaffolds were extremely modular to make and readily allow for further 

scaffold diversification.2 Soon after this work, we identified that the natural products 

phenopyrrozin and p-hydroxyphenopyrrozin, isolated from marine fungus,3 could potentially be 

made using our reaction conditions if we used cyclic imines rather than a separate aldehyde and 

amine. Initial attempts in aprotic solvents yielded an unexpected product as a single diastereomer, 
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but, after screening various protic solvent mixtures, it was found that a 5:1 MeOH:H2O mixture 

afforded the product in good yield which simply precipitated due to its insolubility in methanolic 

water. These conditions allowed rapid access to the two natural products in just 3 steps and 69% 

and 55% overall yields for phenopyrrozin and p-hydroxyphenopyrrozin respectively. With the 

synthesis of the two natural products completed, a variety of compounds with the general 

phenopyrrozin scaffold were synthesized in good yield overall (Figure 4.3). Similar to the 

previous paper, this scaffold was also amenable to the same Tsuji-Trost allylation conditions as 

well as the same oxidative ring opening followed by β-lactam formation which again shows the 

structural flexibility that these scaffolds have.4  

 

Figure 4.3.  Substrate Scope of α-Oxoester and Cyclic Imine Condensation.4 

 Given how easy it was to synthesize the natural products, with initially reported 

antimalarial and tuberculosis activity, and derivatives of this scaffold, Alex Cusumano set out to 

make a series of analogs based on the phenopyrrozin scaffold in order to gauge their activity 
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against Gram-positive bacteria. Unfortunately, most of the 5, 5 and 5,6 fused bicyclic analogs that 

were made using preformed cyclic imines were inactive against MRSA (ATCC 33591). Once non-

bicyclic analogs were synthesized using propionaldehyde, a para-CF3 substituted phenyl pyruvic 

ester, and different amines, more potent analogs were identified. The analogs with the best activity 

against MRSA (ATCC 33591) were then tested against various strains of S. aureus and S. 

epidermidis which revealed a range of activity against all of the strains tested getting as low as 2 

μg/mL (Figure 4.4).5 These pyrrolidinones and the activity they have against MRSA and MRSE 

would serve as the inspiration for further antimicrobial studies for this class.  

 

Figure 4.4. MIC values (μg/mL) against various MRSA and MRSE strains.5 

In terms of the development of small molecule anti-biofilm agents, there have been a 

number of different scaffolds showing promising activities. For example, Melander and co-

workers have made several series of 2-aminoimidazole (2-AI) derivatives which were able to 

successfully inhibit and disperse various bacterial biofilms.6-8 They have more recently expanded 

upon the 2-AI scaffold and have recently reported a scaffold-hop strategy to see whether replacing 
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the 2-AI fragment with a 2-aminopyrimidine (2-AP) would increase the biofilm activity. While 

the new aryl 2-aminopyrimidine analogs have comparable inhibition activity to previous series 

and the ability to suppress colistin resistance in K. pneumoniae, but they were not able to disperse 

MRSA biofilms.9 Another example is the recent reports of synoxazolidinone analogs that 

displayed synergy with doxycycline in biofilm eradication assays and was able to reduce viable 

bacteria by a factor of 2 log10 in a robust and more realistic biofilm model.10 Other scaffolds 

including lactones,11 quinolines,12-14 thiazoles,15 and coumarins have also demonstrated the ability 

to prevent the formation of bacterial biofilms and there is even evidence that a specific coumarin 

derivative had success during in vivo studies showing fairly low toxicity and no development of 

antibiotic resistance up to 8 times the MIC value of the compound.16  

In the case of biofilm eradication, there have been several classes of molecules that have 

been worked on. The halogenated phenazines (HPs) are a class of molecules that have been 

developed by Huigens and coworkers which has resulted in very potent MRSA biofilm eradication 

activity in the single digit micromolar range and a potential metal scavenging mechanism of 

action.17-20 A structurally similar class, called halogenated quinones (HQs), was shown to have 

very potent antimicrobial and dispersal activity but poor eradication activity compared to the HPs. 

However, Huigens and coworkers later showed that specific a specific HQ could be potentiated by 

gallic acid to have sub nanomolar MIC values and a 4-fold increase in the MBEC activity.12-14,16 

Furthermore, other classes of biofilm eradicators include quinones,21-23 aryl-alkyl lysines,24 FDA 

approved antibiotic combination therapies,25 and even cannabinoids like cannabidiol (CBD) and 

cannabigerol (CBG).26-27 Even though there have been some promising scaffolds and initial 

activities reported, there is still not enough in vivo or mechanism of action data for these 

compounds to help translate these scaffolds into the clinic. However, when scaffolds with modular 
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and effective synthetic routes emerge, it will ultimately help tip the scales and bring progress 

towards the development of biofilm specific treatments. Herein, we report a novel class of 

molecules, the pyrrolidinones, and their initial reports of antimicrobial activity, biofilm inhibition, 

and biofilm eradication of MSSA biofilms. 

4.3 Results and Discussion 

After initially reporting a series of pyrrolidinone analogs possessing some promising 

antimicrobial activity we set out to expand the SAR and to investigate the biofilm activity of the 

pyrrolidinone scaffold for the first time. We are able to rapidly access this scaffold via a 

multicomponent reaction between an alpha-keto phenyl pyruvic ester, an amine, and an aldehyde 

(Figure 4.5). The phenyl pyruvic esters are prepared via methylation, using methyl iodide, from 

the phenyl pyruvic acids which are made in a two-step Erlenmeyer reaction and subsequent 

hydrolysis. The yields on these multicomponent reactions vary from poor to very good; the more 

nucleophilic amines (primary versus aryl amine) tend to give a better yield with fewer side 

products.  

 

Figure 4.5. Multicomponent reaction scheme and prepared analogs. 
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With all of the analogs in hand, we proceeded to test the analogs in order to determine the 

minimum inhibitory concentration against MRSA (ATCC 33591) to compare to the last series of 

analogs. In the previous series, the ethyl group proved to be the best fragment, for activity against 

MRSA and MRSE, compared to phenyl, homo-benzyl, and butyl side chains. This also appeared 

to be true for compounds 4-1 and 4-2 in which nitrogen is phenyl substituted; these had MICs of 

16 and 32 μg/mL respectively (Table 4.1). Whereas the methylene fragment, coming from 

formaldehyde, and the isopropyl fragment resulted in compounds 4-9 and 4-10 having MIC values 

of >128 μg/mL against MRSA (ATCC 33591). The analogs with the best activity against MRSA 

(ATCC 33591) were compounds 4-1, 4-4, 4-11, and 4-12 at 16 μg/mL. Compounds 4-2, 4-3, and 

4-4 show that the electron deficient aniline is beneficial for antimicrobial activity compared to the 

electron rich aniline, compound 4-5, or the pyridine substituted compound 4-6. In addition, analogs 

4-11, 4-12, and 4-13 show that there is some loss of activity after extending to a heptyl alkyl chain 

on Nitrogen.  

Next we began to explore the MIC activity against a common biofilm promoting strain of 

methicillin resistant S. aureus (MSSA ATCC 25923), but, when we initially collected the MIC 

results against this strain, we observed strange growth morphologies and much lower activity for 

analogs that had previously tested to have decent activity against MRSA. After investigating this 

observation, we came to the conclusion that these compounds had poor solubility in polar solvents, 

especially water, Mueller Hinton Broth (MHB) media, and phosphate buffer solution (PBS), even 

at low concentrations. We hypothesize that the difference in MIC activities was partially due to 

the difference in metabolic profiles and micro-environments of different strains of bacteria. Upon 

modifying the pH of a cation adjusted media we were able to observe reproducible and similar 

antimicrobial activity compared to what was observed against MRSA (ATCC 33591) (Table 4.1).   
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Table 4.1. Table of biological data. (a) MIC data was collected using cation adjusted MHBII 

adjusted to pH 9.0 for the media. (b) MIC data was collected using MHB for the media with no 

pH adjustments. (c) Biofilm inhibition data was collected using MRSA (ATCC BAA-44). (d) 

MBEC data was collected using MHB instead of PBS and the pH was adjusted to 9.0 to increase 

solubility of the analogs. 

  

If you look at the MIC data in Table 4.1, you will be able to see that all of the analogs 

except for 4-9 and 4-15 had some level of antimicrobial activity against MSSA (ATCC 25923) 

once the pH change addressed the solubility issue. Because the MIC data against MRSA (ATCC 

33591) wasn’t collected at pH 9, we do suspect that if we repeated the MIC assay at a higher pH 

we would observe some moderate activity (16-64 μg/mL) with analogs 4-5 through 4-10, and 4-

15 against MRSA (ATCC 33591). The MIC assay results at pH 9 against MSSA (ATCC 25923) 

also show that there doesn’t seem to be too much of a difference in activity between branched 

alkyl side chains (analogs 4-10 and 4-14) compared to the linear counterparts (analogs 4-1 and 4-

11). Overall, these analogs have demonstrated modest levels of antimicrobial activity and that 

these analogs are not fully soluble in the original conditions for the MIC assay.  

 After collecting the MIC data, we moved on to the biofilm experiments starting with 

biofilm inhibition assays. Even though the compounds were very insoluble in polar solvents and 

growth media, we carried out the assays with our typical procedures to obtain the results. We did 

test at concentrations that were below the MIC value, so we are confident that there was compound 

in solution, but we can’t be 100% sure that there was exactly 5 or 40 μM of the analogs in the 

compound 4-1 4-2 4-3 4-4 4-5 4-6 4-7 4-8 4-9 4-10 4-11 4-12 4-13 4-14 4-15

MICa (S. aureus 25923) μg/mL 16 16 32 16 64 32 32 64 >256 16 32 32 32 64 >256

MICb (MRSA 33591) μg/mL 16 32 32 16 >128 >128 >128 >128 >128 >128 16 16 64 >128 >128

% Biofilm inhibition
c
 (5 µM) 5 -26 34 22 17 4 54 23 26 -5 58 59 64 47 63

% Biofilm inhibition
c
 (40 µM) 85 72 72 81 70 31 79 46 8 3 63 85 59 43 57

MBECd at pH 9 (S. aureus 25923) μg/mL 128 256 128 128 >512 128 128 256 512 512 256 512 >512 >512 512
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solutions for the biofilm inhibition assays. Regardless of the solubility of the compounds in the 

growth media, there was significant and reproducible data showing substantial biofilm inhibition 

even at 5 μM (analogs 4-7 and 4-11 through 4-15). It has also been hypothesized that this unique 

insolubility might be involved with the mechanism of action for these pyrrolidinones, but more 

experiments are required to determine that. Analogs 4-7 and 4-12 had the best inhibition levels 

even inhibiting at least 50% of the biofilm at concentrations below the MIC, and analogs 4-1 

through 4-5 showed at least 70% inhibition at 40 μM.  

 After completing the inhibition studies, the MBEC assays were completed to understand 

the eradication SAR. Regardless of the insolubility of these pyrrolidinones, we did the MBEC 

assays how we have done previously for other studies; using regular PBS as the media. We 

observed some potent eradication activity for analogs 4-1 through 4-4 in the range of 5-40 μg/mL, 

but we later confirmed that these analogs were significantly and measurably insoluble in PBS; 

even after immediately reading the absorbance after addition of the stock solutions. We do 

anticipate that these analogs have potent eradication, but the concentration is not reproducible 

without analytical confirmation of the analog actually in solution. In order to obtain a reproducible 

and reportable results, we used cation adjusted MHBII and modified the pH to 9.0 in order to fully 

solubilize the compounds in the MBEC assays. These MBEC results at pH 9.0 can be seen at the 

bottom of Table 4.1 and show that analogs 4-1 through 4-4, 4-6 through 4-8, and 4-11 have 

MBECs ranging from 128-256 μg/mL. We also would like to note that growing MSSA biofilms 

under alkaline stress is changing the biofilm properties or possibly attenuating the biological 

activity of the analogs. This is clearly not the ideal situation to study these analogs and their effects 

on biofilms, but altering the MBEC assays was the only way to ensure the compound was mostly 

soluble. The full set of MBEC data can be seen in the SI.  
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 After the biofilm eradication assays were completed and we had found that the analogs true 

activity was perhaps masked by the insolubility at typical MBEC assay protocols, we decided to 

see if we would be able to observe synergy between the pyrrolidinones and other frontline 

antibiotics. In order to do this we carried out checkerboard MBEC assays to specifically confirm 

synergy in terms of biofilm eradication. Specifically, we chose to use our pH 9.0 MBEC procedure 

to ensure maximum solubility of the analogs. We first tested vancomycin in combination with 

either compound 4-1 or 4-2. However, we observed some sporadic and inconsistent results due 

having to start at a higher concentration (at which the compound was not very soluble in at pH 9.0 

at that concentration) in order to execute the checkerboard assay. All of this data is being re-

evaluated due to solubility and impact of pH and will be reported in due course.  

In conclusion, we have reported a new series of pyrrolidinone analogs that exhibited 

modest antimicrobial activity along with potentially significant antibiofilm properties. Given the 

discovery of the potential issues with solubility, we are currently thinking of several solutions 

ranging from further synthetic modification to investigating different salts that we could install 

using the free hydroxyl group. We have also identified that the electron deficient phenyl 

substitution at nitrogen was beneficial for antimicrobial and antibiofilm activity. This is a very 

promising and very modular scaffold that will serve as a great starting point for further 

improvements on the physical properties, antibiofilm activities, and development of probe 

molecules to aid mechanism of action studies. 
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4.4 Experimental 

Preparation of 2-oxo-3-arylpropanoic acid: 

  

Scheme S4.1. Synthetic route towards 2-oxo-3-arylpropanoic acids. 

General Procedure: The aldehyde (1 equiv), sodium acetate (1.3 equiv), N-acetylglycine (1.3 

equiv), and acetic anhydride (10 equiv) were added to a 250 mL round bottom (rb) flask. The 

contents of the flask were stirred at 420 RPM and refluxed at 100 °C for 1 h. The hot reaction 

mixture was added to an Erlenmeyer flask, containing ice water, and it was covered with a rubber 

septum then sonicated for 15 minutes. The suspension was then filtered with a Buchner funnel 

containing water-soaked filter paper and rinsed with excess deionized (DI) water. The solid was 

transferred to a 250 mL rb flask for the hydrolysis. Next, 50 mL of 3 M HCl was added to the rb 

and the suspension was then refluxed for 24 h at 100 °C at 420 RPM. The hot solution was added 

to an Erlenmeyer flask containing ice water. The Erlenmeyer was sealed with a rubber septum and 

sonicated for 15 min. After the ice melted, the suspension was filtered with a Buchner funnel 

containing water-soaked filter paper and rinsed with 100 mL of DI water. The solid was then 

transferred to an Erlenmeyer flask, and excess DCM was added. The suspension was sonicated for 

15 minutes, and the solid was filtered with a Buchner funnel containing DCM-soaked filter paper 

and rinsed with excess DCM. The solid was air-dried on the Buchner funnel, and then transferred 

to a vial where it was then dried under high vacuum. The dried solid was used without further 

purification. 
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(Z)-2-Hydroxy-3-(4-(trifluoromethyl)phenyl)acrylic acid: Synthesis of this starting material 

was performed using 3.0 g (16.9 mmol) of the 4- (trifluoromethyl) benzaldehyde and acetic 

anhydride (10 equiv). The product, 2.73g (75 % yield), was isolated as a bright yellow powder.1 

Preparation of methyl (Z)-2-hydroxy-3-(4-(trifluoromethyl)phenyl)acrylate: 

   

Scheme S4.2. Synthetic scheme to prepare methyl (Z)-2-hydroxy-3-(4-

(trifluoromethyl)phenyl)acrylate. 

General Procedure: To a stirred solution of (Z)-2-Hydroxy-3-(4-(trifluoromethyl)phenyl)acrylic 

acid (1.0 g, 4.3 mmol) under an inert atmosphere at 0 °C in dry DMF (21.5 mL) was added DBU 

(0.64 mL, 4.3 mmol) and MeI (1.34 mL, 21.5 mmol) and the resulting solution was stirred at 0 °C 

for 2.5 h. The crude reaction mixture was extracted with a 4:1 mixture of diethyl ether and 0.4 M 

HCl, the organic layer was washed with water, NaCl, dried (MgSO4), filtered, and concentrated 

in vacuo. The product was obtained in 87% yield (0.92 g) as yellow solid and was used in the next 

step without purification. Analytical data was consistent with data previously reported.2 
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General procedure: Synthesis of 3-hydroxy-1,5-dihydro-2H-pyrrol-2-ones 

  

Scheme S4.3. Synthesis of 3-hydroxy-1,5-dihydro-2H-pyrrol-2-ones. 

General Procedure: To a solution of methyl α-oxoester (0.4 mmol) in DCM (0.05 M) at 0 °C was 

added aldehyde (1.05 mmol), followed by amine (1.05 mmol). The reaction was stirred at 0 °C for 

0.5 - 24 hours, being monitored by TLC and/or HPLC-MS. Upon consumption of α-oxoester, 

solvent was removed in vacuo. The crude products were then purified by column chromatography 

and/or trituration with acetonitrile. 

 

5-Ethyl-3-hydroxy-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (4-

1): According to general procedure, 4-1 was synthesized in 13% yield (18.3 mg) as a light yellow 

solid: NMR data was consistent with data previously reported; mp: 160.4-167.2 °C; HRMS (HESI) 

m/z calcd for C19H16F3NO2 [M+H]+ 348.1206, found 348.1204.3 

 

3-Hydroxy-5-methyl-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one 

(4-2): According to general procedure, 4-2 was synthesized in 31% yield (41.9 mg) as a orange 
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solid: 1H NMR (600 MHz, CDCl3) δ 7.81 (d, J = 9.8 Hz, 2H), 7.70 (d, J = 9.9 Hz, 2H), 7.62-7.57 

(m, 2H), 7.50-7.44 (m, 2H), 7.29-7.23 (m, 1H), 5.13 (q, J = 7.9 Hz, 1H), 1.38 (d, J = 7.9 Hz, 3H); 

13C NMR (150 MHz, CDCl3) δ 164.91, 142.64, 136.26, 134.82, 129.57 (q, J = 27.7 Hz), 129.50, 

127.69, 125.98, 125.80 (q, J = 3.2 Hz), 124.17 (q, J = 231.8 Hz), 122.41, 121.44, 54.68, 18.85; IR 

νmax (cm-1): 3187, 2928, 1667, 1616, 1597, 1498, 1378, 1323, 847, 778, 758, 695; mp: decomposed 

at 178 °C; HRMS (HESI) m/z calculated for C18H14F3NO2 [M+H]+ 334.1049, found 334.1045. 

 

1-(4-Bromophenyl)-5-ethyl-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-

pyrrol-2-one (4-3): According to general procedure, 4-3 was synthesized in 26% yield (45.0 mg) 

as a colorless crystalline solid: 1H NMR (600 MHz, CDCl3) δ 7.80 (d, J = 8.2 Hz, 2H), 7.69 (d, J 

= 8.2 Hz, 2H), 7.60-7.56 (m, 2H), 7.51-7.46 (m, 2H), 7.25 (s, 1H), 5.24 (t, J = 3.5 Hz, 1H), 1.97-

1.89 (m, 1H), 1.88-1.81 (m, 1H), 0.42 (t, J = 7.3 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 165.50, 

143.16, 135.12, 134.50, 132.46, 129.68 (q, J = 32.4 Hz), 127.55, 125.73 (q, J = 3.7 Hz), 123.99 

(q, J = 270.4 Hz), 123.76, 118.97; IR νmax (cm-1): 3194, 2970, 2936, 2879, 1667, 1616, 1589, 1492, 

1384, 1322, 849, 828; mp: 182.0-185.4 °C; HRMS (HESI) m/z calculated for C19H15BrF3NO2 

[M+H]+ 426.0311, found 426.0316.  
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5-Ethyl-1-(4-fluorophenyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-

pyrrol-2-one (4-4): According to general procedure, 4-4 was synthesized in 42% yield (62.3 mg) 

as a white solid: 1H NMR (600 MHz, CDCl3) δ 7.80 (d, J = 8.2 Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H), 

7.57-7.48 (m, 2H), 7.17 (t, J = 8.6 Hz, 2H), 5.22 (t, J = 3.4 Hz, 1H), 1.94-1.80 (m, 2H), 0.44 (t, J 

= 7.3 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 165.44, 160.44 (d, J = 210.0 Hz), 143.17, 134.61, 

132.04 (d, J = 2.6 Hz), 129.58 (q, J = 27.8 Hz), 127.50, 125.71 (q, J = 3.2 Hz), 124.42 (d, J = 7.0 

Hz), 124.00 (q, J = 231.4 Hz), 118.73, 116.28 (d, J = 19.4 Hz), 58.63, 21.85, 51.25; IR νmax (cm-

1): 3196, 2970, 2932, 1665, 1616, 1509, 1435, 1387, 1323, 837; mp: decomposed at 147.0-155.0 

°C ; HRMS (HESI) m/z calculated for C19H15F4NO2 [M+H]+ 366.1112, found 366.1111.  

 

1-(3,4-Dimethoxyphenyl)-5-ethyl-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-

pyrrol-2-one (4-5): According to general procedure, 4-5 was synthesized in 13% yield (21.5 mg) 

as a colorless crystalline solid: 1H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 8.2 Hz, 2H), 7.62 (d, J 

= 8.4 Hz, 2H), 7.14 (d, J = 2.3 Hz, 1H), 6.99 (s, 1H), 6.94-6.83 (m, 2H), 5.11 (t, J = 3.5 Hz, 1H), 

3.87 (s, 3H), 3.84 (s, 3H), 1.91-1.81 (m, 1H), 1.81-1.72 (m, 1H), 0.39 (t, J = 7.3 Hz, 3H); 13C NMR 

(150 MHz, CDCl3) δ 165.48, 149.45, 147.39, 143.45, 134.84, 129.39 (q, J = 33.0 Hz); 129.25, 

127.45, 125.64 (q, J = 3.0 Hz), 124.05 (q, J = 271.5 Hz), 118.52, 115.15, 111.39, 107.39, 58.96, 
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56.16, 56.12, 22.04, 5.32; IR νmax (cm-1): 3210, 3178, 2971, 2938, 1665, 1615, 1516, 1457, 1389, 

1325, 848; mp: 203.5-204.8 °C; HRMS (HESI) m/z calculated for C21H20F3NO4 [M+H]+ 

408.1417, found 408.1424. 

 

5-Ethyl-3-hydroxy-1-(pyridin-3-yl)-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-

one (4-6): According to general procedure, 4-6 was synthesized in 22% yield (31.1 mg) as an 

orange solid: 1H NMR (600 MHz, CDCl3) δ 8.83 (d, J = 2.2 Hz, 1H), 8.52 (d, J = 4.0 Hz, 1H), 

8.13-8.08 (m, 1H), 7.83 (d, J = 8.0 Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 7.45-7.41 (m, 1H), 5.34 (t, J 

= 3.4 Hz, 1H), 2.00-1.88 (m, 2H), 0.45 (t, J = 7.3 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 165.76, 

146.47, 143.16, 142.96, 134.39, 133.06, 129.48, 127.60, 125.76 (q, J = 3.8 Hz), 123.98, 119.48, 

57.75, 21.78, 5.04; IR νmax (cm-1): 2928, 2524, 1680, 1616, 1574, 1489, 1382, 1323, 849; mp: 

decomposed at 218.0-220.0 °C; HRMS (HESI) m/z calculated for C18H15F3N2O2 [M+H]+ 

349.1158, found 349.1159. 

 

5-Ethyl-3-hydroxy-1-(thiophen-2-ylmethyl)-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-

pyrrol-2-one (4-7): According to general procedure, 4-7 was synthesized in 39% yield (58.2 mg) 

as a white solid: 1H NMR (600 MHz, CDCl3) δ 7.70 (d, J = 7.9 Hz, 2H), 7.63 (d, J = 8.2 Hz, 2H), 
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7.28 (d, J = 5.0 Hz, 1H), 7.04 (d, J = 2.6 Hz, 1H), 6.99 (t, J = 4.2 Hz, 1H), 5.38 (d, J = 15.7 Hz, 

1H), 4.55 (t, J = 3.0 Hz, 1H), 4.36 (d, J = 15.6 Hz, 1H), 2.11-1.98 (m, 1H), 1.91-1.79 (m, 1H), 

0.51 (t, J = 7.3 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 166.53, 143.38, 138.67, 134.85, 129.31, 

127.43, 127.10, 126.97, 125.91, 125.50 (q, J = 3.7 Hz), 119.28, 56.58, 38.71, 21.36, 5.34 ; IR νmax 

(cm-1): 3147, 2965, 2925, 2854, 1663, 1615, 1452, 1389, 1323, 1290, 848; mp: 182.0-183.0 °C; 

HRMS (HESI) m/z calculated for C18H16F3NO2S [M+H]+ 368.0927, found 368.0923. 

 

5-Ethyl-3-hydroxy-1-phenethyl-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one 

(4-8): According to general procedure, 4-8 was synthesized in 30% yield (45.7 mg) as a grey solid: 

1H NMR (600 MHz, CDCl3) δ 7.88-7.77 (brs, 1H), 7.64 (dd, J = 12.4, 8.7 Hz, 4H), 7.32 (t, J = 7.4 

Hz, 2H), 7.24 (d, J = 8.0 Hz, 3H), 4.34 (t, J = 3.3 Hz, 1H), 4.23-4.16 (m, 1H), 3.34-3.25 (m, 1H), 

3.05-2.92 (m, 2H), 1.97-1.87 (m, 1H), 1.83-1.75 (m, 1H), 0.46 (t, J = 7.3 Hz, 3H); 13C NMR (150 

MHz, CDCl3) δ 166.80, 143.72, 138.41, 135.04, 129.07 (q, J = 32.2 Hz), 128.75, 128.71, 127.30, 

126.77, 125.53 (q, J = 3.7 Hz), 124.08 (q, J = 270.6 Hz), 118.68, 57.57, 41.93, 34.84, 21.39, 5.37; 

IR νmax (cm-1): 3176, 2968, 2931, 1659, 1614, 1455, 1390, 1322, 849; mp: 196.0-198.0 °C; HRMS 

(HESI) m/z calculated for C21H20F3NO2 [M+H]+ 376.1519, found 376.1515. 
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3-Hydroxy-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (4-9): 

According to general procedure, 4-9 was synthesized in 30% yield (38.9 mg) as a white solid: 1H 

NMR (600 MHz, CDCl3) δ 7.85 (d, J = 8.1 Hz, 2H), 7.80 (d, J = 7.9 Hz, 2H), 7.69 (d, J = 8.2 Hz, 

2H), 7.44 (t, J = 8.0 Hz, 2H), 7.21 (t, J = 7.4 Hz, 1H), 6.92 (s, 1H), 4.67 (s, 2H); 13C NMR (150 

MHz, CDCl3) δ 165.94, 143.51, 138.90, 135.31, 130.03 (q, J = 32.1 Hz), 129.75, 126.83, 126.13 

(q, J = 3.7 Hz), 125.37, 125.09, 118.93, 114.72, 48.65; IR νmax (cm-1): 3169, 2923, 2852, 1687, 

1615, 1502, 1462,  1392, 1325, 1112, 833, 767, 688; mp: decomposed at 189.1 °C ; HRMS (HESI) 

m/z calculated for C17H12F3NO2 [M+H]+ 320.0893, found 320.0890.  

 

3-Hydroxy-5-isopropyl-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-

one (4-10): According to general procedure, 4-10 was synthesized in 23% yield (33.7 mg) as a 

white solid: 1H NMR (600 MHz, DMSO) δ 10.55 (s, 1H), 7.89 (d, J = 11.3 Hz, 2H), 7.81 (d, J = 

8.3 Hz, 2H), 7.61 (d, J = 7.6 Hz, 2H), 7.47 (t, J = 7.9 Hz, 2H), 7.26 (t, J = 7.4 Hz, 1H), 5.67 (d, J 

= 2.1 Hz, 1H), 2.00 (m, 1H), 0.58 (t, J = 7.6 Hz, 6H); 13C NMR (150 MHz, DMSO) δ 164.79, 

144.53, 137.67, 136.71, 128.84, 128.41, 127.16 (q, J = 31.5 Hz), 125.46, 125.19 (q, J = 3.6 Hz), 

123.93, 123.37, 119.95, 61.35, 30.00, 18.03, 16.28; IR νmax (cm-1): 3175, 2963, 2927, 1663, 1616, 
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1597, 1501, 1428, 1383, 1321, 1115, 839, 776, 689; mp: 214.5-217.4 °C; HRMS (HESI) m/z 

calculated for C20H18F3NO2 [M+H]+ 362.1362, found 362.1357. 

 

5-Ethyl-3-hydroxy-1-pentyl-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (4-

11): According to general procedure, 4-11 was synthesized in 59% yield (81.8 mg) as a white 

solid: 1H NMR (600 MHz, CDCl3) δ 9.55-8.65 (brs, 1H), 7.78 (d, J = 8.1 Hz, 2H), 7.66 (d, J = 8.2 

Hz, 2H), 4.64-4.59 (m, 1H), 4.00-3.88 (m, 1H), 3.15-2.96 (m, 1H), 2.04-1.94 (m, 1H), 1.94-1.83 

(m, 1H), 1.75-1.57 (m, 2H), 1.47-1.22 (m, 4H), 0.93 (t, J = 6.9 Hz, 3H), 0.50 (t, J = 7.2 Hz, 3H); 

13C NMR (150 MHz, CDCl3) δ 167.24, 144.69, 135.37, 128.76 (q, J = 31.1 Hz), 127.25, 125.41 

(q, J = 3.7 Hz), 124.15 (q, J = 270.4 Hz), 118.51, 56.95, 40.25, 29.05, 28.16, 22.36, 21.46, 13.98, 

5.33; IR νmax (cm-1): 3147, 2962, 2933, 2874, 1658, 1614, 1455, 1390, 1321, 1112, 847; mp: 121.2-

123.6 °C; HRMS (HESI) m/z calculated for C18H22F3NO2 [M+H]+ 342.1675, found 342.1674. 

 

5-Ethyl-1-heptyl-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (4-

12): According to general procedure, 4-12 was synthesized in 64% yield (96.0 mg) as a light 

yellow solid: 1H NMR (600 MHz, CDCl3) δ 7.84 (s, 1H), 7.73 (d, J = 9.8 Hz, 2H), 7.64 (d, J = 

10.0 Hz, 2H), 4.59 (t, J = 4.0 Hz, 1H), 3.96-3.87 (m, 1H), 3.10-2.99 (m, 1H), 2.03-1.91 (m, 1H), 
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1.91-1.81 (m, 1H), 1.70-1.53 (m, 2H), 1.39-1.23 (m, 8H), 0.88 (t, J = 8.3 Hz, 3H), 0.48 (t, J = 8.8 

Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 166.77, 143.92, 135.15, 128.98 (q, J = 27.7 Hz), 127.30, 

125.51 (q, J = 3.2 Hz), 124.11 (q, J = 231.8 Hz), 118.39, 56.98, 40.31, 31.72, 28.95, 28.50, 26.88, 

22.59, 21.45, 14.06, 5.33; IR νmax (cm-1): 3123, 2960, 2931, 2859, 1661, 1615, 1456, 1391, 1324, 

1125, 849; mp: 125.8-130.9 °C; HRMS (HESI) m/z calculated for C20H26F3NO2 [M+H]+ 

370.1988, found 370.1988. 

 

5-Ethyl-1-hexyl-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (4-

13): According to general procedure, 4-13 was synthesized in 87% yield (125.6 mg) as a light 

yellow solid: NMR data was consistent with data previously reported; mp: 113-115.6 °C; HRMS 

(HESI) m/z calculated for C19H24F3NO2 [M+H]+ 356.1832, found 356.1830.3 

 

5-Ethyl-3-hydroxy-1-isopentyl-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one 

(4-14): According to general procedure, 4-14 was synthesized in 47% yield (65.2 mg) as an tan 

solid: 1H NMR (600 MHz, CDCl3) δ 8.40-7.95 (brs, 1H), 7.74 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 8.2 

Hz, 2H), 4.63-4.56 (m, 1H), 4.02-3.91 (m, 1H), 3.11-3.00 (m, 1H), 2.02-1.92 (m, 1H), 1.92-1.82 

(m, 1H), 1.66-1.57 (m, 1H), 1.57-1.48 (m, 2H), 0.97 (t, J = 6.0 Hz, 3H), 0.49 (t, J = 7.3 Hz, 3H); 
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13C NMR (150 MHz, CDCl3) δ 166.86, 144.24, 135.26, 128.89 (q, J = 32.5 Hz), 127.26, 125.48 

(q, J = 3.6 Hz), 124.13 (q, J = 270.1 Hz), 118.33, 56.84, 38.60, 37.21, 26.03, 22.74, 22.21, 21.44, 

5.35; IR νmax (cm-1): 3124, 2961, 2929, 2875, 1659, 1614, 1456, 1390, 1323, 1126, 849; mp: 

141.5-143.5 °C; HRMS (HESI) m/z calculated for C18H22F3NO2 [M+H]+ 342.1675, found 

342.1677. 

 

1-(2,4-Dimethylbenzyl)-5-ethyl-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-

pyrrol-2-one (4-15): According to general procedure, 4-15 was synthesized in 54% yield (85.4 

mg) as an orange solid: 1H NMR (600 MHz, CDCl3) δ 7.91-7.78 (brs, 1H), 7.68 (d, J = 9.8 Hz, 

2H), 7.61 (d, J = 10.1 Hz, 2H), 7.19 (d, J = 9.8 Hz, 1H), 6.49-6.42 (m, 2H), 5.06 (d, J = 17.9 Hz, 

1H), 4.40 (t, J = 4.1 Hz, 1H), 4.25 (d, J = 17.9 Hz, 1H), 3.84 (s, 3H), 3.79 (s, 3H), 2.14-2.05 (m, 

1H), 1.85-1.69 (m, 1H), 0.49 (t, J = 8.8 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 166.94, 160.87, 

158.55, 143.90, 135.36, 131.13, 129.03 (q, J = 30.7 Hz), 127.50, 125.54, 124.22 (q, J = 226.5 Hz), 

118.89, 117.23, 104.57, 98.73, 56.98, 55.63, 55.57, 38.49, 21.31, 5.41; IR νmax (cm-1): 3111, 2967, 

2937, 1661, 1614, 1508, 1455, 1389, 1323, 1120, 848, 797, 733; mp: 173.0-178.5 °C ; HRMS 

(HESI) m/z calculated for C22H22F3NO4 [M+H]+ 422.1574, found 422.1578. 
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General information - Biological Assays 

Methicillin-resistant and methicillin sensitive Staphylococcus aureus (MRSA and MSSA 

respectively) strains were obtained from the Laboratory of Professor Christian Melander (NCSU) 

(ATCC BAA 44 and 33591) and Dr. Jessica Gilbertie (ATCC 25923). Bacteria were kept in frozen 

stocks on glycerol at - 80 °C until use. Bacteria was streaked onto tryptic-soy agar for colony 

isolation. Mueller-Hinton broth (MHB, 211443-BD), tryptic soy broth (TSB, Remel: R455052) 

and D-glucose (CAS: 492-62-6) were purchased from Fisher Scientific. Tryptic soy agar (TSA, 

cat. # 22091) and Linezolid (cat. # P70014) were purchased from Sigma-Aldrich. Bacteria for 

biofilm inhibition were cultured overnight in TSB-G (tryptic soy broth with 0.5% glucose 

supplement) in 96 well plates. All assays were run in triplicate and repeated at least two separate 

times for MIC assays and at least three separate times for biofilm inhibition. All compounds were 

dissolved in molecular biology grade DMSO as 10 mM stock solutions. Optical densities were 

measured using a Thermo Scientific Genesys 20 spectrophotometer. Data for biofilm inhibition, 

MBEC, and MIC assays were collected using a BioTek ELx808 Microplate Reader. All graphs were 

generated and analyzed using GraphPad Prism 7. 

Broth microdilution method for determination of minimum inhibitory concentrations 

As prescribed by the Clinical and Laboratory Standards Institute (CLSI) M07-A8, Vol. 29 (2) 

MSSA (ATCC 25923) and MRSA (ATCC BAA 44 and 33591) was grown in MHB for 6-8 h; this 

culture was used to inoculate fresh MHB (5 x 105 CFU/mL). The resulting bacterial suspension 

was aliquoted (0.5 mL) into 1.5 mL Eppendorf tubes and compound was added from a 10 mM 

DMSO stock to achieve the desired initial starting concentration (typically 128 µg/mL). Linezolid 

(from a 10 mM DMSO stock) was used as a positive control. Inoculated media not treated with 

compound served as the negative control. The MIC was determined by micro broth dilution 
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following the CLSI guidelines. The MIC was defined as the lowest concentration of antibiotic with 

no visible growth. The plate was sealed and incubated under stationary conditions at 37 °C. After 

16 h, MIC values were recorded as the lowest concentration of compound at which no visible 

growth of bacteria was observed.  

Determination of the inhibitory effect of test compounds on MRSA biofilm formation 

(S. A. Rogers and C. Melander, Angew. Chem. Int. Ed., 2008, 47, 5229-5231.)  

Inhibition assays were performed by subculturing an overnight culture of MRSA (ATCC BAA 44) 

to an OD600 of 0.01 in TSB-G (tryptic soy broth with a 0.5% glucose supplement). Stock solutions 

of predetermined concentrations of the test compound were then made using the inoculated TSB-

G. These stock solutions were aliquoted (200 μL) into the top wells of the 96-well microtiter plate 

and 100 uL of the inoculated broth in all other wells. After a serial dilution from the top well was 

completed, sample plates were sealed then incubated for 24 h at 37 °C. After incubation, the 

medium was discarded from the wells and the plates were washed 2x with PBS. Prior to staining, 

plates were left to dry at ambient temperature for 2-3 h. Plates were then stained with 0.1% solution 

of crystal violet (CV, 125 μL) and then incubated at ambient temperature for 30 min. Plates were 

washed with PBS again and the remaining stain was solubilized with 99% ethanol (200 μL). A 

sample of solubilized CV stain (110 μL) from each well was transferred to the corresponding wells 

of a polystyrene microtiter dish. Biofilm biomass was quantified by measuring the OD540 of each 

well and inhibition was calculated as a percentage of the control (no compound); a negative control 

lane wherein no biofilm was formed served as a background and was subtracted out. Percent 

inhibition was then plotted against concentration in Prism 7. Each of the four experiments were 

plotted separately and S15 analyzed by a normalized nonlinear regression. The graphs on the 

following pages were generated from an average of the total data set. Biofilm data represent four 
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separate experiments, with each experiment performed in duplicate (average of 8 data points for 

each concentration tested, unless otherwise noted).  

Determination of the Minimum Biofilm Eradication Concentrations (MBEC) using the 

Calgary Biofilm Device (CBD) on MSSA (ATCC 25923) biofilms 

(H. Ceri, M. E. Olson, C. Stremick, R. R. Read, D. Morck, and A. Buret, J. Clin. Microbiol., 1999, 

1771–1776.)  

Biofilm eradication experiments were performed using MSSA (ATCC 25923) and the Calgary 

Biofilm Device (CBD) to determine MBEC values for various compounds of interest (Innovotech, 

product code: 19111). The Calgary device is a 96-well plate with a lid containing 96 pegs that sit 

in the media contained in the bottom well. Biofilm are established on the individual pegs. The 

established biofilm (contained on the individual peg) can then be transferred to a new base well 

for MBEC testing. For the MBEC assay, an overnight culture of MSSA (ATCC 25923) was 

adjusted to 0.5 McFarland in MHB-G. The CBD was inoculated with 100 µL of the 0.5 McFarland 

and incubated at 37 °C for 24 hours to establish biofilms. The CBD lid containing the established 

biofilms on individual pegs was removed, washed 3x with PBS and transferred to another 96-well 

plate containing serial dilutions of the test compounds (the “challenge plate”) and incubated at 37 

°C for 24 hours. The CBD lid was then removed from the challenge plate, washed 3x with PBS to 

remove any residual compound and placed into a new 96-well base plate containing fresh MHB. 

The plate was then sonicated for sonicated for 30 minutes to disperse biofilms on the pegs into the 

fresh MHB in the base well. After sonication, the plate was incubated for 24 hours at 37 °C. MBEC 

values were determined as the lowest test concentration that resulted in no growth in the sonicate 

fluid. 
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Broth microdilution method for determination of minimum inhibitory concentrations at pH 

9.0  

As prescribed by the Clinical and Laboratory Standards Institute (CLSI) M07-A8, Vol. 29 MSSA 

(ATCC 25923) was grown in MHB for 6-8 h; this culture was used to inoculate fresh cation 

adjusted MHBII which was previously adjusted to a pH of 9.0 using NaOH and a pH meter (5 x 

105 CFU/mL). The resulting bacterial suspension was aliquoted (0.5 mL) into 1.5 mL Eppendorf 

tubes and compound was added from a 10 mM DMSO stock to achieve the desired initial starting 

concentration (typically 128 µg/mL). Linezolid (from a 10 mM DMSO stock) was used as a 

positive control. Inoculated media not treated with compound served as the negative control. The 

MIC was determined by micro-broth dilution following the CLSI guidelines. The MIC was defined 

as the lowest concentration of antibiotic with no visible growth. The plate was sealed and incubated 

under stationary conditions at 37 °C. After 16 h, MIC values were recorded as the lowest 

concentration of compound at which no visible growth of bacteria was observed and was also 

confirmed via absorbance readings from a plate reader.  

Determination of the Minimum Biofilm Eradication Concentrations (MBEC) using the 

Calgary Biofilm Device (CBD) on MSSA (ATCC 25923) biofilms at pH 9.0  

(H. Ceri, M. E. Olson, C. Stremick, R. R. Read, D. Morck, and A. Buret, J. Clin. Microbiol., 1999, 

1771–1776.)  

Biofilm eradication experiments were performed using MSSA (ATCC 25923) and the Calgary 

Biofilm Device (CBD) to determine MBEC values for various compounds of interest (Innovotech, 

product code: 19111). The Calgary device is a 96-well plate with a lid containing 96 pegs that sit 

in the media contained in the bottom well. Biofilm are established on the individual pegs. The 
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established biofilm (contained on the individual peg) can then be transferred to a new base well 

for MBEC testing. For the MBEC assay, an overnight culture of MSSA (ATCC 25923) was 

adjusted to 0.5 McFarland in MHB-G. The CBD was inoculated with 100 µL of the 0.5 McFarland 

and incubated at 37 °C for 24 hours to establish biofilms. The CBD lid containing the established 

biofilms on individual pegs was removed, washed 3x with PBS and transferred to another 96-well 

plate containing serial dilutions of the test compounds (the “challenge plate”) and incubated at 37 

°C for 24 hours. This challenge plate was made using fresh cation adjusted MHBII which was 

previously adjusted to a pH of 9.0 using NaOH and a pH meter. The CBD lid was then removed 

from the challenge plate, washed 3x with PBS to remove any residual compound and placed into 

a new 96-well base plate containing fresh MHB. The plate was then sonicated for sonicated for 30 

minutes to disperse biofilms on the pegs into the fresh MHB in the base well. After sonication, the 

plate was incubated for 24 hours at 37 °C. MBEC values were determined as the lowest test 

concentration that resulted in no growth in the sonicate fluid confirmed by absorbance at 600 nm 

in a plate reader.  

Determination of Synergy between vancomycin and compounds 1 & 2 on MSSA (ATCC 

25923) biofilms via checkerboard assay at pH 9.0 

(Gani Orhan, Aysen Bayram, Yasemin Zer, and Iclal Balci, J. Clin. Microbiol., 2005, 140–143.) 

Compound synergy against established biofilms was performed as above with minor 

modifications. Established biofilms of MSSA (ATCC 25923) were challenged with a combination 

of vancomycin hydrochloride (From Sigma Aldrich; Product ID: PHR1732) and compound 1 or 

2. The challenge plate was set up as a checkerboard to determine at what concentration the 

combination of vancomycin hydrochloride and/or compound 1 or 2 resulted in complete 

eradication of the biofilm. A well with no antibiotic or compound served as a negative control. 
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Serial two fold dilutions vancomycin hydrochloride were added vertically along the numbered 

columns (1-12 on the long side of the 96-well plate) and serial two fold dilutions, of compounds 1 

or 2, were added horizontally along the lettered rows (A-F on the short side of the 96-well plate). 

The total volume of media with compound, antibiotic and/or bacterial inoculate in each well in the 

challenge plate was 100 µL. This challenge plate was made using fresh cation adjusted MHBII 

which was previously adjusted to a pH of 9.0 using NaOH and a pH meter. The CBD checkerboard 

assay was then incubated at 37 °C for 24 h. The lid was then removed from the challenge plate, 

washed 3x with PBS to remove any residual antibiotic or compound, and placed in a new 96-well 

plate containing fresh media. The plate was then sonicated for 30 minutes. After sonication, the 

sonicated fluid containing dispersed biofilms was incubated at 37 °C for 24 h. MBEC values were 

determined as the lowest concentration of the antibiotic and compounds combinations that resulted 

in now visible growth. Synergy was calculated as the fractional inhibitory concentration (FIC) 

index value as follows: FIC = FIC (doxycycline) + FIC (compound), where FIC (doxycycline) is 

the MBEC of doxycycline in combination divided by the MBEC of doxycycline alone. The 

combination is considered synergistic when the FIC is ≤0.5, indifferent when the FIC is >0.5 to 

<2, and antagonistic when the FIC is ≥2. 
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Figure S4.1: Multicomponent reaction scheme and prepared analogs. 
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Table S4.1. Table of biological data. (a) MIC data was collected using cation adjusted MHBII 

adjusted to pH 9.0 for the media. (b) MIC data was collected using MHB for the media with no 

pH adjustments. (c) Biofilm inhibition data was collected using MRSA (ATCC BAA-44). (d) 

MBEC data was collected under typical conditions and using PBS as the media. (e) MBEC data 

was collected using MHB instead of PBS and the pH was adjusted to 9.0 to increase solubility of 

the analogs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

compound 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

MICa (S. aureus 25923) μg/mL 16 16 32 16 64 32 32 64 >256 16 32 32 32 64 >256

MICb (MRSA 33591) μg/mL 16 32 32 16 >128 >128 >128 >128 >128 >128 16 16 64 >128 >128

% Biofilm inhibitionc (5 µM) 5 -26 34 22 17 4 54 23 26 -5 58 59 64 47 63

% Biofilm inhibitionc (40 µM) 85 72 72 81 70 31 79 46 8 3 63 85 59 43 57

MBECd at pH 7 (S. aureus 25923) μg/mL 38 17 5 10 106 363 383 478 555 376 356 471 518 160 526

MBECe at pH 9 (S. aureus 25923) μg/mL 128 256 128 128 >512 128 128 256 512 512 256 512 >512 >512 512
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