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Abstract 

 The β-lactams are one of the most successful classes of antibiotics. However, they are 

rapidly losing their potency due to elaboration of β-lactamases by bacteria. Therefore, new 

approaches to drug development are needed to target the organisms that are resistant to β-lactam 

antibiotics.  This can be achieved by designing antimicrobials that are resistant to the cleavage 

action of these enzymes.   This study designed, synthesized, and tested a novel class of 

monocyclic β-lactams that carry an arylthio group at the C4.  These lactams exhibit inhibitory 

and cidal activity against serine β-lactamase producing Mycobacterium tuberculosis wild type 

strain (Mtb) and multiple (n=8) β-lactamase producing Moraxella catarrhalis clinical isolates.  

Because of this, a study was performed to better understand the compounds’ chemical reactivity 

through fragmentation analysis using electrospray ionization-mass spectrometry, and an enzyme 

study with penicillinase, a common β-lactamase.  The main fragmentation pattern that was 

observed from these novel compounds was a peak produced at 177.0 m/z which correlates with 

the breaking of the N1-C4 and C2-C3 bonds in the β-lactam moiety.  This unique fragmentation 

was affected by different substituents on the arylthio group.  The enzyme study with 

penicillinase showed that the compounds did not bind, and therefore were not hydrolyzed by the 

enzyme.  This research implicates that these novel β-lactams are both effective, and able to 

circumvent the main mechanism of drug resistance that microbes have against β-lactam 

antibiotics. 
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Introduction 

β-lactams and Tuberculosis 

Since the discovery of the first β-lactam antibiotic, penicillin (Figure 1), by Alexander 

Flemming in 1928
1
, β-lactams have been commonly used to treat a wide array of diseases.  β-

lactams are best known for their ability to inhibit the transpeptidation of cell walls, which gives 

them the ability to be effective against a large array of harmful microbes including E. coli, P. 

aeruginosa, S. aureus, M. tuberculosis and many others.
1 

Structure of Penicillin 
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Figure 1. Above is the general structure of the common antibiotic penicillin 

 

General Structure of Novel β-lactams 
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Figure 2.  The structure on the left is the arylthio attached to the β-lactam, and the structure on 

the right is the novel β-lactam after the addition of the carbamyl to the N1. 

 

The most recent project pursued by the Konaklieva lab has been the synthesis of novel 

monocyclic β-lactams containing an arylthio on the C4 of the β-lactam ring (Figure 2).  .  These 

lactams have shown inhibitory and cidal activity against Mycobacterium tuberculosis wild type 
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strain (Mtb), the microbe responsible for Tuberculosis, Moraxella catarrhalis clinical isolates, a 

microbe responsible for ear infections in children.  This is shown by the low minimum inhibitory 

concentrations (MIC) exhibited by the compounds in relation to these two microbes (Appedix 

A).  The low MICs against Mtb are particularly important because of the prevalence of TB 

around the globe, and the challenges this disease poses to global health. 

The Importance of Overcoming TB 

 Tuberculosis was the number one cause of death by and infectious disease worldwide, 

until HIV/AIDS recently took over.  While hundreds of people die from TB per day at a rate of 

approximately one person every 20 seconds, there are currently a limited number of methods to 

both diagnose and treat the disease.
3
  Charles Dickens described TB in his book Nicholas 

Nickleby,
33

 as: 

a disease which medicine never cured, wealth warded off, or poverty could boast exemption from 

– which sometimes moves in giant strides, and sometimes at a tardy sluggish pace, but, slow or 

quick, is ever sure and certain 

With the synthesis of new potential antimicrobials, the Konaklieva lab has focused on the 

treatment of TB, and particularly drug-resistance in Mtb, a growing problem around the world. 

Drug resistant, multi-drug resistant (MDR), and even extensively/extremely-drug resistant 

(XDR) strands of Mtb have been found in almost all locations that exhibit clinical cases of the 

disease.  MDR TB is defined as a strain of Mtb that is resistant to both rifampicin and isoniazid, 

while XDR TB has the potential to be resistant to three or more drugs.
3
  A study released in 2002 

stated that certain countries such as Estonia and Latvia were experiencing MDR TB rates of 

approximately 10% in new cases of TB,
3
 a number that has risen to approximately 18% for both 

countries in 2012.
4
  Due to the rise in observed cases, the issue of treating drug-resistance is 

becoming more and more eminent. 
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 Drug-resistance in Mtb arises from cellular mechanisms in which the cell evolves to 

combat the normal effectiveness of a drug.  One of the most prominent mechanisms of drug 

resistance in Mtb is the β-lactamase enzyme, which allows the microbe to be resistant to 

common β-lactam antibiotics.
5
  Because of this, it is important to develop compounds that show 

antimicrobial properties while combatting resistance mechanisms such as the presence of the β-

lactamase enzyme. 

 Drug design to fight TB is also important because there have been very few drugs 

released in the recent past.  The last TB medication was put on the market 50 years ago,
2
 and the 

current BCG vaccine was made available in 1921, and with almost the same original formula, is 

still the only vaccine available.
6
  Due to the lack of both drugs and attention that TB receives 

from the international public health community, treating TB remains a daunting task.  Drug-

sensitive strains of Mtb require an intense 6 month regiment of chemotherapy, while drug-

resistant forms of Mtb require up to 30 months of treatment.
2
  The TB Alliance along with the 

WHO, envision a world where TB treatment regiments are only 5 to 7 days.
2
  Unfortunately, this 

reality is far in the future, and would require the international health community to start 

developing and improving TB treatment.  In relation to the TB vaccine, the current BCG vaccine 

is important to developing countries in reducing the number of cases of extra-pulmonary juvenile 

TB, but it is ineffective in adults, ineffective towards pulmonary TB, and not recommended for 

use in developed countries.
6
 

 The current problems with both the vaccine and chemotherapy regiments, highlight some 

of the divides that exist between TB in developed and developing countries.  Many developed 

countries, such as the United States, can easily treat drug-sensitive Tuberculosis due to the wide 

availability of advanced diagnostic and treatment methods.  However, drug-resistant TB is much 
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more prevalent in these countries, meaning that patients who acquire a TB infection in developed 

countries are usually put though one to two and a half years of chemotherapy.  Because it is 

difficult to follow a strict drug regiment for such an extended period of time, TB re-occurrence 

and mortality is unnecessarily high in developed countries.  The WHO reported that the 

treatment success rate for the USA in 2009 was down to only 60%, a number that is 

embarrassing for a country with plentiful medical resources.
4
 

 Contrary to developed countries, developing countries, especially those heavily burdened 

with TB, experience a prevalence of drug-sensitive TB.  In order to address the TB problem, the 

WHO developed the directly observed treatment, short-course (DOTS) mostly through the TB 

work of Kyle Styblo in Tanzania in 1986.
8
  In theory, DOTS is a very effective treatment 

program due to the fact that the core of the DOTS program is the administering of drugs directly 

to the patient every day of the chemotherapy regiment.  DOTS was also designed with the sole 

intention of treating drug-sensitive TB, making it more effective in developing countries.  In 

communities where MDR and XDR TB are not prevalent, DOTS has shown superior results.
3,7,9

 

However, the recent prevalence of MDR and XDR TB has caused the need for an improvement 

to the DOTS system.  In 1998, Paul Farmer, in conjunction with the WHO and the STOP TB 

Partnership, developed the first “DOTS-Plus” campaign to treat MDR TB in developing 

countries.
9
  Farmer sites several failures of DOTS, including a case in Peru where 258 patients 

failed to respond to DOTS, 55% of which were confirmed to have MDR TB.
9
  Additionally, it 

was recently established that all countries surveyed for TB have reported at least one case of 

MDR TB.
10

  DOTS-plus has been relatively successful, but its implementation has been limited 

due to the higher cost of drug-resistance pharmaceuticals.
9
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 Despite this, drug-sensitive TB is still a much more sizable problem in developing 

countries because of their inability to provide sufficient diagnosis and treatment.  Additionally, 

the population of developing countries are significantly more susceptible to experiencing 

complications such as HIV-TB, malnourishment, and malnutrition.  These conditions can cause 

the body to be immunosuppressed which lead to a latent TB infection becoming and active TB 

infection.  The higher prevalence of complications and the lack of access to health care, leads to 

a lethal combination that makes drug-sensitive TB mortality rates much higher in developing 

countries. 

 Dr. Paul Farmer wrote an editorial for The New England Journal of Medicine, in which 

he comments on the status of TB treatment, and international health care in general.
10

  He claims 

the overlying issue of infectious disease treatment is cost, and it is responsible for a growing 

“outcome gap”.
10

  His essential argument is that because diagnosis and treatment are expensive, 

it is impossible to promise results in a country with a lower per capita GDP that are equivalent to 

the results in a developed country.  Farmer ends the editorial with a call to health care officials 

and world leaders in saying:  “excellence without equity looms as the chief human-rights 

dilemma of health care in the 21
st
 century”.

10
 

Structural Study of Novel β-lactams Using Mass Spectrometry 

 Since the compounds produced by the Konaklieva lab showed antimicrobial properties 

towards β-lactamase producing strains of wild type Mtb, it was important to analyze their 

chemical reactivity, as well as develop a methodology for their target characterization.  Mass 

Spectrometry (MS) is an important tool in both structural identification and compound 

characterization.  MS methods were recently used by the Lee group in 2011 to perform a 

structural analysis of Penicillin G.
17

  Other groups have done MS analyses with various β-
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lactams and β-lactamse inhibitors, including tazobactam, cephalosporins, and clavulanic acid.
26-

28
 Additionally, there have been multiple groups working to establish methods of electrospray 

ionization (ESI) MS through the use of radical mechanisms and other common MS 

techniques.
11,12,15

  Bruker also published the use of MS techniques (specifically Matrix Assisted 

Laser Desorption Ionization – Time of Flight MS) to determine β-lactam resistance in various 

microbes.
25

 

General Synthesis of Novel β-lactam Compounds 
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Scheme 1.  The above scheme is the general synthesis for the novel β-lactams.  The R-groups on 

the arylthio correspond with those in Figure 2. 

 

Compounds Observed using ESI-MS 

Compound 

Number 

Structure Exact 

Weight 

(g/mol) 

Compound 

Number 

Structure Exact 

Weight 

(g/mol) 

1 
 

N

O

H
N

O

S
NO2

 

357.08 12 
 

N

O

H
N

O

S

H3CO

OCH3

 

372.11 

2 
 

N

O

H
N

O

S

 

312.09 13 
 

N

O

H
N

O

S

F

F

 

348.07 

3 
 

N

O

H
N

S

O

F

 

330.08 14 

N

O

H
N

S

O

F
F

F

F

F

 

402.05 

4 
 

N

O

H
N

S

O

O O

 

344.08 15 
 

N

O

H
N

S

O

F

F

 

362.09 



Moss – Capstone  10 

 

5 
 

NH

O

S

F

 

197.03 16 
. 

N

O

H
N

S

O

F

F

 

362.09 

6  

N

O

H
N

Se

O  

360.04 17 
 

N

O

S

F

F

H
N

O
F  

366.06 

7 
 

N

O

O

H
N

O

CF3

 

364.10 18 
 

N

O

S

F

F

H
N

O
O  

378.08 

8 
 

N

O

S

H
N

O

CF3

CF3

 

448.07 19 
 

N

O

S

H
N

O

F

F

 

362.09 

9 
 

N

O

S

H
N

O

CF3

 

380.08 20 
 

N

O

S

H
N

O

F

F

 

286.06 

10 
 

N

O

S

H
N

O

H3CO

 

342.41 21  

N

O

H
N

O  

204.09 

11 
 

N

O

S

H
N

O

OCH3

 

342.10 22 
 

NH

O

S

N
H

S

N

O

O

 
 

427.10 

Table 1.  The above table shows the structures of the compounds observed using ESI-MS, as well 

as the exact mass of each compound. 

 

 In this project we used ESI-MS, tandem MS, and ion trap MS to analyze the 

fragmentation patterns of a selection of the novel β-lactams (Table 1).  It is important to note 

that the C4-arylthio contained various R groups which imparted differing levels of electron 

donating and withdrawing properties on the molecule (Table 1).  Previous studies have shown 

that compounds with similar structures to these novel β-lactams are known to observe 
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fragmentation within the β-lactam moiety with a break in both the N1-C2 bond and the C3-C4 

bond under enzymatic conditions
13, 25, 32

 (Scheme 3).  The β-lactam ring has been shown to 

hydrolyze in a similar reaction when the compounds are put in strong basic conditions
13

 (Scheme 

2). 

Reaction of β-lactam with –OH 

 

NH
O

S

+ OH S NH2

O

O
+

 
 

Scheme 2.  The above scheme shows the reaction whereby the β-lactam ring is hydrolyzed by –

OH and the arylthio is released. 

 

Previously Observed Fragmentation Mechanism of Penicillin 

 

 
 

Scheme 3. The above mechanism shows the various fragmentations observed by ESI-MS of 

penicillin.  The dotted lines through the bonds in the first structure show the places of major 

fragmentation.
13

 

 

 Because of this previously observed fragmentation, it was expected that a similar 

mechanism of fragmentation within the MS would be observed.  Hard ionization techniques were 

initially used in this experiment and quickly dismissed due to the ease of fragmentation these β-

lactams experience under harsh conditions.  Soft ionization was therefore determined to be the 

best method for observing fragmentation patterns within the Mass Spectrometer.  When the 
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compounds were observed with ESI-MS, the major fragmentation for most of the compounds 

created a strong peak at 177.0 m/z, which correlates directly with a split in the β-lactam moiety 

between the N1-C4 bond and the C2-C3 bond.  This observed fragmentation pattern gave us 

interesting insights into the structure of our compounds and how they react in high energy 

conditions. 

Enzymatic Study of Novel β-lactams with Penicillinase 

 Of the many mechanisms drug-resistant microbes use, one of the most common is the use 

of β-lactamase, an enzyme responsible for deactivating β-lactam compounds.  The mechanism, 

as stated earlier, is effective against many common β-lactam drugs including penicillin and 

cephalosporin.
13, 25

  The interactions that β-lactamases exhibit with various β-lactam antibiotics 

has been studied extensively through various enzyme studies.
19-24

  Most of these studies focus on 

antibiotics with similar structures to penicillin, and these compounds are already known to 

interact with β-lactamases.
21, 23, 24

  These studies also established the fact that the charged 

carboxylic acid group found on many common β-lactam antibiotics, including penicillin, is 

particularly important for its binding with β-lactamases. 

 Our novel β-lactams exhibit no charged moiety similar to that of penicillin, and it was 

therefore predicted that our compounds would not interact with beta-lactamase.  This prediction 

was additionally based on previous MIC studies that showed good to excellent MIC values in 

relation to studies with β-lactamase producing Mtb, and multiple β-lactamase producing (n=8) 

Moraxella catarrhalis.  In these studies, very little difference was observed in MIC values when 

clavulanic acid was introduced into the cells versus when it was not (Appendix A).  Our 

compounds were observed interacting with penicillinase which is a class A non-metallic β-

lactamase by the use of UV-Vis spectrometry, and no direct interaction was observed. 



Moss – Capstone  13 

 

Materials and Methods 

Equipment and Materials 

All reactions were carried out at room temperature under normal atmospheric pressure. 

All common reagents and solvents were obtained from commercial suppliers and used without 

any further purification. Reactions were monitored by thin layer chromatography (TLC) using 

glass-backed analytical TLC plates coated with silica G with UV254 indicator (Sorbent 

Technologies Silica G TLC plates); the chromatograms were visualized under ultraviolet light 

and/or by staining with iodine silica chamber. Flash column chromatography was carried out on 

Combi flash chromatography silica gel (40 lm) or on AC- ROS aluminum oxide, activated, 

neutral (50–200 micron). Unless otherwise noted, the compounds were detected under UV light 

and iodine vapors. 

 Product purity was determined chromatographically and spectroscopically, unless 

otherwise noted. NMR spectra (25°C) were obtained at 400 MHz for proton NMR spectra and 

125 MHz for carbon-13 NMR, and were recorded with the use of an internal deuterium lock at 

ambient temperature with a Bruker 400 spectrometer (Billerica, MA) in CDCl3, unless otherwise 

noted. IR spectra were obtained as a thin film on NaCl plates and in solid form (KBr standard) 

on a Shimadzu FT-IR-8300 (Columbia, MD). Elemental analyses were performed by Atlantic 

Microlab, Inc., Norcross, GA. Product names were electronically generated used ChemDraw 

version 12 software. 

 All data obtained from Mass Spectrometry studies were done in the 3200-Q-trap ESI-MS 

from Applied Biosystems.  The formula for acidified methanol was acquired from the staff at 

Applied Biosystems.  All UV-Vis spectrometry experiments were done with the Shimadzu-1800 

UV-Vis. The penicillinase enzyme was purchased as a purified (98%) and dried sample from 
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Sigma-Aldrich.  Additionally, all MIC tests were performed at NIH-NIAID in the TBRS 

research laboratory. 

General Synthesis of β-lactams Containing Substituted Thiophenols 

The synthetic procedure used, was adopted from Grimme et. Al.
30

 and Wasserman et. 

al.
18

  To a solution of 4-acetoxy-2-azetidinone (1 g, 8 mmol) in a 3:2 mixture acetone:water (50 

mL) were added 1.05 mol eq. of the corresponding substituted thiophenol.  4 mol eq. of sodium 

bicarbonate were added and the mixture was stirred vigorously for 12h in a closed round bottom 

flask. Sodium chloride was added to the solution and the mixture was filtered out and extracted 

with ethyl acetate. The combined organic layers were dried over magnesium sulfate and 

concentrated under vacuum. The crude material was purified by flash chromatography or 

recrystallized from ethyl acetate/hexanes to give white crystals for all five products in 

quantitative yield. 

General Synthesis of N-Carbamoylazetidin-2-one Derivatives 

The synthetic procedure was adopted from Mulchande et al.
31

  To a solution of the 

appropriate azetidin-2-one (1.7g, 5.4mmol) in dichloromethane (5 mL) was added to1.2mol eq. 

of triethylamine and 1.2 mol eq. of benzyl isocyanate. The reaction was stirred at room 

temperature and monitored by TLC. After completion of the reaction, the solution was 

evaporated under reduced pressure. 

Mass Spectrometry Analysis of Compounds 

ESI-MS, tandem MS, and ion-trap MS methods were used on all compounds tested.  All 

samples were run at 10 μM using an [M+H]
+
 method of analysis in three separate trials.  The 

solvent system for all compounds was acidified methanol (4.0 mM ammonium formate, 27 mM 

formic acid).  The solutions were optimized for declustering potential and entrance potential.  
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Analysis of compounds was done by calculating the relative intensities of the peaks as compared 

to the base peak of the spectra. 

Observation of Difluoroarylthio (13) Interaction with Sodium Hydroxide 

Compound 13 was diluted to 1.0 mM in DMSO.  3.0 mL of solution was placed in a 

quartz cuvette and a full range UV-Vis spectra was taken (800-200nm with 1.0 nm intervals).  

An initial peak was observed at λ=256nm.  A 0.1 M solution of NaOH was then added dropwise.  

After each drop was added, the solution was mixed, allowed to incubate for 5 minutes, and then a 

full UV-Vis specta was observed.  The products of the reaction with NaOH showed a rising peak 

at λ=345nm. 

Reaction of Difluoroarylthio (13) with Penicillinase 

Penicillinase was prepared at a 2.2μM concentration in 100 mM sodium phosphate 

buffer.  A full range UV-Vis spectra was taken of 2.950 mL of the Penicillinase solution.  

Following this, 50 μL of the 1.0 mM DL02 in DMSO was added with full range spectra taken at 

5 minute intervals. 
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Data 

C4-arylthiol (w/ difluorobenzene) and N1-phenylethylurea 

 
Spectrum 1. Above is the Spectra for the ESI-MS 2-(2,4-Difluoro-phenylsulfanyl)-4-oxo-

azetidine-1-carboxylic acid benzylamide (13). The peak shown in red represents the 

fragmentation of the part of the compound drawn in red. 

 

C4-arylthiol (w/ di-trifluoromethyl-benzene) and N1-phenylethylurea 

 
Spectrum 2. Above is the Spectra for the ESI-MS of the 2-(3,4-Bis-trifluoromethyl-

phenylsulfanyl)-4-oxo-azetidine-1-carboxylic acid benzylamide compound (8). The peak shown 

in red represents the fragmentation of the part of the compound drawn in red. 
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C4-arylthiol (w/ sulfone) and N1-phenylethylurea 

 
Spectrum 3. Above is the Spectra for the ESI-MS of 2-Benzenesulfonyl-4-oxo-azetidine-1-

carboxylic acid benzylamide (4). The peak shown in red represents the fragmentation of the part 

of the compound drawn in red. 
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Table of Data From Fragmentation Experiments with Mass Spectrometer 

Compound 

number 

[M+H]
+ 

Important 

Fragmentation 

[M+H2O]
+
 [M+Na]

+
 

1 358.0 (91) 177.0 (100) 

182.2 (4) 

375.0 (51) 380.2 (14) 

2 313.0 (100) 177.1 (97) 

137.0 (40) 

330.2 (26) 335.4 (26) 

3 331.1 (100) 177.1 (71) 

154.8 (24) 

348.2 (65) 352.9 (12) 

4 345.5 (100) 177.1 (3) 

168.2 (6) 

212.2 (76) 

362.3 (92) 367.2 (55) 

5 197.8 (100) 154.8 (24) 

128.5 (22) 

- - 

6 361.0 (100) 177.0 (86) 

185.1 (12) 

377.9 (26) 383.3 (6) 

7 365.1 (100) 177.0 (60) 

189.1 (0) 

382.0 (53) 387.1 (21) 

8 449.2 (89) 177.0 (100) 

273.2 (0) 

466.3 (57) 471.1 (20) 

9 381.3 (81) 177.1 (100) 

205.3 (9) 

398.4 (50) 403.4 (35) 

10 343.0 (100) 177.1 (18) 

166.9 (80) 

360.0 (19) 365.2 (11) 

11 343.3 (100) 177.1 (49) 

166.9 (58) 

360.2 (37) 365.0 (15) 

12 373.3 (98) 177.0 (15) 

197.1 (100) 

390.4 (20) 395.1 (33) 

13 348.9 (100) 177.0 (100) 

172.9 (11) 

366.3 (36) 370.9 (16) 

14 403.1 (100) 177.1 (24) 

227.1 (3) 

420.2 (66) 425.2 (21) 

15 363.2 (100)  380.2 (52) 385.3 (14) 

16 363.2 (100)  380.2 (67) 385.0 (10) 

17 367.2 (100) 195.1 (43) 

173.2 (7) 

383.9 (17) 389.0 (17) 

18 379.2 (100) 207.2 (8) 395.9 (44) 401.0 (11) 

19 363.0 (100)  380.2 (60) - 

20 287.0 (100) 114.6 (82) 

172.9 (23) 

304.0 (48) 309.1 (12) 

21 205.1 (37) 148.2 (8) 

77.6 (48) 

222.1 (100) 226.9 (8) 

22 428.1 (100)  - 450.1 (13) 

Table 2. Positive ESI-MS data for -lactams 1 - 22 (in acidified Methanol).  Numbers in the 

parenthesis show the peak ratios, 100 being the base peak in the spectrum.  In “Major Splits” 

column, the two fragments are produced from breaking the N1 – C-4 bond on the lactam ring 

and the C-2 – C-3 bond on the ring. 
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UV-Vis Spectra of a Difluoroarylthio β-lactam (13) Reaction with NaOH 

 
Figure 3: Above is the UV-Vis spectra of 2-(2,4-Difluoro-phenylsulfanyl)-4-oxo-azetidine-1-

carboxylic acid benzylamide (13) after being reacted with NaOH.  The mixture was incubated 

for 5 minutes after each drop of NaOH was added and the rise in peak height was most 

prominent at λ=345nm. 

 

UV-Vis Spectra of a Difluorothiol β-lactam (13) Incubated with Penicillinase 

 
Figure 4:  Above is the UV-Vis spectra of 2-(2,4-Difluoro-phenylsulfanyl)-4-oxo-azetidine-1-

carboxylic acid benzylamide (13) while interacting with penicillinase.  The compound and 

enzyme were incubated for 20 minutes with spectra taken at 5 minute intervals. 
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Results and Discussion 

Analysis of Data from Mass Spectrometry 

 The most prominently observed fragmentation pattern in the positive ESI-MS data, was a 

break in the bonds of the β-lactam moiety between the N1-C4 bond and the C2-C3 bonds.  With 

the addition of the carbamyl group to the N1 nitrogen that was derived from benzyl isocyanate, 

this fragmentation was observed with a peak at 177.0 m/z which corresponds to an exact mass of 

176.0 Da.  Additionally, a peak was observed that corresponded to the substituted arylthio 

attached to the C4 and C3 carbons of the β-lactam ring.  Because of this, a mechanism was 

proposed that involved a nucleophilic attack of the electrons of the sulfur on the electrophilic C3 

of the β-lactam ring (Scheme 4).  This fragmentation pattern differs significantly from 

previously observed patterns of β-lactam structures such as penicillin as published by Cuirong et. 

al. (Scheme 3) which exhibit a [2+2] cycloreversion cleavage.
32

 

Mechanism of Fragmentation Observed by Novel β-lactams 

 
 

Scheme 4. The above mechanism shows the proposed reason for the fragmentation patterns 

observed in the ESI-MS.  The major site of fragmentation and β-lactam ring opening is between 

the N1-C4 and C2-C3 bonds in the β-lactam moiety. 

 

 The proposed mechanism was further investigated by the synthesis of an arylthio sulfone 

which has a fully oxidized sulfur and no available electrons, and subsequently lacks the 

nucleophilic properties of the reduced sulfur.  The resulting spectra showed a minimal 

fragmentation peak at 177.0 m/z, having only a 3% intensity in relation to the base peak (Table 

2).  The major fragmentation peak for the sulfone spectra was observed at 212.0 m/z, a peak 



Moss – Capstone  21 

 

which corresponds with the mass of the full β-lactam ring attached to the sulfone arylthio 

substituent.  This is an important result because it shows that when the sulfur is deactivated, the 

main fragmentation pattern ceases to exist, meaning that the sulfur plays an integral role in the 

N1-C4/C2-C3 fragmentation.  Interestingly, the sulfone also raises the MIC of the compounds 

making them significantly less effective against Mtb (Appendix A). 

 Within the library of compounds, the most prominently observed difference between 

fragmentation patterns was based on whether the substituent on the arylthio was electron 

withdrawing or electron donating.  The prominent electron withdrawing groups included the 

trifluoromethyls, the fluorines, and the nitrates.  The molecules containing these groups on the 

arylthiol tended to exhibit a peak of higher intensity at 177.0 m/z, and in most cases, the 177.0 

m/z peak was the base peak of the spectrum (1, 8, 9, 13).  The trifluoromethyls compounds were 

considered to have the most electron withdrawing capability, and were carefully observed due to 

the fact that the –CF3 unisubstituted arylthio also shows a peak at 177.0 m/z.  However, since 

both the unisubstituted and disubstituted compounds exhibited a base peak at 177.0 m/z, their 

presence was considered significant. 

 The arylthio groups that contained the electron donating substituents, particularly the 

methoxy compounds, exhibited much smaller 177.0 m/z peaks ranging from 18% to 49% of the 

base peak (10-12).  Additionally, these compounds all exhibited the molecular ion peak as either 

a very intense peak or as the base peak of the spectra.  It is important to note that the compounds 

with electron donating substituents had considerably higher MIC values then those with electron 

withdrawing substituents.  It was predicted that the electron withdrawing capabilities activate the 

compound in a variety of different settings from intracellular interactions to high energy 

fragmentation in the MS. 
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 Other important observations from the ESI-MS data include the fact that the replacement 

of the sulfur on the arylthio with other heteroatoms such as oxygen (7) and selenium (6) still 

produced a peak at 177.0 m/z.  However, in both cases the intensity of the peak decreased, and 

the molecular ion peak became the base peak of the spectra.  Additionally, the compounds 

containing oxygen instead of sulfur had very high MIC values and were not good antimicrobials, 

while those containing selenium produced similar MIC values to those of the sulfur compounds 

(values not reported). 

 A variety of compounds were also tested that had different attachments to the N1 of the 

β-lactam moiety.  The different carbamyl attachments exhibited a wide range of fragmentation 

patterns from no peak representing the normal fragmentation, to some with N1-C4/C2-C3 

fragmentation at 82% of the base peak (20).  Due to a small sample size within differing 

substituents at N1, it was difficult to draw any concrete conclusions from the data. 

Analysis from UV-Vis study with Penicillinase 

 As can be seen by Figure 3, When our compounds, particularly the difluoroarylthio (13), 

were exposed to hydroxide as previously described,
13

 the β-lactam ring hydrolyzed, and there 

was an emerging absorption at λ=345nm.  Since this reaction is similar to the reaction of β-

lactam with penicillinase, and no peak was observed in the UV-Vis spectra taken of the reaction 

with penicillinase at λ=345nm (Figure 4) it can be inferred that no interaction took place 

between the compound and the enzyme.  Since these novel β-lactams contain no charged regions 

similar to the carboxylic acid of penicillin, it was expected that they would have no interaction 

with β-lactamases as was observed.  Additionally, the MIC values of our compounds did not 

change with the introduction of clavulanic acid into the MIC experiments.  This further shows 

that we received the expected result of β-lactamase not interacting with our compounds. 
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Conclusions and Future Experiments 

 An important step in the battle against antibiotic resistant microbes is finding compounds 

that are both effective antimicrobials, and have the ability to circumvent resistance mechanisms.  

The compounds in this study showed promise in both of these aspects due to the fact that they 

had good to excellent antimicrobial properties, and that they were not hydrolyzed by β-

lactamase, the main cause of β-lactam antibiotic resistance in various microbes such as Mtb.  It is 

important to continue with the synthesis of these compounds.  In relation to MIC and ESI-MS 

data, it was established that there were four critical moieties on these compounds that enhance 

antimicrobial activity.  Three of these are the β-lactam moiety, the sulfur between the C4 on the 

β-lactam ring and the aryl group, and the electron-withdrawing substituents on the arylthio 

group.  The fourth is the carbamyl attachment to the N1 of the β-lactam ring, which appears to be 

necessary when no electron-withdrawing groups are present at the arylthio substituent at the C4.  

Without any of these substituents, there is a very apparent decrease in antimicrobial activity. 

 Future research will take two different paths.  First, there will be a continued endeavor to 

synthesize compounds with lower MIC values through differing syntheses related to chirality and 

differing substitution.  Second, there will be an effort to identify how these compounds are 

interacting within the cell.  A method needs to be developed to identify what organelle or 

enzyme these compounds effect within their target microbes.  With this research, a more directed 

synthesis can be established to focus on the most active moieties of both the compound and what 

the compound is targeting. 
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Appendix A – MIC Values of Compounds 
   

R1b # R2 

M.cat.a 

MIC/MBC  

μg/ml 

Mtb w/out  and 

with/clav. 

μg/ml 

# R2 

M.cat. 

MIC/MBC 

μg/ml 

Mtb w/out  and 

with/clav. 

μg/ml  

 
2 

H 

 

>200 

25/25 

 

30 

 

12.5/12.5 6.25/6.25 

 

3 

H 

 

200 25 

31 

 

25/50 3.125/3.125 

 

4 

H 

 

>200 100/25 

32 

 

25/100 NT 

 
5 

H 

 

>200 >100/25 

33 

 

25/25 6.25/6.25 

 

6 

H 

 

1.5/3.1 3.125/3.125 

34 

 

1.625/1.625 100/12.5 

 

7 

H 

 

50/50 50/25 

35 

 

12.5/25 6.25/6.25 

 

8 

H 

 

1.5/1.5 >100 36 

 

3.1/6.25 >100 

 

9  12.5/50 NT yet 37 

 
12.5/25 NT yet 

 

10  12.5/25 Nt yet 38 

 
6.25/6.25 Nt yet 

 

11  6.25/6.25 Nt yet 39 

 
3.13/6.25 Nt yet 

 
12 

H 

 

6.25/12.5 25/25 40 

 

3.125/25 25/25 
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13 

H 

 

1.5/1.5 ≥100 41 

 

25/25 125 

 

14 

H 

 

200 6.25/12.5 42 

 

3.125/6.25 25/6.25 

 
15 

H 

 

100/100 12.5/6.25 43 

 

 

1.625/12.5 12.5/6.25 

 

16 

H 

 

12.5/100 >100 44 

 

 

6.25/6.25 6.25/25 

 

17 H 100/>200 

 

 

250/>250 

45 

 

200/200 125-250 

 

18 H 100/>200 >100 46 

 

200/200 100 

 
19 

H 

 

200/>200 100 47 

 

200/200 125 

 

20 

H 

 

100/>200 250 48 

 

100/200 50 

 

21 

H 

 

200/200 250 49 

 

200/>200 250 

 

22 

H 

 

25/100 6.25/12.5 50 

 

50/100 6.25/6.25 

 
23 

H 

 

100/100 >100 51 

 

NE >100 

 

24 

H 

 

100/>200 >250 52 

 

200/>200 >100 
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25 H 

 

50/50 25 53 

 

6.25/6.25 

NT- MTb is likely to 

respond to NO2, not 

tested 

 

26 H 

 

200/200 250 54 

 

50/>200 NT yet 

 

27 
H 6.25/6.25 25 55 

 

12.5/12.5 25 

H 

28 

H NT NT 56 

 

NT/ 

chemically 

unstable 

>100 

 

29 

H >200 >200 57 

 

NT/ 

chemically 

unstable 

NT/ chemically 

unstable 

 

2 
H >200 25/25 58 

 
100/100 45 

S

O O

 

 
H >250 >250  

 

>250 >250 

 

Table 1. Antimicrobial activity of C4-arylthio- and C4-aryloxy-, N1-carbamylated β-lactams against Mtb 

and M.cat (n=6). 
a
The values for M. cat are the results from the six isolates tested. 

b
All compounds are tested as racemates. 
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