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Abstract 

The widespread emergence of bacterial resistance to β-lactam antibiotics, driven 

primarily by serine β-lactamases (SBLs), continues to threaten the clinical utility of 

this cornerstone class of antibacterial agents. Although β-lactamase inhibitors such as 

sulbactam and tazobactam have historically restored the activity of partner antibiotics, 

their effectiveness has been eroded by the proliferation of inhibitor-resistant enzymes, 

particularly class C (AmpC) and class D (OXA) β-lactamases. Consequently, there 

remains a pressing need for new inhibitor scaffolds that combine potent enzyme 

inhibition with improved chemical stability and tunable physicochemical properties. 

 

This thesis explores sulfoximine substitution on the penam scaffold as a strategy to 

expand the chemical and biological properties of β-lactamase inhibitors. Sulfoximines 

offer distinct advantages over classical sulfones, including stereochemical control, 

dual hydrogen-bond donor/acceptor capability, and enhanced opportunities for 

structural diversification. Leveraging recent advances in nitrene-transfer chemistry, 

robust and stereocontrolled synthetic routes to penam-sulfoximines were developed 

from sulbactam-derived sulfoxides. Both (S)- and (R)-configured penam sulfoximines 

were prepared, including synthetically challenging NH-sulfoximines that closely 

mimic the parent sulbactam framework. Single-crystal X-ray diffraction confirmed 

stereochemical integrity and structural assignments. 

 

The scope and limitations of sulfoximine N-functionalization were systematically 

investigated, enabling access to amide, urea, and N-aryl derivatives while revealing 

intrinsic stability constraints of the penam core under basic or reductive conditions. 

These studies establish a versatile synthetic platform for the generation of structurally 

diverse penam-sulfoximines suitable for biological evaluation. 

 

Biochemical and microbiological studies demonstrated that penam-sulfoximines are 

potent inhibitors of clinically relevant SBLs, including AmpC and OXA-type 

enzymes. A free NH penam-sulfoximine displayed particularly strong enzyme 

inhibition and measurable antibacterial activity against Acinetobacter baumannii, 

supported by enzyme inhibition assays, protein-binding studies, antimicrobial 

susceptibility testing, and structural characterization of enzyme–inhibitor complexes. 

However, many substituted sulfoximines exhibited reduced stability under 

physiological conditions, highlighting a trade-off between potency and chemical 

robustness. 

 

Overall, this work establishes penam-sulfoximines as a chemically accessible and 

biologically active class of β-lactamase inhibitors, delineates key structure–stability–

activity relationships, and provides a foundation for the future design of sulfoximine-

based agents targeting resistant Gram-negative pathogens. 
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1.1 Penicillin and other β-lactam antibiotics  

The discovery of penicillin marked the beginning of the modern antibiotic era which 

revolutionized medicine. In 1928, Alexander Fleming observed the antibacterial 

activity produced by Penicillium notatum, noting the fungus’ ability to inhibit the 

growth of Staphylococcus aureus colonies on agar plates.1 It was not until the early 

1940s however, that Howard Florey, Ernst Chain, and colleagues succeeded in 

partially purifying and producing “penicillin” on a scale sufficient for pioneering 

therapeutic use. Subsequent work lead to purified penicillin G, which played a pivotal 

role  in combatting disease during World War II.2, 3 This breakthrough ushered in the 

“golden age” of antibiotics, leading to the development of a broad class of structurally 

related antibiotics containing a β-lactam ring – including penicillins (1), 

cephalosporins (2) , carbapenems (3), and monobactams (4) – that have remained a 

cornerstone of antibacterial chemotherapy for more than eight decades (Figure 1.1-

1).4 

 

 

Figure 1.1-1. Structures of β-lactam antibiotics and the PBP natural substrate (D-Ala-D-Ala). 

 

A conserved structural feature of all β-lactam antibiotics vital for antibacterial activity 

is the presence of a strained β-lactam ring, which acts as a structural mimic and 

competitor of the D-Ala-D-Ala terminus of peptidoglycan precursors.5 β-lactam 

antibiotics inhibit bacterial cell wall biosynthesis via covalently acylating the 

nucleophilic active site serine of penicillin-binding proteins (PBPs) – a class of 

transpeptidases responsible for cross-linking the bacterial cell wall peptidoglycan 
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mesh.5, 6 This covalent acyl-enzyme complex blocks transpeptidation, halting 

peptidoglycan cross-linking and leading to weakened cell wall integrity. The resulting 

defects render bacteria susceptible to osmotic lysis, explaining the potent bactericidal 

effect of β-lactam antibiotics.7 

The extraordinary clinical success of β-lactam antibiotics is not only due to their broad-

spectrum efficacy, but also to their relatively low toxicity in humans, as mammalian 

cells lack peptidoglycan cell walls. Nevertheless, the widespread use of these agents 

has been accompanied by the emergence of bacterial resistance, particularly through 

the production of β-lactamases and altered PBPs – a challenge that has shaped 

antibiotic development from the mid-20th century to the present day.4 

 

1.2 β-Lactamase mediated resistance  

Just one year after the therapeutic potential of penicillin was demonstrated in 1940, 

Abraham and Chain described an enzyme produced by Escherichia coli capable of 

hydrolyzing penicillin – the first β-lactamase to be reported.8 Abraham and Chain’s 

discovery foreshadowed the central challenge of β-lactam therapy: the continual 

emergence and spread of β-lactamases alongside each new generation of antibiotics – 

a challenge that has shaped antibiotic development from the mid-20th century to the 

present day. β-Lactamases have now become the most widespread and clinically 

significant mechanism of resistance to β-lactam drugs, with genes encoding these 

enzymes rapidly spreading among pathogenic bacteria.9, 10 

β-Lactamases are divided into four Ambler classes (A–D) based on amino acid 

sequence homology and structural features.11, 12  Ambler classes A, C, and D are serine 

β-lactamases (SBLs), which utilize a catalytic serine residue to react with the β-lactam 

ring giving a covalent acyl-enzyme intermediate, whereas class B β-lactamases 
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comprises the metallo-β-lactamases (MBLs) that rely on one or, more commonly, two 

Zn(II) ions to activate water for hydrolysis of the β-lactam ring (Figure 1.2-1).13, 14 

 

Figure 1.2-1. Outline mechanism of a) SBLs13 and b) MBLs14 with penicillin antibiotics.  

 

The class A enzymes are among the most clinically prevalent β-lactamases (e.g., TEM, 

SHV, and CTX-M), which have evolved from once narrow-spectrum penicillinases 

into extended-spectrum β-lactamases (ESBLs) capable of hydrolyzing third-

generation cephalosporins.15 Many ESBLs are plasmid-encoded, facilitating rapid 

dissemination across Enterobacteriaceae. A particularly concerning subset of class A 

enzymes is the KPC (Klebsiella pneumoniae carbapenemase) subfamily, which 

efficiently hydrolyzes carbapenems, long considered last-resort antibiotics.16 

Importantly, many class A β-lactamases can be inhibited by clinically established 

mechanism-based inhibitors such as clavulanic acid, sulbactam, or newer 

diazabicyclooctane based β-lactamase inhibitors (i.e., avibactam), although resistance 

to all of these due to inhibitor-resistant variants is increasingly reported.9 

The Class B β-lactamases, the MBLs, are mechanistically distinct in that they 

coordinate one or two Zn²⁺ ions in their active site.17  These metal cofactors activate a 
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water molecule to directly attack the β-lactam carbonyl, bypassing the need for a 

covalent acyl-enzyme intermediate.18 The MBLs are subdivided into the B1-3 groups, 

of which the B1 MBLs are most clinically important. B1 MBLs include the IMP, VIM, 

and NDM β-lactamases, which confer resistance to nearly all β-lactams, including 

carbapenems, though monobactams such as aztreonam are typically unreactive.17 

Unlike the SBLs, MBLs are not inhibited by classical β-lactamase inhibitors, meaning 

treatment options for infections caused by bacteria producing them are severely 

restricted. The global spread of NDM-producing Enterobacteriaceae illustrates the 

critical public health threat posed by β-lactamases.17, 18 

The class C SBLs, sometimes known as AmpC β-lactamases, are typically encoded on 

the chromosome of many Gram-negative bacteria such as Enterobacter, Citrobacter, 

and Pseudomonas species, where they confer resistance to penicillins and 

cephalosporins.12, 19 AmpC β-lactamases gene expression is often inducible by β-

lactam exposure through regulatory pathways involving ampR, but can become 

constitutive via mutations, leading to high-level resistance.20, 21 In recent decades, 

plasmid-borne AmpC variants such as CMY, DHA, and FOX have been identified, 

accelerating their spread among E. coli and K. pneumoniae.22, 23  

The class D β-lactamases, or oxacillinases (OXAs), were initially identified for their 

ability to hydrolyze isoxazolyl penicillins such as oxacillin and cloxacillin.24, 25 This 

class is highly diverse, with over 800 variants being reported, including enzymes with 

clinically important carbapenemase activity.26, 27 Among these, OXA-48-like enzymes 

have disseminated widely in Enterobacteriaceae, while OXA-23, OXA-24/40, and 

OXA-58 are associated with carbapenem resistance in Acinetobacter baumannii.28, 29 

Many OXA enzymes hydrolyze carbapenems poorly, but their clinical relevance is 

amplified by high-level expression or synergistic resistance mechanisms such as porin 
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loss and efflux pump activity.26, 30 As with AmpC β-lactamases, most OXA β-

lactamases are poorly inhibited by classical β-lactamase inhibitors, and even avibactam 

demonstrates limited efficacy against certain OXA-variants.24 

 

1.3 β-Lactamase inhibitors 

In response to the threat that β-lactamases pose to the clinical utility of β-lactam 

antibiotics, inhibitors to them have been developed to restore the activity of companion 

antibiotics against resistant pathogens (Figure 1.3-1).8, 9 

 

Figure 1.3-1. Structures of clinically approved β-lactamase inhibitors.  

 

1.3.1 Clavulanic acid 

The emergence of plasmid-encoded β-lactamases in the 1960s and 1970s rapidly 

undermined the efficacy of penicillins, prompting efforts to identify agents capable of 

restoring their activity.31 The discovery of the first clinically useful β-lactamase 

inhibitor, clavulanic acid, was reported in 1976, following its purification from the 

fermentation broth of Streptomyces clavuligerus.31 Structurally, clavulanic acid 

contains a β-lactam ring but exhibits minimal intrinsic antibacterial activity; instead, it 

functions as a mechanism-based covalent inhibitor of many class A SBLs.32 Upon 

binding to the β-lactamase’s nucleophilic active-site serine, clavulanic acid undergoes 
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a ring opening and series of tautomerizations that result in an acid-promoted 

fragmentation, causing inactivation of the enzyme (Figure 1.3-2).33 

 

Figure 1.3-2. Outline mechanism for reaction of clavulanic acid (5) with SBLs.33  

 

Clavulanic acid entered clinical use in the early 1980s in fixed-dose combinations with 

broad-spectrum penicillins. The most widely used formulation, amoxicillin–

clavulanate (Augmentin), was introduced in 1981 and remains a frontline therapy for 

community-acquired infections such as respiratory tract infections, urinary tract 

infections, and skin and soft tissue infections.34, 35 Clavulanic acid containing 

combinations include ticarcillin-clavulanate, which was used for severe hospital-

acquired infections, though the ticarcillin-clavulanate combination has been largely 

supplanted by newer agents.36 Despite the introduction of more modern inhibitors, 

amoxicillin-clavulanate is increasingly used and remains one of the most frequently 

prescribed antibiotics globally, underscoring the enduring clinical relevance.4 

Clavulanic acid is not universally effective, and exhibits strong potency against many 

class A SBLs, including TEM-1, SHV-1, and related penicillinases. However, 

resistance to clavulanic acid has emerged in the form of inhibitor-resistant TEM (IRT) 

and SHV variants, as well as CTX-M ESBLs, which are variably inhibited.9, 15 In 
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contrast, class C (AmpC) and class D (OXA) enzymes generally display poor 

inhibition by clavulanic acid, and class B MBLs are completely unaffected by 

clavulanic acid due to their distinct Zn²⁺-dependent mechanism.19, 26 

Thus, clavulanic acid remains a cornerstone β-lactamase inhibitor in clinical use nearly 

five decades after its discovery. Limitations against AmpCs, OXAs, and MBLs have 

driven the development of new generations of inhibitors such as sulbactam, 

tazobactam, and non-β-lactam scaffolds like diazabicyclooctanes (DBOs).4 

 

1.3.2 Sulbactam 

Following the discovery and clinical success of clavulanic acid, attention turned to 

developing additional mechanism-based serine β-lactamase (SBL) inhibitors with 

improved pharmacological properties. Sulbactam (6), a semi-synthetic penicillanic 

acid sulfone, was introduced in the early 1980s as the second clinically approved SBL 

inhibitor.37, 38 Like clavulanic acid, sulbactam lacks significant intrinsic activity against 

most, but not all, bacteria, and similarly acts as a covalent inhibitor of many class A 

SBLs. As for clavulanic acid, the penam sulfone SBL inhibition mechanism involves 

acylation of the active-site serine residue followed by ring-opening, tautomerization, 

and acid-promoted fragmentation to a stable, covalently modified enzyme that is 

catalytically inactivated (Figure 1.3-3).39  
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Figure 1.3-3. Outline mechanism for the reaction of penam sulfones with SBLs.39  

 

Sulbactam has been widely deployed in fixed-dose combinations with broad-spectrum 

penicillins. The most notable formulation is ampicillin-sulbactam (Unasyn), first 

approved in 1987, which remains in use for a broad range of infections including intra-

abdominal, skin and soft tissue, gynecological, and respiratory tract infections.40, 41 

Another early combination, cefoperazone–sulbactam has found particular utility in 

Asia and parts of Europe, especially for infections caused by Gram-negative 

Nosocomial bacilli.42 These combinations were developed to counter the increasing 

prevalence of plasmid-encoded class A β-lactamases in Enterobacteriaceae and 

Haemophilus influenzae that rendered penicillins and some cephalosporins 

ineffective.22 

Like clavulanic acid, sulbactam’s spectrum of inhibition is confined to class A SBLs; 

it has activity against TEM, SHV, and some CTX-M SBLs. However, many inhibitor-

resistant TEM (IRT) variants, ESBLs, and carbapenemases are poorly inhibited by 

sulbactam.4, 15 Sulbactam is also largely ineffective against class C (AmpC) SBLs, 

class D oxacillinases, and class B MBLs, highlighting the limitations of early SBL 

inhibitors and the clinical need that later drove the development of tazobactam and 
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non-β-lactam inhibitors.19, 26 Despite these limitations, sulbactam remains clinically 

used today, particularly in ampicillin–sulbactam formulations. 

 

1.3.3 Tazobactam 

The limitations of clavulanic acid and sulbactam against plasmid-encoded SBLs 

spurred the development of tazobactam (7), a second-generation penicillanic acid 

sulfone inhibitor distinguished by a 1,2,3-triazol-1-yl substituent at the C3 position of 

the penam nucleus (Figure 1.3-1).43 This heteroaryl group enhances inhibitory potency 

compared with sulbactam, particularly against TEM and SHV SBLs, by stabilizing the 

acyl–enzyme complex.9, 10 Mechanistically, tazobactam resembles sulbactam and 

clavulanic acid in acting as a mechanism-based inhibitor: the β-lactam ring undergoes 

irreversible acylation of the active-site serine, leading to enzyme inactivation (Figure 

1.3-3).39    

Clinically, tazobactam was approved for use the late 1980s and is most widely used in 

combination with piperacillin (Zosyn, introduced in 1993), which quickly became a 

cornerstone of hospital therapy.44 This fixed-dose formulation offers broad-spectrum 

coverage against Gram-negative and Gram-positive pathogens and remains a first-line 

option for serious nosocomial infections, including intra-abdominal infections, 

pneumonia, urinary tract infections, and febrile neutropenia.45 Other combinations, 

such as cefepime–tazobactam, have been investigated but have not gained comparable 

clinical adoption.46 

Despite these advances, tazobactam has limitations: although it is active against many 

class A SBLs, including TEM and SHV, tazobactam shows reduced activity against 

CTX-M-type ESBLs and is largely ineffective against class C (AmpC), class D (OXA), 

and class B MBLs.19, 26 The global rise of ESBL- and AmpC-producing 
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Enterobacteriaceae in the 1990s and 2000s diminished its effectiveness in many 

regions. Nevertheless, piperacillin–tazobactam remains one of the most widely 

prescribed β-lactam/β-lactamase inhibitor combinations, underscoring the clinical 

value of tazobactam nearly three decades after its introduction. 

 

1.3.4 Enmetazobactam 

The development of resistance to classical SBL inhibitors (clavulanic acid, sulbactam, 

and tazobactam), particularly through ESBLs and inhibitor-resistant TEM/SHV 

variants, drove the search for new SBL inhibitors with improved potency and broader 

coverage. Enmetazobactam (8) is a novel penicillanic acid sulfone closely related to 

tazobactam, distinguished by the presence of an additional N-methyl group on the 

triazolyl substituent (Figure 1.3-1).43 This modification enhances penetration into 

Gram-negative bacteria and increases stability against hydrolysis, thereby conferring 

superior inhibitory activity against class A β-lactamases, including ESBLs such as 

CTX-M enzymes.47, 48 

Enmetazobactam has been co-formulated with cefepime in the investigational 

cefepime-enmetazobactam combination, which has shown potent in vitro activity 

against Enterobacteriaceae producing ESBLs and has progressed to late-stage clinical 

development.48 A Phase 3 trial (ALLIUM study) demonstrated that cefepime-

enmetazobactam was non-inferior, and in some endpoints superior, to piperacillin-

tazobactam for the treatment of complicated urinary tract infections, including acute 

pyelonephritis.49 In this trial, cefepime-enmetazobactam achieved higher clinical cure 

and microbiologic eradication rates, particularly against ESBL-producing E. coli and 

K. pneumoniae.  
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Mechanistically, enmetazobactam retains activity against many class A β-lactamases 

(including TEM, SHV, and CTX-M families), with limited activity against class C 

enzymes and minimal inhibition of class D β-lactamases and class B MBLs.50 As such, 

enmetazobactam’s primary clinical role lies in addressing the rising global prevalence 

of ESBL-producing Enterobacteriaceae, a critical resistance mechanism driving 

multidrug-resistant infections worldwide. 

 

1.3.5 Diazabicyclooctane SBL inhibitors 

The clinical limitations of β-lactam-based SBL inhibitors highlighted the need for new 

scaffolds with broader inhibitory activity. This led to the development of 

diazabicyclooctanes (DBOs), the first clinically approved class of non-β-lactam SBL 

inhibitors (Figure 1.3-1). Unlike mechanism based inhibitors such as clavulanic acid, 

DBOs do apparently not undergo extensive degradation during inhibition; instead, they 

form a reversible covalent bond with the catalytic serine of SBLs, allowing potent, 

sustained inhibition of class A and class C SBLs, as well as partial activity against 

some class D SBLs.51, 52 Importantly, DBOs lack intrinsic antibacterial activity but 

serve to restore the activity of partner β-lactams against resistant pathogens.48 

Avibactam (9) was the first DBO approved for clinical use (FDA 2015), in fixed-dose 

combinations with ceftazidime and ceftaroline.53, 54 It exhibits potent inhibition of class 

A enzymes (including KPC carbapenemases and ESBLs), class C AmpC enzymes, and 

some class D SBLs such as OXA-48-like carbapenemases.55, 56 However, avibactam is 

inactive against class B MBLs.51 Clinically, ceftazidime-avibactam has become an 

important treatment for complicated intra-abdominal infections, urinary tract 

infections, and hospital-acquired pneumonia due to multidrug-resistant 

Enterobacteriaceae and Pseudomonas aeruginosa.57 
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Relebactam (10), a structural analogue of avibactam with an added piperidine moiety, 

was approved in 2019 in combination with imipenem/cilastatin.58 This modification 

improves penetration and inhibitory potency against certain class C enzymes and 

enhances activity against multidrug-resistant P. aeruginosa while maintaining strong 

inhibition of class A carbapenemases (KPCs).59, 60 Imipenem-relebactam is approved 

for the treatment of complicated UTIs, intra-abdominal infections, and hospital-

acquired pneumonia, expanding therapeutic options against carbapenem-resistant 

Enterobacteriaceae that do not produce MBLs. 

Durlobactam (11) is the most recently approved DBO (FDA 2023); it was developed 

specifically to address resistance in Acinetobacter baumannii.61 Unlike avibactam and 

relebactam, which primarily target Enterobacteriaceae, durlobactam has been 

optimized for potent inhibition of class D OXA-type β-lactamases, which are the 

dominant carbapenemases in A. baumannii.62, 63 Approved in combination with 

sulbactam, durlobactam restores sulbactam’s intrinsic antibacterial activity against A. 

baumannii–calcoaceticus complex, providing the first pathogen-targeted β-lactam/β-

lactamase inhibitor therapy for drug-resistant Acinetobacter infections. 

 

1.3.6 Vaborbactam 

While DBO inhibitors expanded the spectrum of SBL inhibition to include class A 

carbapenemases (KPC) and class C SBLs, resistance mediated by KPC-producing 

Enterobacteriaceae continued to pose a major global threat. This promoted the 

development of boronic acid–based inhibitors, which exploit the ability of boronic 

acids to form a reversible covalent bond with the catalytic serine of SBLs, mimicking 

the high-energy tetrahedral intermediate of β-lactam hydrolysis.64 
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Vaborbactam (12) is a cyclic boronic acid β-lactamase inhibitor, which was FDA-

approved in 2017 for use in combination with meropenem (Vabomere®) for the 

treatment of complicated urinary tract infections (cUTI), including pyelonephritis 

(Figure 1.3-1).65 Its spectrum includes potent inhibition of class A carbapenemases, 

especially KPC enzymes, and broad activity against class C AmpC enzymes.66 Unlike 

avibactam, however, vaborbactam has little to no activity against most class D (OXA-

type) SBLs and does not inhibit class B MBLs (NDM, VIM, IMP).67 

In clinical studies, meropenem–vaborbactam demonstrated superiority over 

piperacillin–tazobactam in the TANGO I trial for the treatment of cUTI, and non-

inferiority compared to best available therapy in the TANGO II trial for infections due 

to carbapenem-resistant Enterobacteriaceae (CRE), with improved safety and lower 

mortality.68, 69 These results established vaborbactam as a potentially important 

therapeutic option against KPC-producing CRE, where few alternatives exist. 

Mechanistically, vaborbactam’s high affinity and reversible covalent interaction with 

KPC enzymes allows durable suppression of carbapenem hydrolysis, restoring 

meropenem’s bactericidal activity.66  Its lack of activity against MBLs and OXAs, 

however, underscores the need for next-generation boronate inhibitors such as 

taniborbactam, which aim for broader inhibition across Ambler classes. 
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Inhibitor 
Chemical 

class 

Year of 

approval 

Common 

combinations 

Effective 

against 

Key 

limitations 
Clavulanic acid  Clavams 1984 Amoxicillin – 

clavulanate 

(Augmentin); 

Ticarcillin-

clavulanate  

Class A (narrow 

spectrum, TEM, 

SHV) 

Poor 

against 

ESBLs, 

AmpC, 

OXA, 

MBLs 

Sulbactam Penicillanic 

acid sulfone 

1986 Ampicillin–

sulbactam 

(Unasyn) 

Class A 

(limited), some 

Acinetobacter 

PBPs 

Weak 

against 

ESBLs, 

AmpC, 

OXA, 

MBLs 

Tazobactam Penicillanic 

acid sulfone 

Late 

1980s 

Piperacillin–

tazobactam 

(Zosyn) 

Class A (TEM, 

SHV); weak vs. 

ESBLs 

Ineffective 

vs. CTX-

M, AmpC, 

OXA, 

MBLs 

Enmetazobactam Penicillanic 

acid sulfone 

2020s 

(EU) 

Cefepime–

enmetazobactam 

(Exblifep) 

Class A incl. 

ESBLs (TEM, 

SHV, CTX-M) 

Poor vs. 

AmpC, 

OXA, 

MBLs 

 

Avibactam DBO 2015 Ceftazidime–

avibactam 

(Avycaz) 

Class A (incl. 

KPC, ESBLs), 

Class C (AmpC), 

some Class D 

(OXA-48) 

No activity 

vs. MBLs 

Relebactam DBO 2019 Imipenem–

cilastatin–

relebactam 

(Recarbrio) 

Class A (incl. 

KPC), Class C 

(AmpC) 

Ineffective 

vs. MBLs, 

most 

OXAs 

Durlobactam DBO 2023 Sulbactam–

durlobactam 

(Xacduro) 

Class A, C, D; 

restores 

sulbactam 

activity vs. A. 

baumannii 

No activity 

vs. MBLs 

Vaborbactam Cyclic 

boronate 

2017 Meropenem–

vaborbactam 

(Vabomere) 

Class A (esp. 

KPC 

carbapenemases) 

No activity 

vs. MBLs, 

OXAs, 

limited vs. 

AmpC 

Table 1.3-4. Summary table of clinically approved β-lactamase inhibitors. 

 

Importantly, many class A SBLs can be inhibited by mechanism-based inhibitors such 

as clavulanic acid, sulbactam, or newer diazabicyclooctane (DBO)-based inhibitors 

(i.e., avibactam), although resistance for all these due to inhibitor-resistant variants is 

increasingly reported.9 
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Figure 1.3-5. Structures of antibiotics mentioned used in combination with β-lactamase inhibitors.  

 

1.4 Antibiotic properties of sulbactam against A. baumannii  

Unlike most SBL inhibitors, sulbactam possesses intrinsic antibacterial activity against 

A. baumannii. This activity stems from its relatively strong affinity for penicillin-

binding proteins (PBPs), specifically PBPs 1a, 1b, and 3, which it inhibits by acylation 

to disrupt peptidoglycan cross-linking and ultimately cause bacterial cell death.70 The 

ability of sulbactam to effectively target PBPs distinguishes it from clavulanic acid and 

tazobactam, which lack potent intrinsic antibacterial properties.61 

Since sulbactam was approved in the 1980s for use in a fixed-dose combination with 

ampicillin (ampicillin-sulbactam; Unasyn), it has been widely used to treat severe 

infections caused by A. baumannii, particularly in hospital settings where multidrug-

resistant (MDR) strains are prevalent.71 The antibiotic activity of sulbactam versus A. 

baumannii is unusual because it does not have a C6 sidechain. However, its utility as 

monotherapy is compromised by the widespread emergence of resistance, particularly 
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mediated by Ambler class D OXA-type SBLs that hydrolyze sulbactam and reduce its 

efficacy.70 

To overcome this limitation, sulbactam has been paired with novel β-lactamase 

inhibitors that protect it from enzymatic inactivation. Notably, the DBO durlobactam 

has potent activity against class A, C, and D enzymes and has been shown to restore 

sulbactam’s antibacterial activity against carbapenem-resistant A. baumannii both in 

vitro and in vivo.61 The sulbactam-durlobactam combination (Xacduro), received FDA 

approval in 2023 for the treatment of hospital-acquired and ventilator-associated 

bacterial pneumonia caused by A. baumannii complex, reflecting the enduring clinical 

importance of sulbactam’s intrinsic antibacterial properties and the value of 

potentiating them through novel inhibitors.63 

 

1.5 Sulfoximines in medicinal chemistry  

Sulfoximines have attracted significant attention in medicinal chemistry over the past 

decade, yet for much of their history they remained a relatively neglected and 

underutilized functional group. The first sulfoximine to be identified, L-methionine-(S)- 

sulfoximine, was described in the 1950s as a potent and irreversible inhibitor of 

glutamine synthetase, and its profound biological activity highlighted the potential of 

this motif early on,72, 73 which, however, did not translate into broad adoption in drug 

discovery.74 The relative obscurity of sulfoximines has likely stemmed in part from 

synthetic limitations: traditional routes required hazardous oxidants or unstable 

intermediates, raising concerns for scalability and industrial application.74, 75  

In recent years, however, interest in sulfoximines has undergone a remarkable 

resurgence. This renewed interest has been driven by two key developments: (i) the 
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advent of modern, safer, and more versatile synthetic methodologies, and (ii) the 

advancement of pioneering sulfoximine drug candidates into clinical trials.  

 

1.5.1 Physiochemical properties of sulfoximines 

A defining feature of the sulfoximine group is its tetrahedral sulfur atom, which is both 

constitutionally and configurationally stable.76 Incorporation of a nitrogen atom at sulfur 

generates a stereogenic center, yielding configurationally stable, optically active 

isomers.77 The ability to exploit stereochemistry is highly advantageous when targeting 

chiral biological macromolecules, where subtle differences in spatial arrangement can 

drive potency, selectivity, and differentiated pharmacology. By contrast with bioisosteric 

achiral sulfones, sulfoximines thus enable investigations on enantiomer-specific protein 

interactions and optimize target engagement (Figure 1.5-1). 

 

 

Figure 1.5-1. Replacement of sulfone (orange) of sulbactam with sulfoximine (green).  

 

The unique hydrogen-bonding characteristics of sulfoximines are also important. 

Whereas sulfones function only as hydrogen-bond acceptors, unsubstituted NH 

sulfoximines combine donor and acceptor properties within a compact, metabolically 

stable unit.78 The sulfur-bound oxygen and nitrogen atoms provide hydrogen-bond 
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acceptor sites, while the NH proton can act as a hydrogen-bond donor, enabling 

sulfoximines to engage in complex, directional hydrogen-bonding networks within a 

protein binding site.75 This dual functionality expands the range of interaction motifs 

accessible in drug design and has been shown to enhance both affinity and selectivity. 

Sulfoximines can also confer favorable physicochemical properties. Simple low-

molecular-weight sulfoximines are notably soluble in protic solvents such as water and 

alcohols, a consequence of strong solvation around the sulfoximine moiety.74 Improved 

aqueous solubility can mitigate one of the most persistent hurdles in drug development: 

poor bioavailability due to limited dissolution.79 Beyond solubility, sulfoximines exhibit 

high chemical and metabolic stability, enabling compounds to withstand physiological 

and enzymatic environments.80 This robustness contributes to improved 

pharmacokinetic profiles and longer duration of action, both of which are desirable for 

therapeutic candidates. 

The nitrogen atom of sulfoximines provides additional opportunities for fine-tuning 

electronic and physicochemical behavior.76 The group is mildly basic (pKa = 2.7 for 

NH2⁺ in water), permitting salt formation and metal coordination. The acidity of the NH 

proton is highly tunable depending on the N-substituent, ranging from pKa = 24 in 

DMSO (for R3 = H) to 32 (for R3 = Me), or 23 (for R3 = tosyl) (Figure 1.5-2).74, 76 This 

chemical flexibility enables precise control over ionization at physiological pH, allowing 

medicinal chemists to optimize membrane permeability, target engagement, and 

avoidance of off-target effects. 
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Figure 1.5-2. Chemical properties of sulfoximines.74, 76  

 

Perhaps most striking is the bioisosteric versatility of sulfoximines. Sulfoximines have 

been successfully deployed as replacements for a wide range of functional groups, 

including sulfones, sulfonamides, and even non-sulfur motifs (i.e., alcohols, acids, 

amidines).74, 81  

 

1.5.2 Sulfoximine-containing drugs and clinical candidates   

The first sulfoximine to enter human trials was roniciclib (BAY 1000394), a pan-

cyclin-dependent kinase (CDK) inhibitor, which validated the feasibility of the 

scaffold in oncology (Figure 1.5-3).82 Despite promising preclinical efficacy, 

development was discontinued after Phase II due to toxicity.77 In an effort to improve 

selectivity and tolerability, Bayer subsequently developed atuveciclib (BAY 

1143572), the first selective CDK9 inhibitor to reach the clinic, in which the 

sulfoximine group contributed to improved aqueous solubility and oral 

bioavailability.83 Although clinical development was halted due to dose-limiting 

neutropenia, the program laid the foundation for enitociclib (BAY 1251152), a second-

generation CDK9 inhibitor with improved pharmacological properties. Enitociclib, 

delivered intravenously, has demonstrated good tolerability and encouraging activity 

in hematologic malignancies and is in clinical evaluation.84 
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Another example is the ATR kinase inhibitor ceralasertib (AZD-6738) developed by 

AstraZeneca. Here, the replacement of a sulfone with a sulfoximine eliminated 

CYP3A4 inhibition and markedly improved solubility, enabling clinical 

development.85  Ceralasertib is currently in multiple Phase II trials.86 

Beyond applications in oncology, sulfoximines have also found application in antiviral 

drug design. IM-250, a helicase-primase inhibitor developed by Innovative Molecules 

for herpes simplex virus (HSV), incorporates a sulfoximine in place of a sulfonamide 

to reduce total polar surface area (TPSA), increase lipophilicity, and improve central 

nervous system (CNS) penetration. Preclinical studies demonstrated superior efficacy 

compared to the benchmark pritelivir, and IM-250 has progressed into early-stage 

clinical trials.87 

These examples demonstrate the breadth of applications enabled by the sulfoximine 

functional group. In diverse chemical series, sulfoximines have contributed to 

improved physiochemical properties, enhanced pharmacokinetic performance, novel 

binding interactions, and reduced off-target liabilities. Their continued clinical 

advancement underscores their value as a versatile design element in contemporary 

medicinal chemistry.  
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Compound 
Target / 

indication 
Company Clinical Stage 

Role of 

Sulfoximine 

 
Roniciclib 

Pan-CDK 

inhibitor 

(oncology) 

Bayer 
Phase II 

(discontinued) 

Improved 

solubility, 

potency, reduced 

carbonic 

anhydrases 

(CAs) liabilities 

 
Atuveciclib 

Selective 

CDK9 

inhibitor 

(oncology) 

Bayer 
Phase I 

(discontinued) 

Increased 

solubility, oral 

bioavailability, 

reduced CYP 

induction 

 
Enitociclib 

CDK9 

inhibitor 

(hematologic 

malignancies) 

Bayer 
Phase I/II 

(ongoing) 

Excellent 

solubility (IV), 

improved 

selectivity and 

tolerability 

 
Ceralasertib 

ATR kinase 

inhibitor 

(oncology) 

AstraZeneca 

Phase II 

(ongoing) 

 

Replaced sulfone 

to improve 

solubility and 

avoid CYP3A4 

inhibition 

 
IM-250 

HSV helicase-

primase 

inhibitor 

(antiviral) 

Innovative 

Molecules 

Phase I 

(early clinical) 

Replaced 

sulfonamide to 

reduce TPSA, 

increase 

lipophilicity, 

improve CNS 

penetration 

Figure 1.5-3. Clinical candidates containing sulfoximines. 

 

Beyond their expanding role in medicinal chemistry, sulfoximines have also found 

important applications in agrochemistry. The most prominent example of a sulfoximine 

containing agrochemical is sulfoxaflor, the first and only sulfoximine-based insecticide 

to reach the market, which was introduced by Dow AgroSciences in 2013 (Figure 1.5-

4).88 Sulfoxaflor acts as a systemic insecticide targeting nicotinic acetylcholine 

receptors, which disrupts synaptic transmission and causes rapid feeding cessation and 

insect death. Importantly, sulfoxaflor binds to receptor subtypes distinct from those 

targeted by neonicotinoids, enabling effective control of resistant sap-feeding pests such 
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as aphids, whiteflies, and planthoppers.89 Its introduction has provided growers with a 

valuable alternative in integrated pest management, particularly in regions where 

resistance to older insecticide classes is widespread. 

 

 

Figure 1.5-4. Synthesis of Sulfoxaflor. Reagents and conditions: (i): NaSCH3, DMSO, 25 °C, 67%; (ii): 

H2NCN, PhI(OAc)2, CH2Cl2, 0 °C, 14%; (iii) mCPBA, K2CO3, EtOH/H2O, 0 °C, 44%; (iv):, CH3I, 

potassium hexamethyldisilazane (KHMDS), hexamethylphosphoramide (HMPA), THF, –78 °C, 59%.  

 

Overall, sulfoximines represent a valuable addition to structure-activity relationship 

studies for medicinal chemistry and agrochemical purposes.  

 

1.5.3 Classical synthetic approaches to sulfoximines 

The first reported syntheses of sulfoximines in the 1960s were based on routes that 

introduced nitrogen and oxygen sequentially onto divalent sulfur. Two main pathways 

dominated these early developments: the sulfilimine pathway and the sulfoxide 

pathway. In the sulfilimine approach, sulfides were aminated to sulfilimines, which 

could then be oxidized to sulfoximines (Figure 1.5-5, A-C).78 However, sulfilimines 

are intrinsically unstable, and this instability restricted the synthetic scope and limited 

their practical application. 
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Figure 1.5-5. Classical synthetic routes to sulfoximines. Reagents and conditions: (A) (TsN)2S, 

pyridine;90 (B) tBuOCl, Na+ –NHCN, Et2O;91 (C) mCPBA, CH2Cl2;92 (D) NaN3, P2O5, HSO3CH3;93 (E) 

MSH, NaOCH3, MeOH;94 (F) Pb(OAc)4, PhthNH2, CH2Cl2;95 or PhthNH2, Pt anode, NEt3H+OAc–, 

MeCN;96 
(G) Rh2(esp)2, DPH, TFE;97 (H) NH2COONH4, PhI(OAc)2, MeCN.98  

 

The more established route involved oxidation of sulfides to sulfoxides, followed by 

imination. Historically, this N-transfer step required extremely hazardous reagents, the 

most notable being hydrazoic acid generated in situ from sodium azide and 

polyphosphoric acid (Figure 1.5-5, D).99 While this transformation was effective, the 

explosive and toxic nature of hydrazoic acid posed major safety concerns. To address 

this, alternative nitrogen donors were introduced, including O-

(mesitylenesulfonyl)hydroxylamine (MSH), but this reagent itself was shock-sensitive 

and unsuitable for scale-up (Figure 1.5-5, E).100, 101 These drawbacks, combined with 

the need for protecting groups and subsequent deprotection steps, contributed to the 

long-standing neglect of sulfoximines in both academic and industrial settings. 
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One of the earliest oxidative approaches to sulfoximines involved the use of lead 

tetraacetate (Pb(OAc)₄). In these reactions, sulfoxides were subjected to oxidative 

conditions with lead tetraacetate, producing sulfoximines in moderate yields (Figure 

1.5-5, F).95 While effective, the method suffered from several drawbacks, including 

poor selectivity, stoichiometric use of toxic heavy-metal oxidants, and difficulty in 

handling. Environmental and safety concerns surrounding lead compounds further 

restricted the adoption of this strategy, and it was quickly overshadowed by other 

methodologies.  

Efforts to circumvent these limitations led to the exploration of other strategies. One 

such method was electrochemical imination, in which N-phthalimido sulfoximines 

were electrolyzed at a platinum anode in methanol, using water as the proton source, 

to afford NH-sulfoximines in good yields (Figure 1.5-5, F).96 This protocol, developed 

by Yudin and Siu, avoided the use of metal-based oxidants and hazardous reagents, 

offering a conceptually safer pathway. However, the requirement of specialized 

electrochemical setups limited its widespread application. 

Transition-metal-catalyzed nitrene transfer represented another major advance. 

Richards and Ge reported a rhodium-catalyzed imination of sulfoxides using O-(2,4-

dinitrophenyl)hydroxylamine (DPH) as the nitrogen source (Figure 1.5-5, G).97 The 

reaction proceeded via a Rh–nitrene intermediate, enabling the stereospecific 

conversion of sulfoxides into NH-sulfoximines with retention of configuration at 

sulfur. Importantly, this strategy avoided the need for N-protection, demonstrated 

broad substrate scope, and tolerated diverse functional groups, including aryl, alkyl, 

and heteroaryl sulfoxides. 

Further progress came from the use of hypervalent iodine reagents in combination with 

mild nitrogen sources. Luisi and Bull developed a direct metal-free NH-transfer from 
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sulfoxides using ammonium carbamate and iodobenzene diacetate (PIDA), delivering 

sulfoximines with complete retention of configuration (Figure 1.5-5, H).98 

Mechanistic studies indicated that reactive iminoiodinane or iodonitrene intermediates 

served as the active electrophiles (Figure 1.5-6).98  This protocol was scalable, 

displayed excellent functional group tolerance, and was ultimately applied in the 

manufacturing of the ATR inhibitor AZD6738 (Ceralasertib).85 The concept was later 

expanded to one-pot sequential NH/O-transfer to sulfides, enabling direct conversion 

of sulfides to sulfoximines in a single step.102, 103 

 

Figure 1.5-6. Mechanistic evidence for λ6-sulfanenitrile intermediates.78 The short-lived iodonitrene II 

that reacts with the sulfide to generate the sulfilimine iodonium species IV. Futher attack of the methoxy 

or acetate anion to IV leads to V or VI respectively. Sulfanenitrile V may undergo nucleophilic attack 

producing dimethyl ether and the corresponding NH-sulfoximine III. Similarly, sulfanenitrile VI may 

behave as an acetylating agent reacting either with sulfoximine or methanol, leading to N-acyl 

sulfoximine VII and NH-sulfoximine III.103 
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In summary, classical synthetic routes to sulfoximines, whether via sulfilimine or 

sulfoxide intermediates, were restricted by instability, poor efficiency, and above all 

the hazardous nature of the nitrogen-transfer reagents. The exploration of 

electrochemical methods, transition-metal-catalyzed nitrene transfer (using DPH), and 

hypervalent iodine-mediated processes marked the transition toward modern, scalable, 

and safer methodologies. These advances transformed sulfoximines from chemical 

curiosities into synthetically viable motifs with clear utility in medicinal and 

agrochemical research.98, 104-109   

 

1.6 Sulfoximines in β-lactam antibiotics  

In the late 1970s, Pfizer reported work on the synthesis of the first sulfoximine 

derivatives on the penam scaffold featuring N-cyanamido (13) and N-phthalimido (14) 

substituted sulfoximines (Figure 1.6-1).95, 110 Kemp and coworkers report that 

sulfoximine derivatives lacked antibacterial activity, likely as a consequence of the 

phthalimido protecting group in the case of 14 and chemical stability in the case of 

13.95, 110  

 

Figure 1.6-1. Reported synthesis of a) N-cyanamido sulfoximine (13) and b) N-phthalimido 

sulfoximine (14).95, 110 
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The lack of antibacterial activity, along with a lack of synthetic methodologies for 

sulfoximine diversification at the time, likely hindered further investigations of 

sulfoximine derivatives of sulbactam. Since the 1970s, advances in sulfoximine 

chemistry, however, may have greatly expanded their synthetic accessibility.76, 111, 112 

As medicinal chemistry increasingly demands functional groups that balance potency, 

safety, and pharmacokinetic performance, sulfoximines offer solutions not achievable 

with classical sulfones or sulfonamides. The continued exploration of sulfoximines is 

likely to yield both incremental and transformative advances in the design of next-

generation therapeutics. 

 

1.7 Objectives of the work described in this thesis 

The overarching objective of this thesis is to explore sulfoximine substitution on the 

penam scaffold as a strategy to expand the chemical and biological properties of β-

lactamase inhibitors. In particular, this work seeks to revisit sulbactam-derived 

scaffolds in light of modern sulfoximine chemistry, leveraging recent advances in 

nitrogen-transfer methodologies to access sulfoximine derivatives that were previously 

synthetically inaccessible. By replaying the sulfone motif of sulbactam with a 

sulfoximine, this thesis aims to systematically evaluate how this transformation 

influences stability, reactivity, and interactions with serine β-lactamases and bacterial 

targets.  

A second key objective is to develop robust, scalable synthetic routes to penam 

sulfoximines and to characterize their biochemical and antibacterial activity, with a 

particular focus on clinically relevant enzymes and pathogens such as Acinetobacter 

baumannii. Through a combination of synthetic chemistry, enzymatic assays, and 

antibacterial testing, this work seeks to establish structure-activity relationships for 
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sulfoximine-containing penams and to assess their potential as a next-generation β-

lactamase inhibitors or antibacterial agents. Collectively, these studies aim to provide 

fundamental insights into the utility of sulfoximines within β-lactam chemistry and to 

inform future inhibitor design against resistant Gram-negative bacteria.  
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2.1 Introduction 

Pioneering studies on sulbactam sulfoximine derivatives were reported in the late 

1970s, establishing that penam and cepham sulfoximines are, at least in principle, 

synthetically accessible.110, 113 However, only a relatively limited number of 

penam/cepham sulfoximine derivatives were reported, bearing only cyanamido 13 or 

phthalimido 14 substituents at the sulfoximine nitrogen (Figure 2.1-1). This narrow 

scope likely reflects the restricted methodologies available at the time for sulfoximine 

synthesis and derivatization. Moreover, these early sulfoximine derivatives were noted 

to lack “useful” antibacterial activity, though no experimental details of the activity 

studies were provided. The absence of activity may stem from several factors, 

including reduced stability under physiological conditions due to high reactivity of the 

cyano group with nucleophiles such as water, or steric impediments introduced by the 

bulky N-substituents that hinder binding to SBLs and PBPs.  

 

Figure 2.1-1. Structures of previously synthesized penam sulfoximines 13 and 14.110, 113  

 

Despite these negative results, penam/cepham sulfoximine derivatives remain of 

significant interest, given the unique electronic and steric properties of the sulfoximine 

functional group, its capacity for diverse N-functionalization, and precedent as a 

bioisostere of sulfoxides, sulfones, and amides in bioactive molecules.74, 81 It was 

envisaged that recent advances in synthetic methodology, particularly Rh(II)-catalyzed 

nitrene transfer  reactions (Section 1.5-3, Chapter 1), would now enable direct and 
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efficient access to β-lactam sulfoximine derivatives, including those bearing free NH 

groups or readily modifiable substituents.97, 98 These synthetic developments created 

new opportunities to systematically explore the chemistry and biological potential of 

penam-sulfoximines, a space that has remained uninvestigated since 1979.110, 113  

This chapter describes studies leading to the synthesis of enantiopure (S)- and (R)-

penam-sulfoximines using a Rh(II)-based catalytic system. It further describes the 

optimization and scope of the penam-sulfoximine formation reaction and its utility for 

preparation of NH penam sulfoximines. NH functionalization reactions at the 

sulfoximine nitrogen are subsequently described, including amide bond formation 

reactions, arylations, urea formation reactions, alkylation reactions, N-acyl carbonyl 

reductions, reductive aminations, and attempted Michael additions and Mitsunobu 

reactions. These studies establish both the opportunities and limitations of sulfoximine 

derivatizations of penams and provide a foundation for the future development of β-

lactam sulfoximine derivatives as potential antibacterial agents. The initial target 

compounds were the (S)- and (R)-penam sulfoximine analogs of sulbactam (6) (Figure 

2.1-2). 

 

 

Figure 2.1-2. Retrosynthesis of target (S)- and (R)-penam sulfoximines.  
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2.2 Syntheses of penam (S)-sulfoximines 

The penam (S)-sulfoxide 19 was synthesized as a single diastereomer in four steps 

from commercial 6-aminopenicillanic acid (6-APA, 15) to assess its suitability as a 

starting material for the synthesis of the corresponding penam sulfoximine derivatives 

(Scheme 2.2-1). Following reported procedures, 15 was first converted into 6α-

bromopenicillin114 16 which was subsequently protected with para-methoxybenzyl 

(PMB) bromide  to afford the corresponding 6α-bromopenicillin ester 17.115 Reduction 

of the C-Br bond of 17 using tributylphosphane in methanol116, 117 furnished the 

corresponding 6-dihydropenam 18. In contrast to the literature, alternative reduction 

methods were not useful. Thus, reduction of 17 using zinc metal in acetic acid,118 as 

well as the reduction of the corresponding 6,6-dibromopenam 24 with either 

magnesium metal in HCl119, 120 or under radical conditions,121, 122 failed to afford the 

desired product 18 in sufficient yield or purity. 18 was subsequently oxidized with 

meta-chloroperoxybenzoic acid (mCPBA) at -78 °C to yield (S)-sulfoxide 19 as a 

single isolated diastereomer.110  

 

 

Scheme 2.2-1. Synthesis of penam (S)-sulfoximine 21. Reagents and conditions: (i) HBr, NaNO2, 

MeOH, H2O, –15 °C to rt, 90%; (ii) PMB-Br, K2CO3, DMF, CH2Cl2, , 67–99%; (iii) PnBu3, MeOH, rt, 

60–90%; (iv) mCPBA, CH2Cl2, –78 °C, 59–84%; (v) CbzNH2, MgO, PhI(OAc)2, Rh2(OAc)4 (5 mol%), 

dimethoxyethane, 40 °C, 64–95%; (vi) Pd/C, H2, THF, rt, 70%. 
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Sulfoximine 20 was obtained under Rh(II)-catalyzed nitrene transfer conditions, and 

subsequent Pd/C-catalyzed hydrogenolysis afforded 21 without erosion of 

stereochemical integrity.  

Performing the oxidation at higher temperatures, such as 0 °C and 20 °C, resulted in 

8:1 and 4:1 mixtures of the (S):(R)-sulfoxides 19:25, respectively. The stereochemical 

outcome of this reaction is proposed, at least in part, to results from the hydrogen 

bonding interaction between the 19 C7 carbonyl and the peroxide of mCPBA forcing 

the sulfoxide to preferentially attack from the concave face (Figure 2.2-2).  Notably, 

oxidation of 17 prior to bromine reduction, also provided the (S)-sulfoxide 18b as a 

single diastereomer.   

 

Figure 2.2-2. Stereoselective oxidation of 17 and 18 with mCPBA. 

 

2.2.1 Syntheses of penam (R)-sulfoximines 

The diastereomeric (R)-sulfoxide 25 was synthesized as a single isolated diastereomer 

in four steps from 6-APA (15). Thus, according to reported procedures, 6-APA (15) 

was converted into 6,6-dibromopenam 22 (Scheme 2.2-2).123 Oxidation of 23 with 

mCPBA furnished the (R)-sulfoxide 24 as a single isolated diastereomer. The 

stereochemical outcome of this reaction is attributed to the relatively bulky bromine 

substituents at the C6 position of 24, which sterically directs mCPBA to preferentially 

approach from the less hindered convex face. Formation of sulfoximine 26 was 

achieved via Rh(II)-catalyzed nitrene transfer, albeit in lower yield, which is attributed 

to steric hinderance on the concave face of the molecule. Subsequent deprotection of 
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26 under hydrogenolysis conditions was unsuccessful, as will be discussed further in 

Chapter 3.  

 

Scheme 2.2-2. Synthesis of penam (R)-sulfoximine 27. Reagents and conditions: (i) Br2, H2SO4, 

NaNO2, CH2Cl2, H2O, 0–10 °C to rt, 68%; (ii) PMB-Br, K2CO3, DMF, CH2Cl2, 40 °C, 90%; (iii) 

mCPBA, CH2Cl2, –78 °C, 80%; (iv) PnBu3, MeOH, rt, 99%; (v) H2NCbz, MgO, PhI(OAc)2, Rh2(OAc)4 

(5 mol%), dimethoxyethane, 40 °C, 52%; (vi) Pd/C, H2, THF, rt. 

 

2.3.1 Optimization of the penam-sulfoximine formation reaction  

The sulfoximine forming reaction was first evaluated with the commercially sourced 

(S)-sulfoxide 28 and benzyl carbamate as substrates employing conditions previously 

reported for synthesis of thietane 1-oxide-derived N-Boc sulfoximine (i.e. BocNH2, 

MgO, diacetoxyiodobenzene (PhI(OAc)2), and Rh2(OAc)2 in dichloromethane at 40 

°C).124 The desired sulfoximine 29 was obtained, however, the isolated chemical yield 

was relatively low (<50%) (Scheme 2.3-1).  

 

Scheme 2.3-1. Sulfoximine formation of 29. Reagents and conditions: H2NCbz, PhI(OAc)2, MgO, 

Rh2(OAc)4, CH2Cl2, 40 °C, 16 h, 42%.  
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The sulfoximine forming reaction was then systematically optimized by evaluating the 

effects of solvent, reaction temperature, reagent concentration, and catalyst choice 

(Table 2.3-2). The results revealed that optimal turnover of sulfoxide 28 to give 

sulfoximine 29 can reproducibly be achieved using Rh2(OAc)4 as the catalyst in 1,2-

dimethoxyethane (DME) (0.2 M) at 40 °C (Table 2.3-2, entry xii).  

 

 

Entry Estimated 

Conversion 
Solvent Temperature Catalyst 

(5 mol%) 
Concentration 

i 52% DCM 20 °C Rh2(Oac)4 0.2 M 

ii 27% CH3CN 20 °C Rh2(Oac)4 0.2 M 

iii 44% 1,4-Dioxane 20 °C Rh2(Oac)4 0.2 M 

iv 58% THF 20 °C Rh2(Oac)4 0.2 M 

v 59% DCE 20 °C Rh2(Oac)4 0.2 M 

vi 66% Toluene 20 °C Rh2(Oac)4 0.2 M 

vii 75% DME 20 °C Rh2(Oac)4 0.2 M 

viii 61% Toluene 20 °C Rh2(Oac)4 0.3 M 

ix 74% DME 20 °C Rh2(Oac)4 0.3 M 

x 80% Toluene 40 °C Rh2(Oac)4 0.2 M 

xi 77% Toluene 60 °C Rh2(Oac)4 0.2 M 

xii 87% DME 40 °C Rh2(Oac)4 0.2 M 

xiii 69% DME 60 °C Rh2(Oac)4 0.2 M 

xiv 19% DME 40 °C Rh2(O2CCF3)4 0.2 M 

xv 5% DME 40 °C Rh(C8H12)2 BF4 0.2 M 

xvi 54% DME 40 °C Rh2(esp)2 0.2 M 

xvii 19% DME 40 °C Rh2(TPA)4 0.2 M 

Table 2.3-2. Optimization of the penam sulfoximine-forming reaction. a) Benzyl carbamate (1.5 

equiv.), PhI(Oac)2 (1.5 equiv.), MgO (2 equiv.). b) The percentage conversion was estimated by 

comparing the integrals of characteristic 1H NMR signals of the starting material to those of the desired 

product in the crude reaction mixture.   
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2.3.2 Scope of the penam-sulfoximine forming reaction  

The scope of the optimized sulfoximine forming reaction with respect to both the 

penam substrate and nitrene precursor was next investigated, with the aim of obtaining 

a set of structurally diverse penam sulfoximine derivatives for structure activity 

relationship studies. The results reveal that carbamates including the tert-butyl and 

methyl carbamate (30a and 30b) were suitable nitrene precursors under the optimized 

conditions (Figure 2.3-3). The allyl carbamate was not an efficient substrate, likely 

due to catalyst poisoning and/or aziridine formation. It was envisaged that the 

sulfonamides (30c, 30d) and sulfamates (30e) could substitute for carbamates in the 

sulfoximine formation reaction, substantially expanding the substrate scope of the 

accessible sulfoximines. Ureas, hydroxylamines, and hydrazines were not suitable 

nitrene precursors for sulfoximine formation with the penam substrate (Figure 2.3-3).  

 

Figure 2.3-3. Substrate scope of the penam-sulfoximine formation reaction. The percentages represent 

isolated yield.  
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2.4 Synthesis of penam NH-sulfoximine 32 

Penam sulfoximine 32 with an unprotected NH group was an attractive synthesis target 

because of its potential to serve as a starting material for subsequent sulfoximine NH 

functionalization and because its structure closely resembles that of sulbactam; thus it 

can serve as a model to investigate the effect of substituting one of the sulbactam 

sulfone oxo ligands by an imine ligand on inhibition potency and selectivity.  

Synthesis of sulfoximine 32 from sulfoxide 19 was attempted in a single step using a 

reported protocol for the synthesis of tetrahydrothiophene 1-sulfoximine which 

employs O-(2,4-dinitrophenyl)hydroxylamine (DPH) as the nitrene precursor and 

Rh2(esp)2 as a catalyst.125 Although 1H NMR analysis of the crude reaction mixture 

revealed formation of sulfoximine 32 under these conditions, 32 could not be separated 

from DPH-derived byproducts. To circumvent the problems associated with the use of 

DPH for the synthesis of 32, DPH was substituted by ammonium carbamate.98 

Sulfoximine 32 was obtained from 19 under the reported catalyst-free conditions, 

which employed PhI(OAc)2 as a stoichiometric oxidant, in ~50% conversion as 

indicated by 1H NMR analysis of the crude reaction mixture. However, conversion 

could not be improved and the unreacted starting material 19 could not be separated 

form sulfoximine 32 via silica column chromatography.  

As sulfoximine 32 could not be synthesized from sulfoxide 19 in one step, an efficient 

two-step protocol to synthesize 32 was developed. The Cbz-protected sulfoximine 20 

was subjected to hydrogenation using 10% (w/w) palladium on carbon (0.6 equiv.) as 

a catalyst; under these conditions, the Cbz group of 20  was selectively removed in the 

presence of the PMB ester to afford 32 in 52% yield following purification by column 

chromatography (Figure 2.4-1). The unreacted Cbz-protected sulfoximine 20 was 

recovered following purification with 40% yield.  
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Figure 2.4-1. Synthesis of NH-sulfoximine 32 from sulfoxide 19. Reagents and conditions: (i) CbzNH2, 

MgO, PhI(OAc)2, Rh2(OAc)4 (5 mol%), dimethoxyethane, 40 °C, 87%; (ii) H2, Pd/C, THF, rt, 52%.  

 

Crystallographic analysis of a single crystal of penam NH-sulfoximine 32 revealed 

retention of stereochemistry during sulfoximine formation (Figure 2.4-2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4-2. Crystal structure of penam (S)-sulfoximine 32. Crystallographic analysis of a single 

crystal of 4-methoxybenzyl (2S,4S,5R)-4-imino-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (32) confirms its structural assignment based on 1H and 

13C NMR, IR, MS, and [𝛼]25
𝐷
 analysis. Analysis of the Flack parameter126 supports the assignment of the 

sulfur-configuration as (S). Color code: white: hydrogen; gray: carbon; blue: nitrogen; red: oxygen; 

yellow: sulfur. Select crystallographic data are shown in Appendix 7.1. 

 

2.5 Penam NH sulfoximine functionalization  

Functionalized of the NH group of 32 was achieved using: (i) amide bond forming 

reactions with either acyl chlorides or carboxylic acids and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDCI) as a coupling reagent,127 
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(ii) Cu(II)-catalyzed Chan-Evans-Lam type cross-coupling with boronic acids,128-130 

and (iii) urea formation with aryl and alkyl isocyanates.131   

 

2.5.1 Amide bond forming reactions 

Amide bond forming reactions with the penam NH sulfoximine 32 as the substrate 

proved to be a reliable and versatile transformation. Treatment of 32 with either acid 

chlorides (33a-d) or carboxylic acids (33e-f) furnished the corresponding sulfoximine 

amides in moderate to excellent yields (57-99%, Figure 2.5-1). When acid chlorides 

were employed, acylation in the presence of catalytic 4-(dimethylamino)pyridine 

(DMAP) (5 mol%) and triethylamine (TEA) gave the desired products 33a-d in 

consistently high yields ranging from 77-99%. In contrast, coupling of carboxylic acids 

using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI) and 

DMAP afforded amides 33e-f in somewhat diminished yields (57-62%). The 

methodology tolerated both aliphatic and aromatic carboxylic acid substituents with 

minimal variation in efficiency across substrates. Vinyl-substituted acyl derivative 33c 

was also accessible, highlighting the broad functional group compatibility of this 

approach (Figure 2.5-1).  

 

 

Figure 2.5-1. Amide bond forming reactions with NH-sulfoximine 32. Reagents and conditions: (i) acid 

chloride (33a-d), 4-dimethylaminopyridine (DMAP)132 (5 mol%), triethylamine, CH2Cl2, 0 °C to rt, 77–
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99%; (ii), carboxylic acid (33e-f), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

(EDCI)133, DMAP134, CH2Cl2, 0 °C to rt, 57–62%. 

 

These results establish that penam NH-sulfoximines undergo efficient amidation under 

standard amide bond forming conditions, enabling access to a diverse range of acylated 

derivatives. This transformation provided a robust platform for further exploration of 

structure-activity relationships in the sulfoximine series.  

 

2.5.2 Arylation of 32 

The NH group of sulfoximine 32 was subjected to Cu(II)-catalyzed Chan-Evans-

Lam128-130 coupling with aryl boronic acids under mild conditions in methanol at room 

temperature (Figure 2.5-2), as reported for non-penam types of sulfoximines.135   

The reaction proceeded with only modest efficiency, with isolated yields ranging from 

9-28%, but nonetheless provided access to a small library of N-aryl derivatives (Figure 

2.5-2). A variety of electronically diverse aryl boronic acids 35a-g, including electron-

donating, electron-withdrawing, and halogen substituents, were tolerated. Despite the 

relatively low conversions, this study demonstrated the feasibility of N-arylation in the 

penam sulfoximine series. The ability to incorporate diverse aromatic groups onto the 

sulfoximine nitrogen offers an additional handle for structural diversification. 

 

Figure 2.5-2. Arylation of NH-sulfoximine 32. Reagents and conditions: (i) boronic acid (35a-g), 

Cu(OAc)2 (10 mol%), MeOH, rt.  
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2.5.3 Urea formation  

Sulfoximine 32 was employed in a urea formation reaction with a broad set of 

isocyanates (36a-s) in the presence of TEA and catalytic DMAP132 (Figure 2.5-3). 

This transformation proceeded under mild conditions to afford the corresponding N-

sulfoximine ureas in variable yields ranging from 9–67%. The scope included both 

aliphatic and aromatic isocyanates 36a-s that a large set of urea-functionalized penam-

sulfoximine derivatives can be accessed through this route, providing an additional 

avenue for modulation physiochemical and biological properties of the sulfoximine 

scaffold.  

 

Figure 2.5-3. Scope of urea forming reactions with NH-sulfoximine 32. Reagents and conditions: (i) 

R-NCO (36a-s), DMAP132 (10 mol%), triethylamine, CH2Cl2, 0 °C to rt.  

 

2.5.4 Investigations on NH-alkylation of penam-sulfoximine 32 

Initial efforts to alkylate NH sulfoximine 32 focused on adapting literature procedures 

that had proven effective for simpler, non-penam sulfoximine derivatives. However, 

the reported conditions were incompatible with the penam core, which is highly 

sensitive to both bases and elevated temperatures. A range of alkylating reagents, 
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bases, temperatures, and solvents were screened in attempts to functionalize the NH 

group of sulfoximine 32 (Figure 2.5-4).  

 

Entry 
Alkylating 

Agent 
Base Temperature Solvent Result 

i CH3I K2CO3 0 – 25 °C DMF Degradation of 32 

ii CH3I DIPEA 0 – 25 °C THF No reaction 

iii CH3I NaH 0 – 25 °C THF Degradation of 32 

iv CH3I DBU 0 – 25 °C THF Degradation of 32 

v CH3I TEA 25 – 40 °C THF No reaction 

vi PhCH2Br KOtBu 25 °C THF Conversion to 38a 

vii PhCH2OTf DIPEA 20 °C DCM No reaction 

viii PhCH2OTf DIPEA 40 °C DCM No reaction 

ix Me2SO4 Barton’s base136 25 °C THF Degradation of 32 

x Me2SO4 Barton’s base136 0 °C THF Degradation of 32 

xi Me2SO4 DIPEA 25 °C THF No reaction 

xii Me2SO4 DIPEA 40 °C THF Degradation of 32 

xiii Me2SO4 LHMDS 0 °C THF Conversion to 38a 

xiv Me2SO4 KOtBu 0 °C THF Conversion to 38a 

xv Me2SO4 LHMDS -78 °C THF Conversion to 38a 

xvi Me2SO4 KOtBu -78 °C THF Conversion to 38a 

xvii (CH3)3SiCHN2 - 25 °C THF Conversion to 38b 

Figure 2.5-4. Investigations on NH alkylation of sulfoximine 32. 

 

The results revealed that standard alkylating agents including methyl iodide (CH3I) 

and methyl sulfate (Me2SO4), also in combination with bases like potassium carbonate 

(K2CO3), sodium hydride (NaH), 1,8-diazabicylo(5,4,0)undec-7-ene (DBU), 

triethylamine (TEA), or N,N-diisopropylethylamine (DIPEA), either led to no reaction 

or decomposition of the starting material. Milder conditions using DIPEA or TEA with 

CH3I showed no conversion, while stronger bases like NaH and DBU resulted in 
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degradation of 32. Interestingly, in the presence of bulky, non-nucleophilic bases like 

potassium tert-butoxide (KOtBu) and lithium bis(trimethylsilyl)amide (LHMDS), 32 

degraded to sulfinamide 35a, as observed by 1H NMR analyses (Figure 2.5-5). The 

1H NMR analysis was consistent with the formation of a single diastereomer of 35a; 

note, however, that the configuration of the sulfinamide was tentatively assigned as 

(S), based on the configuration of the sulfur stereocenter of 32, which was assigned by 

crystallography.  

 

Figure 2.5-5. Proposed base-mediated degradation pathway of NH sulfoximine 27 to sulfinamide 35a. 

 

Interestingly, treatment of 32 with trimethylsilyl diazomethane under neutral 

conditions with no added base at room temperature resulted in the formation of the 

methylated sulfinamide 38b. It is currently unclear whether methylation of the NH 

sulfoximine or ring opening of the thiazolidine ring occurs first.  

 

2.5.5 Investigations on the reduction of penam N-acyl sulfoximine carbonyl 

Since attempts for the direct alkylation of NH sulfoximine 32 were unsuccessful, an 

alternative approach in which the N-acyl sulfoximine carbonyl group would be reduced 

to a methylene group was explored (Figure 2.5-6). While this strategy has been 

reported for non-penam sulfoximines, the presence of the β-lactam raised concerns 

about chemoselectivity.137  
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A range of borane-based reducing agents was investigated, including BH3·THF, 

BH3·DMS, and catecholborane, across a range of temperatures. In all cases, the desired 

reduction product was not obtained. At low to ambient temperatures, the starting N-

acyl sulfoximine (28d) did not react with BH3·THF, while reactions with BH3·DMS 

and catecholborane led to decomposition. Elevating the reaction temperature to 40 °C 

did not improve outcomes, and still resulted in no productive reaction. These studies 

indicate that reduction of the N-acyl sulfoximine motif in the penam framework is 

highly challenging under standard borane-mediated conditions. The incompatibility 

likely arises from competing reactivity at the strained β-lactam carbonyl and the overall 

instability of the penam scaffold under reducing conditions.  

 

Entry Reducing Agent Temperature Solvent Result 

i BH3·THF 0 – 25 °C THF No reaction 

ii BH3·THF 40 °C THF No reaction 

iii BH3·DMS 0 – 25 °C THF Degradation of 28d 

iv Catecholborane 0 – 25 °C THF Degradation of 28d 

Figure 2.5-6. Investigations on the attempted reduction of penam N-acyl sulfoximine carbonyl.  

 

2.5.6 Investigations on reductive amination of the penam NH-sulfoximine 32 

Attempts to functionalize the NH group of sulfoximine 32 through reductive amination 

were unsuccessful (Figure 2.5-7). Several aldehyde reactants were tested in 

combination with sodium triacetoxyborohydride (STAB) or sodium cyanoborohydride 

(NaBH3CN) as reducing regents, under conditions commonly employed for reductive 

amination.131, 138 
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The lack of reactivity may be due to the failure of the sulfoximine NH to undergo 

condensation with the aldehyde to form the corresponding imine intermediate, a 

prerequisite for subsequent reduction. Although anhydrous solvents were employed to 

minimize water-promoted reversibility of imine formation, no evidence of imine 

intermediates or reduced products was detected. This observation suggests that the 

intrinsic acidity and reduced nucleophilicity of the sulfoximine NH prevents 

productive engagement in the condensation step even when employing reactive 

electron deficient aldehydes (i.e., para-nitrobenzaldehyde).  

 

R group Reaction Conditions Result 

 

STAB (1.5 equiv.) in DCE 

25 – 40 °C, 16 h 
No reaction 

 

STAB (1.5 equiv.), AcOH (cat.) in DCE/THF 

25 – 40 °C, 16 h 
No reaction 

 

STAB (1.5 equiv.), AcOH (cat.) in DCE/THF 

25 – 40 °C, 16 h 
No reaction 

 

NaBH3CN (1.5 equiv.), AcOH (cat.) in DCE/THF 

25 – 40 °C, 16 h 
No reaction 

Figure 2.5-7. Investigations on the reductive amination of sulfoximine 32. 

 

These findings indicate that reductive amination, a transformation that is well-

precedented for amines, does not readily extend to penam NH-sulfoximines, further 

underscoring the challenges associated with derivatization of NH-sulfoximines in this 

reactive scaffold.  
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2.5.7 Investigations on Michael additions with the penam NH-sulfoximine 32 

The 1,4-conjugate (Michael) addition of nitrogen nucleophiles to activated alkenes is 

a well-established method for C–N bond formation, particularly in the context of 

imides, sulfonamides, and related NH functionalities.139 In these reactions, 

nucleophiles add to the β-position of an α,β-unsaturated carbonyl compound, typically 

following deprotonation of the NH or activation of the Michael acceptor by a Lewis 

acid. 

 

Substrate Reaction Conditions Result 

 

MeCN  

25 – 40 °C, 16 h 
No reaction 

 

AlCl3 (0.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

BF₃·Et₂O (0.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

ZnCl2 (0.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

TEA (2 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

AlCl3 (0.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

BF₃·Et₂O (0.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

ZnCl2 (0.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

TEA (2 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

Figure 2.5-8. Investigations on the Michael addition of sulfoximine 32. 
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To evaluate this strategy for sulfoximines, benzyl acrylate was first examined in 

acetonitrile under a range of activating conditions. The use of BF₃·Et₂O (0.1 equiv.) 

was intended to enhance electrophilicity of the acrylate through carbonyl 

coordination,140 while AlCl₃ (0.1 equiv.) was investigated as a stronger Lewis acid 

expected to provide greater activation. ZnCl₂ (0.1 equiv.) was tested as a milder Lewis 

acid that has precedent in promoting conjugate additions of weak nitrogen 

nucleophiles,140  and triethylamine (2 equiv.) was employed to generate the 

deprotonated sulfoximine anion under basic conditions. Across these variations, 

reactions conducted at room temperature and at 40 °C failed to give the desired 

Michael adducts, instead returning unreacted starting material (Figure 2.5-8). 

 

2.5.8 Investigations on Mitsunobu reactions with sulfoximine 32 

The Mitsunobu reaction is a well-established method for converting alcohols into a 

wide range of derivatives through the nucleophilic substitution of an activated 

oxyphosphonium intermediate.141 Classically, the reaction couples an acidic NH or OH 

nucleophile (e.g., imides, sulfonamides, hydantoins, phenols, carboxylic acids) with 

an alcohol in the presence of a phosphine and an azo agent, e.g. diethyl 

azodicarboxylate (DEAD) or diisopropyl azodicarboxylate (DIAD). The success of 

this transformation relies on the relatively low pKa of the nucleophile, which facilitates 

deprotonation and subsequent attack on the activated alcohol species. Given that 

sulfoximine N-H groups can possess acidity comparable to imides and sulfonamides, 

in principle they represent viable candidate for Mitsunobu-type functionalization.  

To evaluate the Mitsunobu strategy, attempts were made to functionalize the penam-

sulfoximine NH with both isopropyl alcohol and benzyl alcohol under standard 

Mitsunobu conditions.141  A variety of reagent and solvent combinations were 
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examined, including DIAD and bis(4-chlorobenzyl) (E)-diazene-1,2-dicarboxylate 

(DCAD) as azo reagents; triphenylphosphine (PPh3), tricyclohexylphosphine (PCy3), 

and tributylphosphine (PnBu3) as phosphines, as well as; THF or acetonitrile as 

solvents. The reactions were initiated at 0 °C, warmed up to ambient temperature, and 

in some cases further heated to 40 °C. In addition, triethylamine was tested as an 

additive to promote sulfoximine NH deprotonation (Figure 2.5-9).  

 

R group Reaction Conditions Result 

 

DIAD (1.1 equiv.), PPh3 (1.1 equiv.) in THF 

25 – 40 °C, 16 h 
No reaction 

 

DIAD (1.1 equiv.), PPh3 (1.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

DCAD (1.1 equiv.), PPh3 (1.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

DIAD (1.1 equiv.), PCy3 (1.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

DIAD (1.1 equiv.), PnBu3 (1.1 equiv.) in MeCN 

25 – 40 °C, 16 h 
No reaction 

 

DIAD (1.1 equiv.), PPh3 (1.1 equiv.), TEA (1 equiv.) 

in MeCN 

25 – 40 °C, 16 h 

No reaction 

Figure 2.5-9. Investigations on Mitsunobu reactions with sulfoximine 32. 

 

The results revealed that, despite the broad range of conditions employed, no desired 

N-alkylated sulfoximine product was obtained. Instead, reactions either returned 

starting material or produced complex mixtures of by-products. These results suggest 

that, unlike related imide or sulfonamide substrates, sulfoximine NH groups, at least 

on the penam scaffold, do not undergo efficient Mitsunobu coupling, likely due to the 

lack of acidity of the NH-sulfoximine proton.  
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2.6 Summary  

This chapter described the efficient synthesis of (S)- and (R)-penam sulfoximines via 

Rh(II)-catalyzed nitrene transfer and examined the scope of this methodology across a 

range of penam-sulfoximine derivatives. Access to the NH sulfoximines enabled 

systematic evaluation of its reactivity, revealing both successful and unsuccessful 

strategies for N-functionalization: amide bond formation, arylation, and urea formation 

were identified as reliable transformations, whereas reductive aminations, Michael 

additions, Mitsunobu141 reactions, and direct alkylations were unsuccessful under the 

conditions tested. These findings underscore the distinct reactivity profile of the 

sulfoximine moiety within the penam framework, where conventional approaches to 

NH derivatization often prove ineffective.  

Sulbactam sulfoximine derivatives bearing different sulfoximine N-substituents, 

including aryl, carbonyl, sulfonyl, formate, and formamide groups (Figure 2.3-2, 2.5-

1, 2.5-2, 2.5-3), were efficiently synthesized in 6-8 steps from commercial 6-APA 

(Figure 2.2-1), providing a diverse compound set for biochemical and biological 

testing. 
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3.1 Introduction 

Sulfoximines have recently emerged as valuable functional motifs in medicinal 

chemistry, offering a versatile alternative to sulfones by providing an additional 

stereogenic center, expanded hydrogen-bond capacity, and tunable polarity and 

stereoelectronic properties.76, 77 When incorporated into β-lactam antibiotic scaffolds, 

sulfoximines present an opportunity to modulate physicochemical properties and 

potentially alter interactions with PBPs and/or SBLs. However, introduction and 

manipulation of sulfoximines within β-lactam frameworks pose significant synthetic 

challenges, arising from the inherent reactivity of the strained β-lactam ring and the 

sensitivity of the sulfur (VI) functionality to acidic, basic, and reductive conditions.  

The C2-carboxylate of β-lactam antibiotics plays a pivotal role in both chemical 

reactivity and biological activity and is therefore a mandatory functional group in 

compounds intended for antibacterial evaluation.10 During the synthesis of penam- and 

cephem-based sulfoximines, however, protection of this carboxylate is essential to 

enable multistep functionalization of the sulfur center. Conventional ester cleavage 

methods typically rely on strongly acidic, basic, or nucleophilic conditions, all of 

which readily promote β-lactam ring opening. In sulfoximine-containing systems, 

these challenges are further compounded by the potential for metal coordination ,redox 

processes, or catalyst poisoning, complicating the selective unveiling of the free acid 

at late stages of synthesis.  

This chapter focuses on identifying carboxylate protecting groups and deprotection 

conditions compatible with β-lactam sulfoximines. Initial studies examine the penam 

(S)-sulfoximine series as a model system, systematically evaluating commonly 

employed C2 protecting groups – including benzhydryl, p-nitrobenzyl, biphenyl 

methyl, and p-methoxybenzyl esters – under representative hydrogenolytic, acidic, and 
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basic deprotection conditions. These experiments were designed to probe the intrinsic 

stability of penam-sulfoximines toward ester cleavage and to establish conditions that 

enable selective liberation of the free carboxylic acid without compromising β-lactam 

integrity.  

Building on these findings, the scope of the study was extended to (R)-configured 

penam-sulfoximines to assess the influence of sulfoximine stereochemistry on 

deprotection efficiency and stability. Finally, the cephem scaffold was investigated to 

determine whether reduced ring strain and altered electronics relative to penams could 

expand the accessible deprotection window. Multiple protecting groups and cleavage 

strategies were evaluated in the cephem series to define the structural and chemical 

limits of sulfoximine-containing β-lactams.  

Collectively, this work establishes key structure-stability relationships governing the 

protection and deprotection of β-lactam sulfoximines. By directly comparing penam 

and cephem systems, this chapter reveals a pronounced divergence in chemical 

robustness between the two scaffolds and identifies protecting group strategies that 

enable reliable access to stable penam-sulfoximine free acids, while highlighting the 

intrinsic instability of the corresponding cephem analogues.  

 

3.2 Deprotection of penam (S)-sulfoximines 

With the C2 carboxylate necessarily protected during sulfoximine installation, its 

selective deprotection represents a key late-stage transformation in the synthesis of 

penam sulfoximines. To identify protecting groups compatible with this scaffold, a 

series of commonly employed C2 esters were systematically evaluated using 

representative (S)-configured penam-sulfoximine substrates. Benzhydryl, para-

nitrobenzyl (PNB), biphenyl methyl, and para-methoxybenzyl (PMB) esters were 
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examined under standard ester-cleavage conditions, including catalytic 

hydrogenolysis, acidolysis, and basic methanolysis. Reaction outcomes were assessed 

in terms of deprotection efficiency, substrate stability, and integrity of the β-lactam 

core, enabling direct comparison of protecting group performance across a consistent 

reaction framework. 

 

3.2.1 Benzhydryl ester cleavage  

Benzhydryl esters are commonly employed as protecting groups during synthesis of β-

lactam antibiotics/SBL inhibitors because they can, in principle, be removed under 

different orthogonal conditions, including using catalytic hydrogenolysis with catalytic 

Pd, strong Brønsted acids in presence of arene scavengers, transfer hydrogenation in 

formic acid, or basic alcoholysis.142-145  In the case of penam-sulfoximine derivatives, 

this strategy was expected to permit late-stage unveiling of the C2 carboxylate under 

conditions that would avoid prolonged heating, aqueous workups, or basic alcoholysis. 

To evaluate this approach, four standard protocols for benzhydryl ester cleavage were 

trialed using representative penam-sulfoximine substrates. These conditions 

comprised: (i) catalytic hydrogenolysis using H2 and Pd/C in methanol/THF (3 h),142 

(ii) acidolysis with trifluoroacetic acid (TFA) in presence of phenol at room 

temperature (30 min),143 (iii) solvolysis in formic acid at 40-50 °C,144 and (iv) basic 

methanolysis with 1 M NaOH in methanol at room temperature.145 

Catalytic hydrogenolysis did not result in ester cleavage, and only starting material 

was recovered within 3 h. In contrast, exposure to acidic (TFA/phenol, formic acid) or 

basic (NaOH/MeOH) conditions led to rapid decomposition of the substrate (Figure 

3.2-1). This degradation is most plausibly attributed to acid- or base-catalyzed 

hydrolysis of the β-lactam ring, which proceeds more rapidly than benzhydryl ester 



Chapter 3 | Deprotection of Penam- and Cephem-sulfoximines  

 

58 
 

cleavage under these conditions. As a result, no free acid product could be obtained in 

preparative yields. 

 

Entry Conditions Result 

i H2, Pd/C (0.2 equiv.) in MeOH/THF; RT Only SM after 3h  

ii TFA in phenol; RT  Degradation of 29 

iii Formic acid; 40 °C Degradation of 29 

iv 1 M NaOH in MeOH; RT Degradation of 29 

Figure 3.2-1. Benzhydryl ester cleavage of 29.  

 

These results demonstrate that benzhydryl esters may be incompatible with penam-

sulfoximine scaffolds, as the typical deprotection protocols are either ineffective or 

promote β-lactam degradation (Figure 3.2-1). Subsequent efforts therefore focused on 

alternative ester protecting groups amenable to removal under neutral or otherwise 

non-degrading conditions. However, it is possible that the result of the deprotection 

reaction is scale dependent and that benzhydryl esters are of use when performing the 

reaction not on a laboratory scale.  

 

3.2.2 p-Nitrobenzyl ester cleavage 

Next, the PNB ester 42a was evaluated as a protecting group for the C2 carboxylate. 

PNB esters are widely used in β-lactam antibiotics/SBL inhibitors because they can be 

selectively removed under mild reductive conditions, most commonly by catalytic 

hydrogenolysis, while remaining stable to a broad range of acidic and basic 

transformations.146 Catalytic hydrogenolysis of the PNB group typically proceeds via 
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reduction of the nitro moiety to an aniline intermediate, followed by rapid benzylic 

cleavage.147 

 

Entry 
Pd/C 

(equiv.) 
Solvent Result 

i 0.2  THF Full conversion to 31b with slight degradation 

ii 0.2  EtOAc Full conversion to 31b with slight degradation 

iii 0.2  MeOH Degradation of 31b 

Figure 3.2-2. p-Nitrobenzyl ester hydrogenation of 42a.  

 

Hydrogenolysis of sulfoximine 42a was performed under an atmosphere of H2 using 

Pd/C (0.2 equiv.) at room temperature in different solvents (Figure 3.2-2). In THF, 

full conversion to the desired free acid 31b was achieved, though accompanied by trace 

levels of decomposition. A similar outcome was obtained in ethyl acetate, where 31b 

formed cleanly with formation of trace decomposition by-products. In contrast, when 

methanol was employed as a solvent, extensive degradation occurred and no product 

was obtained.  

The instability observed under methanolic conditions likely arises after PNB removal, 

as the liberated β-lactam sulfoximine acid is potentially unstable in protic, nucleophilic 

media. Following hydrogenolysis, methanol can cause β-lactam ring opening, while 

the in-situ formation of p-aminobenzyl species from nitro reduction may further 

accelerate decomposition through nucleophilic or base-catalyzed attack.  

These results demonstrate that PNB esters are compatible with mild hydrogenation 

conditions, provided that aprotic solvents are used. THF and ethyl acetate represent 
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suitable media for selective deprotection, whereas protic solvents such as methanol 

lead to rapid degradation of the acid product 31b.  

 

3.2.3 Biphenyl methyl ester cleavage 

The biphenyl methyl ester 46a was next investigated as C2 carboxylate protecting 

groups. The biphenyl methyl moiety was selected because, like PNB esters, it can be 

removed under hydrogenation conditions but is generally more resistant to side 

reactions during multi-step synthesis.  

 

Entry 
Pd/C 

(equiv.) 
Solvent Result 

i 0.2  THF Full conversion to 31b after 16 h  

ii 0.2  EtOAc Full conversion to 31b after 8 h 

iii 0.2  MeOH Full conversion to 31b after 3 h with degradation 

Figure 3.2-3. Biphenyl methyl ester hydrogenation of 46a.  

 

Hydrogenolysis of sulfoximine 46a was performed under an atmosphere of H2 using 

Pd/C (0.2 equiv.) at room temperature in various solvents (Figure 3.2-3). In all cases, 

conversion to the corresponding free acid 31b was achieved as observed by 1H NMR, 

though the rate and product purity, however, depended strongly on solvent. In THF, 

complete conversion was observed after 16 h, whereas in ethyl acetate, full 

deprotection of 46a to give 31b was achieved within 8 h. In methanol, cleavage of 46a 

occurred rapidly (3 h) but was accompanied by trace levels of decomposition. 
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These results indicate that biphenyl methyl esters are a viable protecting group for 

penam-sulfoximine derivatives, permitting efficient deprotection under mild 

hydrogenation conditions. However, solvent polarity and nucleophilicity strongly 

influence both the reaction kinetics and product stability. Aprotic solvents such as THF 

and ethyl acetate afford cleaner reactions at slower rates, while methanol accelerates 

hydrogenolysis but promotes partial degradation, likely through nucleophilic opening 

of the β-lactam ring following ester cleavage. 

 

3.2.4 p-Methoxybenzyl ester cleavage 

The PMB ester 30b was next evaluated as a protecting group for the C2 carboxylate. 

PMB esters are frequently employed in β-lactam and peptide chemistry because they 

can be selectively removed under mild hydrogenolytic conditions. The electron-

donating methoxy substituent stabilizes the benzylic cation formed during cleavage, 

facilitating smooth deprotection while minimizing side reactions. 

 

Entry 
Pd/C 

(equiv.) 
Solvent Result 

i 0.2  THF Full conversion to 31b after 3 h  

ii 0.2  EtOAc Full conversion to 31b after 3 h 

iii 0.2  MeOH Full conversion to 31b after 3 h with degradation 

Figure 3.2-4. p-Methoxybenzyl ester hydrogenation of 30b.  

 

Hydrogenolysis of sulfoximine 30b was carried out under an atmosphere of H2 using 

Pd/C (0.2 equiv.) at room temperature in THF (Figure 3.2-4). Under these conditions, 
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complete conversion to the free acid 31b was achieved within 3 h with no detectable 

degradation. Analysis by 1H NMR confirmed clean formation of the desired product, 

and no by-products were observed.  

These results identify PMB esters as highly effective protecting groups for penam-

sulfoximine derivatives. In contrast to benzhydryl, p-nitrobenzyl, and biphenyl methyl 

esters, the PMB ester was removed efficiently and selectively under mild 

hydrogenation conditions, yielding the desired carboxylic acid without compromising 

β-lactam integrity.  

 

3.2.5 Summary of ester deprotection strategies 

A comparative evaluation of benzhydryl, PNB, biphenyl methyl, and PMB esters as 

protecting groups for the C2 carboxylate of penam-sulfoximines revealed marked 

differences in their suitability for penam-sulfoximine deprotection (Figure 3.2-1 – 3.2-

4). The benzhydryl ester 29 proved unsuitable due to its resistance to hydrogenolysis 

and susceptibility to acid- and base-catalyzed degradation of the β-lactam ring. 

Similarly, the PNB ester 42a underwent efficient hydrogenolysis in aprotic solvents 

but was prone to decomposition in methanol, likely due to β-lactam ring opening 

following generation of nucleophilic aniline byproducts. Biphenyl methyl ester 46a 

displayed improved stability and clean hydrogenolysis in THF and ethyl acetate, 

although prolonged reaction times were required and minor degradation was observed 

in protic solvents. 

 In contrast, the PMB ester 30a exhibited superior performance, undergoing complete 

and selective cleavage under mild hydrogenolytic conditions without compromising 

the integrity of the β-lactam. The electron-donating methoxy substituent is likely to 
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facilitate benzylic cleavage while avoiding undesired formation of byproducts like 

aniline that could cause degradation of the desired free acid.  

Collectively, these results establish the PMB ester as the most effective protecting 

group for the C2 carboxylate of penam-sulfoximines. This protecting group was 

therefore adopted for all subsequent analogs and late-stage transformations.  

 

3.3 Penam-sulfoximine salts  

The free acid forms of penam-sulfoximine derivatives were found to be relatively 

unstable. When stored at room temperature, these compounds degraded rapidly, and 

1H NMR analysis even revealed 20% degradation after one week of storage at –20 °C. 

The instability is likely a result of autocatalytic degradation of the β-lactam ring. The 

free carboxylate can protonate the β-lactam carbonyl, activating it to acid-catalyzed 

hydrolysis even under nominally mild storage conditions. This phenomenon has been 

observed previously for related β-lactam scaffolds and underscores the difficulty of 

handling the free acid form of such compounds.148 

To improve stability, efforts were directed toward isolating the compounds as alkali 

metal salts. The free acids were dissolved in ethyl acetate and stirred with sodium 2-

ethylhexanoate or potassium 2-ethylhexanoate for 15 minutes.146 After solvent 

removal in vacuo, the salts were precipitated with diethyl ether and isolated by 

filtration, affording the corresponding sodium and potassium salts in good yield. 

Importantly, these salts exhibited markedly enhanced stability as also reported to be 

the case with sulbactam itself38: when stored at –10 °C, no significant degradation was 

detected by 1H NMR analysis after more than six months. 

These results demonstrate that conversion of penam-sulfoximine free acids into their 

corresponding sodium or potassium salts represents an effective strategy to mitigate 
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instability during storage and handling and provides a practical means of maintaining 

compound integrity for subsequent biological evaluation. 

 

3.4 Deprotection of the penam (R)-sulfoximines 

The deprotection of (R)-penam-sulfoximines was next investigated using the PMB-

protected sulfoximine 26 as a representative substrate. Based on the success of PMB 

ester hydrogenolysis for the corresponding (S)-sulfoximine series, similar conditions 

were anticipated to afford the free NH sulfoximine 48 and, upon extended 

hydrogenation, the corresponding C2 carboxylic acid 27. 

Initial hydrogenolysis was performed under an atmosphere of H2 with Pd/C as a 

catalyst at room temperature, varying solvents and catalyst loadings (Figure 3.4-1). 

However, surprisingly, under standard conditions (0.2 equiv. Pd/C, THF), no reaction 

was observed after 3h, and only starting material was recovered. In ethyl acetate, 

partial conversion (20%) to the free NH sulfoximine 48 was obtained. The substrate 

was not soluble in methanol, precluding evaluation under these conditions. 

 

Entry 
Pd/C 

(equiv.) 
Solvent Result 

i 0.2  THF Only 26 after 3 h  

ii 0.2  EtOAc 80% 26, 20% 48 after 3 h 

iii 0.2  MeOH 26 not soluble in MeOH 

iv 1.3 THF 85% 26, 15% 48 after 8 h 

v 1.3 EtOAc 45% 26, 55% 48 after 8 h 

vi 3.0 EtOAc 80% 26, 20% 48 and degradation after 3 h 

Figure 3.4-1. Hydrogenation of (R)-sulfoximine 26. Percentages are estimated based on crude 1H NMR 

mixtures comparing SM to products. 
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Higher catalyst loadings were investigated next because formation of the free NH 

sulfoximine 48 could potentially poison the catalyst through coordination to palladium. 

Increasing the catalyst loading to 1.3 equiv. in THF led to modest conversion (15%) to 

48 after 8 h, whereas in ethyl acetate, conversion improved to approximately 55%. 

Further increasing Pd/C to 3.0 equiv. in ethyl acetate did not enhance the outcome and 

instead resulted in partial decomposition after 3 h (Figure 3.4-1).  

These results indicate that deprotection of (R)-configured penam-sulfoximines 

proceeds significantly less efficiently than for the (S)-diastereomers under comparable 

conditions. The reduced reactivity may arise from stereoelectronic effects that alter 

accessibility of the sulfoximine substituent to the catalyst surface, or from coordination 

of the sulfoximine nitrogen to palladium, inhibiting hydrogen activation.  

 

 

 

 

 

 

Figure 3.4-2. Crystal structure of penam (R)-sulfoximine 48. Crystallographic analysis of a single 

crystal of 4-methoxybenzyl (2S,4R,5R)-4-imino-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (48) confirms its structural assignment based on 1H and 

13C NMR, IR, MS, and [𝛼]25
𝐷
 analysis. Analysis of the Flack parameter126 supports the assignment of the 

sulfur-configuration as (R). Color code: white: hydrogen; gray: carbon; blue: nitrogen; red: oxygen; 

yellow: sulfur. Select crystallographic data are shown in the Appendix 7.1. 

 

Single-crystal X-ray diffraction analysis of the free NH sulfoximine 48 was performed 

(Figure 3.4-2). The structure confirms the assigned absolute configuration and reveals 

a conformation in which the sulfoximine nitrogen is oriented toward the β-lactam core. 
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This spatial arrangement may facilitate coordination to transition metal catalysts 

following partial deprotection, providing structural support for the observed resistance 

to hydrogenolytic ester cleavage in the (R)-series. 

Hydrogenation of select (R)-configured penam sulfoximines was investigated under 

standard conditions (H2, Pd/C, THF, rt) using representative substrates 48, 47, and 49 

(Figure 3.4-3). These compounds included both free NH sulfoximine 48, and N-

substituted analogues bearing methyl carbamate (47) or urea (49) substituents. In all 

cases, reactions performed in THF, ethyl acetate, or methanol with either 0.2 or 1.1 

equiv. of Pd/C resulted in recovery of starting material accompanied by varying 

degrees of degradation after 3 h.  

 

Entry SM Conditions Result 

i 48 Pd/C (1.1 equiv.) in THF Only SM after 3 h  

ii 48 Pd/C (1.1 equiv.) in EtOAc Only SM with degradation after 3 h 

iii 48 Pd/C (1.1 equiv.) in MeOH Only SM with degradation after 3 h 

iv 47 Pd/C (0.2 equiv.) in THF Only SM with degradation after 3 h 

v 49 Pd/C (0.2 equiv.) in THF Only SM with degradation after 3 h 

Figure 3.4-3. Hydrogenation of select (R)-penam sulfoximines. 

 

The observation of unreacted starting material alongside decomposition products 

suggests that hydrogenolysis of the (R)-diastereomer proceeds more slowly than the 

rate of product degradation under the reaction conditions and/or that the decomposition 

product(s) poison the catalyst. Transient formation of the desired acid is therefore 

likely followed by rapid β-lactam ring opening or further breakdown mediated by the 
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catalyst or solvent. These results indicate that both the (R)-penam scaffold and the 

sulfoximine functionality confer substantial instability toward hydrogenation, 

preventing selective deprotection even under mild catalytic conditions. Notably, the 

(S)-configured diastereomer appears to be significantly more stable under comparable 

hydrogenation conditions, suggesting that subtle stereoelectronic or conformational 

factors influence the susceptibility of the β-lactam sulfoximine core to degradation.  

 

3.5 Synthesis of cephem-sulfoximines 

To further evaluate the generality of the sulfoximine derivatization strategy, the 

cephem scaffold was next explored. Compared to the [3,2,0] bicyclic ring system of 

penams, the 4:6 ring bicyclic system of cephems exhibits relatively reduced angular 

strain and greater thermodynamic stability.148 This decreased ring strain was expected 

to confer enhanced resistance to β-lactam hydrolysis and to improve the overall 

chemical robustness of the sulfoximine derivatives during oxidation and deprotection 

steps. Consequently, the cephem series provided an attractive platform to test whether 

the synthetic sequence developed for penam-sulfoximines could be extended to a less 

strained β-lactam system.  

Building on the success of the (S)-penam-sulfoximine series, the same synthetic 

strategy was next applied to the preparation of cephem-sulfoximine analogues. 7-

Aminodesacetoxycephalosporanic acid (7-ADCA, 50) was first converted into 7α-

bromo cephalosporanic acid 51149 which was subsequently protected with para-

methoxybenzyl (PMB) bromide to afford the corresponding ester 52. Oxidation of 52 

with mCPBA afforded a 5:1 mixture of (S):(R) sulfoxides, which were readily 

separated by silica gel chromatography to provide 53 and 57 in 51% and 9% overall 

yield, respectively (Figure 3.5-1).  
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Figure 3.5-1. Synthesis of (S)- and (R)-cephem-sulfoximines 56 and 60. Reagents and conditions: (i) 

HBr, NaNO2, MeOH, H2O, –15 °C to rt, 48%; (ii) PMB-Br, K2CO3, DMF, CH2Cl2, 40 °C, 64%; (iii) 

mCPBA, CH2Cl2, –78 °C, 60%%; (iv) PnBu3, MeOH, rt, 82%; (v) CbzNH2, MgO, PhI(OAc)2, 

Rh2(OAc)4 (5 mol%), dimethoxyethane, 40 °C, 72%; (vi) Pd/C, H2, THF, rt, 0%.  

 

Bromine reduction of 53 and 57 using tributylphosphane in methanol furnished the 

corresponding 6,6-dihydrocephems 54 and 58, respectively. The (S)-sulfoxide 54 was 

subjected to Rh2(OAc)4-catalyzed nitrene transfer using benzyl carbamate as the 

nitrogen source, affording the corresponding (S)-sulfoximine 55a in 72% yield. 

Similarly, (R)-sulfoxide 58 underwent the same transformation to produce (R)-

sulfoximine 59a in 36% yield. The lower yield for the (R)-isomer is likely due to steric 

hinderance at the sulfur center during nitrene transfer, as the sulfur approaches from 

the concave face of the cephem framework.  Assignment of sulfoxide stereochemistry 

was confirmed by crystallographic analysis of a single crystal of cephem sulfoxide 54 

(Figure 3.5-2). 
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Figure 3.5-2. Crystal structure of cephem 54. Crystallographic analysis of a single crystal of 4-

methoxybenzyl (6R)-3-methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide 54 

confirms its structural assignment based on 1H and 13C NMR, IR, MS, and [𝛼]25
𝐷
 analysis. Analysis of 

the Flack parameter126 supports the assignment of the sulfur-configuration as (S). Color code: white: 

hydrogen; gray: carbon; blue: nitrogen; red: oxygen; yellow: sulfur. Select crystallographic data are 

shown in the Appendix 7.2.  

 

3.5.1 Deprotection of cephem-sulfoximines 

Hydrogenation of the (S)-sulfoximine 55a under standard conditions (H2, Pd/C, THF, 

rt) did not yield the desired free acid 56 (Figure 3.5-3). Performing the reaction in 

alternative solvents such as ethyl acetate or methanol likewise failed to produce either 

the deprotected acid or the corresponding free NH sulfoximine. Increasing the catalyst 

loading from 0.2 to 1.1 equiv. and testing different hydrogenation catalysts (i.e., Pd/C, 

Pt/C, and Pd(OH)2) did not lead to product formation, and only unreacted starting 

material was recovered in all cases.  
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Entry Catalyst (equiv.) Solvent Result 

i Pd/C (0.2)  THF Only SM after 6h 

ii Pd/C (0.2) EtOAc Only SM after 6h 

iii Pd/C (0.2) MeOH Only SM + degradation after 6h 

iv Pd/C (1.1) THF Only SM after 6h 

v Pd/C (1.1) EtOAc Only SM after 6h 

vi Pd/C (1.1) MeOH Only SM + degradation after 6h 

vii  Pt/C (1.1) THF Only SM after 6h 

viii Pd(OH)2 (1.1) THF Only SM + degradation after 6h 

Figure 3.5-3. Hydrogenation of (S)-cephem sulfoximine 55a.  

 

The resistance to hydrogenolysis is likely attributable to π-coordination of palladium 

to the C2-C3 cephem alkene to the metal surface. This interaction might form a stable, 

non-productive complex that inhibits activation of the p-methoxybenzyl group toward 

reduction. In some cases, partial decomposition was observed, which may reflect a 

faster rate of product degradation relative to the slower rate of hydrogenolytic cleavage 

under reaction conditions. Thus, even if transient formation of the desired acid occurs, 

it is likely unstable in the presence of the catalyst or the solvent medium. As a result, 

hydrogenation of both the protecting group and the sulfoximine moiety is effectively 

suppressed, and the overall transformation remains non-productive even under forcing 

conditions.  

These results establish a concise route to both (S)- and (R)-configured cephem-

sulfoximines from 7-ADCA via selective oxidation and nitrene transfer, while 

underscoring the intrinsic limitations of PMB deprotection within the cephem-

sulfoximine series due to metal-olefin interactions and product instability under 

hydrogenation conditions.  
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3.5.2 Evaluation of alternative protecting groups for cephem-sulfoximines  

Given the limited success of p-methoxybenzyl (PMB) ester deprotection in the 

cephem-sulfoximine series, alternative protecting groups were next explored to 

identify conditions compatible with both the β-lactam and sulfoximine functionalities. 

To streamline the synthetic sequence, the phenylacetylamide (PenG) side chain was 

introduced at the amine position to allow direct comparison of multiple C2-protecting 

groups without the need for extensive side-chain manipulations (Scheme 3.5-4).  

The synthesis proceeded through the corresponding C2 esters of 7-

aminodesacetoxycephalosporanic acid (7-ADCA, 50) bearing p-nitrobenzyl (PNB, 

62), methyl (65), trimethylsilyl ethyl (TMSE, 68), allyl (Alloc, 71), or 9-

fluorenylmethyl (Fmoc, 74) groups. Oxidation of the corresponding sulfides with m-

chloroperbenzoic acid (mCPBA) followed by Rh(OAc)2-catalyzed nitrene transfer was 

used to assess the compatibility of each protecting group under sulfoximine-forming 

conditions.  
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Scheme 3.5-4. Synthesis of cephem-sulfoximines. Reagents and conditions: (i) phenylacetyl chloride, 

NaHCO3, acetone, H2O, rt, 90%; (ii) PNB-Br, K2CO3, DMF, CH2Cl2, 40 °C, 69%; (iii) CH3I, K2CO3, 

DMF, CH2Cl2, 35 °C, 84%; (iv) TMSE-OH, N,N’-dicyclohexylcarbodiimide (DCC), 4-

dimethylaminopyridine (DMAP)132, CH2Cl2, 0 °C, 84%; (v) 3-bromoprop-1-ene, K2CO3, DMF, CH2Cl2, 

40 °C, 49%; (vi) Fm-OH, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), DMAP132, CH2Cl2, 

0 °C; 82%; (vii) mCPBA, CH2Cl2, –78 °C, 31-83%; (viii) CbzNH2, MgO, PhI(OAc)2, Rh2(OAc)4 (5 

mol%), dimethoxyethane, 40 °C, 33-46%. 

 

Sulfoximine formation did not proceed for PNB-protected sulfoxide 63, likely due to 

poor solubility of the substrate under reaction conditions. Similarly, attempts using the 

Alloc-protected sulfoxide 72 failed to yield the corresponding sulfoximine, might 

indicate coordination of the rhodium catalyst to the accessible alkene double bond, 

thereby preventing productive nitrene transfer. In contrast, reaction of the Fmoc-

protected sulfoxide 75 led to detectable formation of the desired sulfoximine, but in 
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very low yield (<5%), and isolation of the product from reaction byproducts was not 

possible. These results indicate that sulfoximine formation in the cephem series is 

highly sensitive to both substrate solubility and functional-group compatibility with 

the rhodium catalyst. Electron-rich or π-coordinating protecting groups tend to inhibit 

nitrene insertion, whereas bulky or poorly soluble esters further limit conversion. 

Collectively, these observations underscore the narrow operational window for 

achieving efficient sulfoximine formation within the cephem framework and 

emphasize the need for neutral, non-coordinating protecting groups to ensure both 

solubility and catalyst accessibility.  

 

3.5.3 Deprotection of cephem-sulfoximines 

Deprotection of the methyl ester was investigated using cephem-sulfoximine 67 as a 

model substrate (Figure 3.5-5). Methyl esters are employed in β-lactam chemistry due 

to their ease of introduction and potential for mild cleavage via nucleophilic or 

reductive conditions. However, the cephem scaffold presents additional challenges for 

ester hydrolysis, as the β-lactam ring is highly sensitive to nucleophilic or basic 

environments. Several conventional methyl ester cleavage methods (including aqueous 

saponification, acid-catalyzed hydrolysis, and enzymatic esterases) were considered 

but ultimately excluded, as they require non-anhydrous or protic conditions that risk 

rapid β-lactam degradation. To preserve the integrity of the cephem core, only strictly 

anhydrous deprotection strategies were pursued, employing nucleophilic (KOTMS) 

and reductive (LiI) reagents under aprotic conditions.   

A range of classical deprotection conditions was screened, including potassium 

trimethylsilanolate (KOTMS)150 and lithium iodide (LiI)151 in various solvents (THF, 
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ether, ethyl acetate, and acetonitrile) and temperatures (0 °C to rt). In all cases, 

extensive degradation of 67 was observed, with no recovery of the desired free acid.  

 

Entry Conditions Result 

i KOTMS, THF, rt  Degradation of 67 

ii KOTMS, ether, rt Degradation of 67 

iii KOTMS, THF, 0 °C Degradation of 67 

iv KOTMS, ether, 0 °C Degradation of 67 

v LiI, EtOAc, rt Degradation of 67 

vi LiI, THF, rt Degradation of 67 

vii LiI, MeCN, rt Degradation of 67 

viii LiI, EtOAc, 0 °C Degradation of 67 

ix LiI, THF, 0 °C Degradation of 67 

x LiI, MeCN, 0 °C Degradation of 67 

Figure 3.5-5. Deprotection of cephem-sulfoximines 67.  

 

The consistent observation of decomposition under both alkoxide- and iodide-

mediated conditions suggests that methyl ester cleavage is accompanied by rapid β-

lactam ring opening. In the presence of strong nucleophiles or halides, the cephem 

nucleus is likely activated toward intramolecular rearrangement or fragmentation 

through the polarized C2-C3 alkene. Additionally, the highly electrophilic β-lactam 

carbonyl may undergo direct attack under these conditions, leading to irreversible 

breakdown of the bicyclic core.  

These findings demonstrate that conventional nucleophilic and reductive protection 

strategies are incompatible with cephem-sulfoximines and highlight the need for 

neutral or non-ionic methods capable of selectively cleaving the ester without 

compromising the β-lactam framework.  
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To further evaluate mild, anhydrous strategies for unveiling the C2 carboxylate, 

deprotection of the TMSE-protected cephem-sulfoximine 70 was investigated (Figure 

3.5-6). TMSE esters are typically cleaved under fluoride-mediated β-elimination using 

reagents such as TBAF, KF, or CsF, which are compatible with neutral, aprotic media 

and therefore represent one of the few potentially β-lactam-tolerant options for ester 

removal.152 

 

Entry Conditions Result 

i TBAF, THF,  0 °C to rt Degradation of 70 

ii TBAF, THF, -78 °C to rt Degradation of 70 

iii KF, THF, 0 °C to rt Degradation of 70 

iv KF, THF, -78 °C to rt Degradation of 70 

v CsF, THF, 0 °C to rt Degradation of 70 

vi CsF, THF, -78 °C to rt Degradation of 70 

Figure 3.5-6. Deprotection of cephem-sulfoximines 70. 

 

A range of fluoride sources and temperatures was screened, including TBAF, KF, and 

CsF in anhydrous THF from -78 °C to room temperature. In all cases, rapid degradation 

of 70 was observed, and no trace of the desired free acid product could be detected by 

1H NMR. Lowering the temperature did not improve substrate stability, indicating that 

decomposition occurs independently of the specific fluoride reagent or reaction rate.  

Given that the free acid was not observed under any of the deprotection strategies 

evaluated throughout this study – including hydrogenolysis, basic, reductive, and 

fluoride-mediated conditions – it is likely that the deprotected cephem-sulfoximine is 

intrinsically unstable under the reaction environments required for ester cleavage. The 
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instability may arise from the inherent lability of the β-lactam sulfoximine core once 

the C2 carboxylate is unmasked, suggesting that the fully deprotected species cannot 

be isolated under standard synthetic conditions.  

 

3.6 Summary  

This chapter investigated the protection and deprotection of the C2 carboxylate in 

penam- and cephem-based sulfoximines, with the goal of identifying conditions 

compatible with the β-lactam sulfoximine framework. Systematic evaluation of 

commonly employed ester protecting groups revealed pronounced differences in 

stability and deprotection behavior across scaffolds and sulfoximine stereochemistry.  

In the penam (S)-sulfoximine series, PMB esters enabled rapid and selective 

hydrogenolytic cleavage under mild conditions, providing reliable access to the 

corresponding free acids. Conversion of these acids to their alkali metal salts was 

essential to ensure long-term stability. In contrast, benzhydryl, PNB, and biphenyl 

methyl esters displayed inferior performance due to incomplete deprotection, 

prolonged reaction times, and/or product degradation.  

Deprotection of (R)-configured penam-sulfoximines proved markedly less efficient, 

highlighting a pronounced stereochemical dependence that limits the applicability of 

late-stage hydrogenolysis in this series. Extension of the strategy to the cephem 

scaffold demonstrated that, although sulfoximine installation is feasible, deprotection 

of the C2 carboxylate is not achievable without degradation, indicating an intrinsic 

stability limitation of cephem-sulfoximines.  

Collectively, these findings define the chemical boundaries of β-lactam sulfoximine 

deprotection and establish PMB-protected penam (S)-sulfoximines as a robust 

platform for subsequent synthetic and biological studies.  
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4.1 Introduction 

The emergence and global dissemination of multidrug-resistant Gram-negative 

pathogens has intensified the need for new β-lactamase inhibitors capable of restoring 

the efficacy of β-lactam antibiotics against resistant strains.4 Among these pathogens, 

Acinetobacter baumannii represents a particularly challenging clinical threat due to its 

ability to express multiple β-lactamases, including class A, C, and D SBLs, often in 

combination with MBLs.63, 70 Recently, the sulbactam, and durlobactam combination 

was approved for A. baumannii treatment, in which sulbactam serves as both antibiotic 

and SBL inhibitor and durlobactam as a SBL inhibitor (Chapter 1, Section 1.4). 

Although the sulbactam/durlobactam combination has improved options for treatment 

of A. baumannii infections, limitations in potency, spectrum of SBLs inhibition, and 

stability motivate the development of improved inhibitor scaffolds.61   

Penam-sulfoximines have emerged as a promising class of SBL inhibitors that enable 

systematic structural diversification and modulation of covalent reactivity while 

retaining key features of clinically validated penam-based SBL inhibitors.  

In this chapter, the biological activity and inhibition mechanism of a series of penam-

sulfoximine derivatives are systematically evaluated. Biochemical inhibition assays 

with representative isolated SBLs from class A, C, and D and stability studies 

combined with mass spectrometric and crystallographic analyses inform of the scope 

and inhibition mechanisms of penam-sulfoximine derivatives. Antimicrobial 

susceptibility testing against clinically isolated A. baumannii strains demonstrates the 

clinical potential of penam-sulfoximine derivatives in combination with durlobactam. 

Together, this approach aims to define the structural and physicochemical features 

required for effective SBL inhibition and helps to identify penam-sulfoximines capable 

of translating potent enzyme inhibition into meaningful antibacterial activity. 
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4.2 Inhibition of SBL by penam-sulfoximine derivatives 

The inhibitory activity of the selected penam-sulfoximine derivatives on catalysis by 

representative isolated recombinant SBLs from Ambler classes A (TEM-116153), C 

(AmpC154), and D (OXA-10155, OXA-48156) was evaluated using reported 

fluorescence-based inhibition assays.39, 157 These assays employ cephalosporin-

derived FC-5 as a fluorogenic substrate to quantify SBL activity.157  In its intact form, 

FC-5 exhibits minimal intrinsic fluorescence, however, upon SBL-catalyzed 

hydrolysis of the FC-5 β-lactam ring, FC-5 fragments to release 7-hydroxycoumarin, 

a strongly fluorescent molecule which is monitored using a plate reader (Figure 4.2-

1).158 Inhibition of SBL catalysis therefore manifests as a concentration-dependent 

suppression of fluorescence development, enabling quantification of inhibitor potency.  

 

Figure 4.2-1. SBL-catalyzed hydrolysis of FC-5 produces fluorescent 7-hydroxycoumarin.  

 

SBLs were incubated at room temperature in reaction buffer (50 mM phosphate buffer, 

pH 7.5, with 0.01% (v/v) Triton X-100) in the presence of varying concentrations of 

penam-sulfoximine derivative for 10 min. For OXA-10 and OXA-48, the reaction 

buffer was supplemented with sodium bicarbonate (50 mM) to maintain the 

carbamylated, catalytically active form of the enzyme.39, 157 Reactions were initiated 

by addition of the reported fluorogenic substrate FC-5 (5 µM)157 and florescence was 

monitored immediately (ex = 380 nm, ex = 460 nm) over 30-45 min using either a 

BMG LABTECH Clariostar or a Pherastar plate reader. Sulbactam (6) and Avibactam 

(9) were included as reference inhibitors (Figure 4.2-2).  
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pIC50 

AmpC 

 

 

pIC50 

TEM-116 

 

 

pIC50 

OXA-10 

 

 

pIC50 

OXA-48 

 

 

pIC50 

OXA-10 

(NaHCO3) 

 

 

pIC50 

OXA-48 

(NaHCO3) 

Sulbactam (6) 4.6 ± 0.1 6.5 ± 0.1 4.6 ± 0.1 ND 4.0 ± 0.1 ND 

Avibactam (9) 7.1 ± 0.1 >8.0 4.8 ± 0.1 6.1 ± 0.1 4.8 ± 0.1  6.0 ± 0.1 

21  
4.6 ± 0.1 5.9 ± 0.1 4.1 ± 0.1 ND <4.0 ND 

31a  
4.5 ± 0.1 6.2 ± 0.1 4.6 ± 0.1 4.6 ± 0.1 5.0 ± 0.1 5.0 ± 0.1 

31b  
5.4 ± 0.1 5.4 ± 0.1 <4.0 ND 5.4 ± 0.1 5.2 ± 0.1 

34a  

4.7 ± 0.1 5.2 ± 0.1 4.2 ± 0.1 ND 4.3 ± 0.1 4.0 ± 0.1 

34b  

5.4 ± 0.1 6.7 ± 0.1 <4.0 ND 5.4 ± 0.1 5.5 ± 0.1 

34c  
<4.0 5.2 ± 0.1 <4.0 ND 5.1 ± 0.1 4.8 ± 0.1 

37a  

6.5 ± 0.1 7.5 ± 0.1 5.7 ± 0.1 5.6 ± 0.1 5.8 ± 0.1 5.6 ± 0.1 

37b  
7.1 ± 0.1 >8.0  6.0 ± 0.1 5.9 ± 0.1 6.0 ± 0.1 5.9 ± 0.1 

37c  

6.5 ± 0.1 7.5 ± 0.1 5.6 ± 0.1 5.7 ± 0.1 5.5 ± 0.1 5.7 ± 0.1 

37d  
6.5 ± 0.1 7.7 ± 0.1 5.7 ± 0.1 5.6 ± 0.1 5.6 ± 0.1 5.5 ± 0.1 

37e  
6.8 ± 0.1 7.8 ± 0.1 5.7 ± 0.1 5.7 ± 0.1 5.8 ± 0.1 5.8 ± 0.1 

37f  
6.7 ± 0.1 7.8 ± 0.1 5.6 ± 0.1 5.7 ± 0.1 5.8 ± 0.1 5.6 ± 0.1 

37g  
5.9 ± 0.1 7.2 ± 0.1  5.4 ± 0.1 5.6 ± 0.1 5.2 ± 0.1 5.6 ± 0.1 

37h  
6.4 ± 0.1 7.6 ± 0.1 5.6 ± 0.1 5.7 ± 0.1 5.6 ± 0.1 5.7 ± 0.1 

37i  
5.8 ± 0.1 7.1 ± 0.1 5.8 ± 0.1 6.0 ± 0.1 5.8 ± 0.1 5.9 ± 0.1 

37j  
5.8 ± 0.1 7.0 ± 0.1 5.5 ± 0.1 5.4 ± 0.1 5.5 ± 0.1 5.4 ± 0.1 

Figure 4.2-2. Inhibition of isolated recombinant SBLs by selected penam-sulfoximines. pIC50 color 

representation: 4.0–4.9 (red), 5.0–5.9 (yellow), ≥ 6.0 (green). Sulfoximines were employed as sodium 

salts. Results are means of 2 independent repeats performed in technical quadruplicates. Representative 

dose response curves are shown in Figure 4.2-3 – 4.2-5. 
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The unsubstituted penam-sulfoximine 21 inhibited SBL catalysis with potency 

comparable to that of sulbactam (6), with both compounds displaying more potent 

inhibition of TEM-116 than of AmpC or OXA-10. The majority of the N-substituted 

sulbactam-derived sulfoximines exhibited inhibition profiles broadly similar to 

sulbactam (6). In contrast, urea-type sulfoximine derivatives 37a-37j were generally 

~30- to 300-fold more potent inhibitors of class A, C, and D SBLs relative to 

sulbactam. Notably, sulfoximine 37b inhibited the tested SBLs with comparable or 

improved potency relative to avibactam (9), Specifically, 37b exhibited pIC50 values 

of 7.1 (AmpC), >8.0 (TEM-116), 6.0 (OXA-10), and 5.7 (OXA-48),  compared with 

corresponding values of 7.1 (AmpC), >8.0 (TEM-116), 4.8 (OXA-10), and 6.1 (OXA-

48) for avibactam. In all cases, inhibition was concentration-dependent and yielded 

well-defined sigmoidal dose-response curves, enabling reliable determination of pIC50 

values. Representative dose-response curves for selected inhibitors across class A, C, 

and D SBLs are shown in Figures 4.2-3 – 4.2-5.  

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 | Biological Activity of Penam-sulfoximines and Insights in their Inhibition Mechanism  

 

83 
 

a             b 

 

 

 

 

 

c             d 

 

 

 

 

 

 

e             f 

 

 

 

 

Figure 4.2-3. Dose response curves for selected penam sulfoximines for inhibition of a representative 

set of SBLs. (a-f) Dose response curves for sulfoximines  21 (blue circles), 31a (brown inverse 

triangles), 31b (turquoise diamonds), 34a (orange squares), 34b (yellow triangles), 34c (red circles): a) 

TEM-116 (5 nM), b) AmpC (2.5 nM), c) OXA-10 (1.25 nM), d) OXA-48 (6.25 nM), e) OXA-

10/NaHCO3 (1.25 nM), and f) OXA-48/NaHCO3 (6.25 nM) using Avibactam (green circles) and 

Sulbactam (pink triangles) as positive inhibition controls. Conditions: 50 mM phosphate buffer, pH 7.4, 

0.01%v/v Triton-X, 5 μM FC-5.159 (e-f) NaHCO3 (50 mM) was added to the buffer. See the Methods 

Section for assay details.  
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Figure 4.2-4. Dose response curves for selected penam sulfoximines for inhibition of a representative 

set of SBLs. (a-f) Dose response curves for sulfoximines 37a (burgundy inverse triangles), 37b (orange 

squares), 37c (yellow triangles), 37i (turquoise diamonds), 37j (blue circles): a) TEM-116 (5 nM), b) 

AmpC (2.5 nM), c) OXA-10 (1.25 nM), d) OXA-48 (6.25 nM), e) OXA-10/NaHCO3 (1.25 nM), and f) 

OXA-48/NaHCO3 (6.25 nM) using Avibactam (green circles) and Sulbactam (pink triangles) as positive 

inhibition controls. Conditions: 50 mM phosphate buffer, pH 7.4, 0.01%v/v Triton-X, 5 μM FC-5.159 (e-

f) NaHCO3 (50 mM) was added to the buffer. See the Methods Section for assay details. 
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Figure 4.2-5. Dose response curves for selected penam sulfoximines for inhibition of a representative 

set of SBLs. (a-f)Dose response curves for sulfoximines 37d (turquoise diamonds), 37e (blue circles), 

37f (orange squares), 37g (yellow triangles), 37h (burgundy inverse triangles): a) TEM-116 (5 nM), b) 

AmpC (2.5 nM), c, OXA-10 (1.25 nM), d, OXA-48 (6.25 nM), e, OXA-10/NaHCO3 (1.25 nM), and f) 

OXA-48/NaHCO3 (6.25 nM) using Avibactam (green circles) and Sulbactam (pink triangles) as positive 

inhibitor controls. Conditions: 50 mM phosphate buffer, pH 7.4, 0.01%v/v Triton-X, 5 μM FC-5.159 (e-

f) NaHCO3 (50 mM) was added to the buffer. See the Methods Section for assay details.  
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4.3 Covalent reaction of penam-sulfoximines with SBLs 

To gain mechanistic insight into the mode of SBL inhibition by penam-sulfoximines, 

the potential covalent reactions of selected derivatives with isolated recombinant 

AmpC and OXA-10 were investigated using protein-observed solid-phase extraction 

mass spectrometry (SPE-MS).39 This approach enables direct detection of enzyme-

bound inhibitor adducts and provides information on the integrity and relative stability 

of acyl-enzyme complexes (AECs) as previously employed to study sulbactam (6), 

tazobactam (7), and enmetazobactam (8).39  

SPE-MS assays were performed and analyzed as described,39 using an Agilent 

RapidFire365 system coupled to an Agilent 6550 Accurate Mass QTOF spectrometer. 

Prior to analysis, SBL solutions were buffer-exchanged into 50 mM Tris (pH 7.5). 

Substrate or inhibitor (10 µM) was added to the SBL solution (1 µM), and after the 

indicated incubation time, a 50 µL aliquot was injected onto a C4 SPE cartridge, 

washed, then eluted into the mass spectrometer for analysis.  

Across all tested sulfoximine derivatives, the dominant observed mass shifts 

corresponded to formation of intact covalent adducts, consistent with acylation of the 

nucleophilic serine residue by the full penam-sulfoximine scaffold (Figure 4.3-1). 

Extensive fragmentation of the inhibitor scaffold was not observed under the SPE-MS 

conditions employed, indicating that covalent inhibition proceeds primarily via 

formation of relatively stable AEC-derived species. This observation parallels findings 

reported for enmetazobactam, where intact trans-enamine adducts (Chapter 1, Figure 

1.3-3) were shown to dominate under mild MS conditions and to represent the 

biologically relevant inhibitory species.39  
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Figure 4.3-1. Mass spectrometric investigations on the covalent reaction of selected penam-

sulfoximines derivatives with AmpC. See Appendix 7.3 for complete data.  
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Analysis of the SPE-MS data revealed that the nature of the sulfoximine N-substituent 

strongly influences the efficiency of covalent AEC formation with AmpC. Carbamate-

type (31b), amide- type (34a), and urea-type (37a) sulfoximines all formed readily 

detectable intact covalent adducts, whereas the unsubstituted sulfoximine 21 exhibited 

minimal AEC formation within 3 h (Figure 4.3-1). This reduced reactivity likely 

reflects inefficient acylation and/or rapid hydrolysis of the AEC, consistent with the 

weaker inhibition observed for this compound in biochemical assays (Figure 4.2-2) 

and with prior observations for sulbactam (6) against AmpC.39  

Notably, the efficiency and persistence of intact AEC formation correlated with 

inhibitor potency, with more active compounds exhibiting more rapid and extensive 

formation of covalent adducts. These results support a model in which productive SBL 

inhibition by penam-sulfoximines arises primarily from formation of intact, 

hydrolytically stable AEC-derived species, rather than from extensive scaffold 

fragmentation. Minor lower-abundance mass shifts were occasionally detected; 

however, analogous to observations reported for penam-sulfones, such species are 

likely promoted by denaturing or acidic MS conditions and are unlikely to represent 

dominant solution-phase intermediates under physiological conditions.  

Closer inspection of the time-resolved SPE-MS data revealed pronounced differences 

in the stability of the OXA-10 AECs formed by closely related urea-substituted penam-

sufloximines. For compound 37b, the intact covalent adduct corresponding to a +379 

Da mass shift persisted overt the full 24 h incubation period, with little to no detectable 

regeneration of free OXA-10 observed (Figure 4.3-2). This behavior is indicative of a 

highly stable AEC, consistent with efficient and sustained inhibition of the enzyme.  
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Figure 4.3-2 Mass spectrometric investigations on the covalent reaction of selected penam-sulfoximines 

derivatives with OXA-10. See Appendix 7.4 for complete data. 
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By contrast, subtle modifications to the urea N-substituent resulted in marked changes 

in AEC stability. Extension of the linker by a single methylene unit, as in 37f, led to 

partial recovery of unmodified OXA-10 over extended incubation, indicating 

increased susceptibility of the AEC to hydrolysis. Similarly, incorporation of a para-

chloro substituent on the phenyl ring (37d) resulted in reduced persistence of the intact 

adduct relative to 37b, despite formation of the expected initial covalent species. These 

observations demonstrate that relatively small differences in sulfoximine substitution 

can modulate AEC stability and lifetime for OXA-10.  

Collectively, these data highlight AEC stability – rather than initial acylation efficiency 

alone – as a key determinant of sustained inhibition of OXA-10 by penam sulfoximines 

and underscore the sensitivity of class D SBL inhibition to subtle structure-activity 

relationships.  

 

4.4 Crystal structure of the AmpC:37a adduct  

To investigate the mode of SBL inhibition by penam-sulfoximines, crystallographic 

studies were carried out to determine the structure of AmpC in complex with 37a. 

AmpC was crystallized using a modification of a reported protocol.39 Briefly, AmpC 

(25 mg/mL in 50 mM Tris, pH 7.5) was mixed with precipitant solution (1.6 M 

potassium phosphate, pH 8.8) containing 1,000-fold diluted seed crystals and 

crystallized using the hanging drop vapor diffusion method over a reservoir of 500 µL 

precipitant solution. Crystals were subsequently soaked in a solution containing 37a 

(10 mM) and glycerol (20% w/v) for 10 min at room temperature prior to rapid freezing 

in liquid nitrogen. X-ray diffraction data were collected at beamline i03 at Diamond 

Light Source using automatic data collection. The structure was solved in the C121 
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space group at 1.43 Å resolution (PDB ID: 9I5D), using a previously reported AmpC 

structure as search model (PDB ID: 2BLS) (Figure 4.4-1).160 

Inspection of the AmpC:37a complex reveals that the covalently bound sulfoximine is 

well accommodated within the active site and engages in several stabilizing 

interactions (Figure 4.4-1, a). The acylated β-lactam carbonyl engages in a hydrogen-

bond interaction with the backbone amide of A318, while the carboxylate group forms 

a h-bond with the amide side chain of Q120. In addition, the sulfinamide oxygen forms 

a h-bond interaction with the backbone amide of G320, contributing to stabilization of 

the acyl-enzyme complex (AEC) within the active site. These interactions may 

contribute to precise positioning of 37a for nucleophilic attack and may facilitate 

subsequent fragmentation to the trans-enamine adduct (Figure 4.4-2).  
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Figure 4.4-1. Crystal structure of penam-sulfoximine 37a covalently reacted with the nucleophilic 

serine of AmpC. a) View from a crystal structure of E. coli AmpC incubated with 37a  for 10 min (PDB: 

9I5D, 1.43 Å resolution). b) Polder map showing electron density of the AmpC: 37a adduct and, likely 

the 37a-derived aldehyde. Contour level 1.0 σ. c, Zoomed out view of a. Distances shown in a are in Å. 
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Analysis of the electron density maps confirmed formation of a covalent AEC via 

nucleophilic attack of the active-site Ser64 on the β-lactam of 37a. The electron density 

further revealed fragmentation of the thiazolidine sulfoximine ring to generate a trans-

enamine sulfinamide species bound to AmpC (Figure 4.4-2). Notably, the absolute 

configuration at the sulfoximine sulfur atom was retained upon fragmentation, 

consistent with retention of configuration at the sulfoximine sulfur atom during 

acylation and subsequent rearrangement.  

 

Figure 4.4-2. Outline mechanism for the covalent reaction of penam sulfoximine 37a with nucleophilic 

S64 of AmpC. 

 

Additional electron density was observed within the active site that may correspond to 

a low-occupancy hydrolysis product of the trans-enamine adduct, tentatively assigned 

as a 37a-derived aldehyde. The presence of this species suggests that hydrolysis of the 

AmpC-bound trans-enamine adduct occurs, albeit slowly relative to the initial covalent 

acylation step. This interpretation is supported by SPE-MS analyses (Figure 4.3-1), 

which indicate low-level formation of an AmpC:37a-deverived aldehyde adduct 

compared to the dominant covalent AEC species. Together with mass spectrometric 

data, these observations support a reaction pathway analogous to those reported for 
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sulbactam and enmetazobactam, in which formation of a trans-enamine AEC 

represents the principal inhibitory species.39   

The observed binding mode and stabilizing interactions in the AmpC:37a complex 

provide a structural rationale for the efficient formation and persistence of intact AECs 

observed by SPE-MS, reinforcing the central role of AEC stability in productive SBL 

inhibition.  

 

Figure 4.4-3. a) Overlay of the AmpC:37a adduct crystal structure (gray) with a reported 

AmpC:enmetazobactam complex crystal structure (green, PDB:6T35)39 revealing similar overall AmpC 

folds (RMSD = 0.257 Å). b) Zoomed in overlay. 

 

4.5 Stability of penam-sulfoximines  

The hydrolytic stability of selected penam-sulfoximines was evaluated in phosphate 

buffer to assess their suitability for cellular inhibition assays. Compounds were 

incubated in phosphate buffer (50 mM, pH 7.4 or 6.0) at ambient temperature, with 

sulbactam included as a reference control. Stability was monitored by 1H NMR 

analysis, with integrals of the characteristic H-5 and H-6 resonances quantified relative 
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to an internal standard to determine the percentage of intact β-lactam remaining over 

time (Figure 4.5-1).  

 

Figure 4.5-1. Stability of selected penam-sulfoximines in phosphate buffer.  

 

Sulbactam and the unsubstituted sulfoximine 21 displayed high hydrolytic stability at 

pH 7.4, with minimal degradation observed over the duration of the experiment and 

estimated half-lives exceeding 15 h with over 95% remaining at the 15 h time point. 

Compound 21 exhibited a clear pH dependence, with accelerated degradation at pH 

6.0 and an estimated half-life of approximately 16 h, indicating increased susceptibility 

to hydrolysis under mildly acidic conditions.  

In comparison, urea-substituted sulfoximines showed substantially reduced stability. 

Compound 37b exhibited moderate stability with an estimated half-life of 9 h at pH 

7.4, whereas 37i and 37j degraded more rapidly, with half-lives of approximately 8-9 

h and 6-7 h, respectively. The least stable compound, 37g, displayed rapid hydrolysis 

with an estimated half-life of 5-6 h under the same conditions. These results indicate 

that urea substitution at the sulfoximine nitrogen generally compromises β-lactam 
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stability, with relatively small structural variations leading to pronounced differences 

in degradation rate.  

Collectively, these data demonstrate that chemical stability is a key differentiating 

factor within the penam-sulfoximine series and likely contributes to the limited cellular 

activity observed for many urea-substituted derivatives despite their favorable 

biochemical potency. In contrast, the superior stability of compound 21 is consistent 

with its retained antibacterial activity in cellular assays, under scoring the importance 

of balancing β-lactamase inhibition with hydrolytic stability for effective antibacterial 

performance.  

 

4.6 Penam sulfoximine derivatives inhibit clinically relevant A. baumannii strains 

Since sulbactam (6) possess intrinsic antibacterial activity against A. baumannii 

(Chapter 1, Section 1.4), antimicrobial susceptibility testing (AST) was performed to 

evaluate whether penam-sulfoximines retain or improve upon this activity, both as 

single agents and in combination with the SBL inhibitor durlobactam (11)61. A panel 

of clinically isolated A. baumannii strains expressing diverse β-lactamases was 

examined, including strains harboring OXA-23, OXA-64, OXA-51, TEM-1, and 

NDM-1. 

In the absence of durlobactam, penam-sulfoximine 21 displayed measurable intrinsic 

antibacterial activity (MICs < 4 µg/mL) against multiple A. baumannii strains and 

consistently outperformed sulbactam and durlobactam when tested individually 

(Figure 4.6-1). This observation indicates that 21 retains effective engagement of 

PBPs while exhibiting enhanced resilience toward SBL-mediated inactivation relative 

to sulbactam.  
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A. Baumannii 

strain 
β-Lactamases 

present 

meropenem 

(µg/mL) 

6 

(µg/mL)  

11 

(µg/mL) 

21 

(µg/mL) 

6 / 11  

(µg/mL) 

21 / 11 

(µg/mL) 

Control 

strains 

NCTC13304 
TEM-1, OXA-

23, OXA-66 
>16 16 >16 >16 0.5/4 0.5/4 

ATCC19606 None 1 8-16 >16 8 1/4 1/4 
ATCC27853c None 0.5 NA NA NA NA NA 

SBL 

KA1 
OXA-23, OXA-
144 

>16 >16 >16 >16 1-2/4 1/4 

KA3 
OXA-23, OXA-

66 
>16 >16 >16 >16 2-4/4 2/4 

KA4 
OXA-23, OXA-
64 

>16 16 >16 8-16 1/4 0.5/4 

ACB 105 
OXA-72, OXA-

65, TEM-1A 
>16 >16 >16 16 2/4 1/4 

ACB110 
OXA-72, OXA-
65, TEM-1A 

>16 8 >16 8 2/4 1/4 

ACB120 
OXA-72, OXA-

65, TEM-1A 
>16 16 >16 8 1-2/4 1/4 

ACB129 
OXA-72, OXA-
65, TEM-1A 

>16 >16 >16 >16 1-2/4 1/4 

ACB37 
OXA-72, OXA-

64, OXA-23 
>16 16 >16 2 1/4 0.5/4 

ACB41 
OXA-72, OXA-
64, OXA-23 

>16 16 >16 4 2/4 1/4 

ACB42 
OXA-231, 

OXA-51 
>16 8 >16 4 2/4 1/4 

ACB71 
OXA-72, OXA-
65, TEM-1A 

>16 16 >16 8-16 2/4 1/4 

ACB73 
OXA-231, 

OXA-51 
>16 8 >16 4 1/4 1/4 

ACB85 
OXA-72, OXA-
65, TEM-1A 

>16 8-16 >16 8 2/4 0.5/4 

ACB96 
OXA-72, OXA-

65, TEM-1A 
>16 8 >16 8-16 2/4 1/4 

ACB103 
OXA-72, OXA-
65, TEM-1A 

>16 16 >16 16 2/4 1/4 

ACB117 
OXA-72, OXA-

65, TEM-1A 
>16 4-8 >16 4 1/4 0.5/4 

ACB118 
OXA-72, OXA-
64, OXA-23 

>16 8-16 >16 2 1/4 0.5/4 

ACB128 
OXA-72, OXA-

64, OXA-23 
>16 16 >16 2 1/4 1/4 

MBL 

KA10 
NDM-1, OXA-
98 

>16 >16 >16 8-16 8-16/4 4/4 

BRA5 IMP-1 >16 16 >16 8-16 2/4 1/4 

BRA8a IMP-1 >16 4 >16 4 1-2/4 1/4 

BRA9b IMP-1 >16 1 8 0.25-0.5 0.25/4 0.25/4 

Figure 4.6-1. Effects of penam-sulfoximine 21/durlobactam (11) combinations on clinically isolated A. 

baumannii strains with sulbactam (6) for comparison. a denotes A. nosocomiales. b denotes A. 

bereziniae. c denotes P. aeruginosa. Sulbactam/durlobactam (CLSI Breakpoint): 4/4 – susceptible 

(green), 8/4 – intermediate (yellow), 16/4 – resistant (red). NCTC13304 (QC range CLSI): 0.5/4 – 2/4.161 

AST was performed in independent duplicates for all compounds. See Chapter 6.1.6 for assay details.  

 

Across a broad set of SBL-producing clinical isolates, the 21/durlobactam combination 

showed antibacterial activity that was comparable to, and in several cases superior to, 

the clinically used sulbactam/durlobactam regimen. Improved activity was particularly 

evident against strains expressing OXA-72, OXA-65, and TEM-1A (e.g. ACB71), 

where lower MIC values were consistently observed for the 21/durlobactam 
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combination. Notably, enhanced efficacy was also observed against the highly 

resistant KA10 strain, which expresses SBL OXA-98 and the MBL NDM-1. While 

this strain exhibited poor susceptibility to sulbactam/durlobactam, the 21/durlobactam 

combination achieved 2- to 4-fold reduction in MIC, demonstrating improved 

antibacterial activity in a background that includes both SBL- and MBL-mediated 

resistance mechanisms.  

The superior standalone activity of 21, together with its enhanced performance when 

paired with durlobactam, suggests that 21 achieves more effective PBP inhibition 

while also displaying improved tolerance to SBL-mediated degradation. The ability 

21/durlobactam combination to retain activity against highly resistant clinical isolates, 

including those harboring both OXA-type enzymes and NDM-1, highlights its 

potential as a promising candidate for development of improved treatments for multi-

drug resistant A. baumannii infections.  

To further delineate the structural features required for antibacterial activity, additional 

penam-sulfoximine derivatives (34b, 37b, 37e, and 37f) were evaluated in 

combination with durlobactam against the same panel of clinically isolated A. 

baumannii strains (Figure 4.6-2). In contrast to 21, none of these analogues displayed 

measurable antibacterial activity when combined with durlobactam, with MIC values 

remaining >16 μg/mL across both SBL- and MBL-producing strains. These results 

indicate that the enhanced activity observed for 21 is not a general feature of the 

penam-sulfoximine scaffold, but instead depends on specific structural and 

physicochemical properties.  

 

 

 



Chapter 4 | Biological Activity of Penam-sulfoximines and Insights in their Inhibition Mechanism  

 

99 
 

 

 
A. Baumannii 

strain 

β-Lactamases 

present 

meropenem 

(µg/mL) 

34b / 
durlobactam 

(µg/mL) 

37b / 
durlobactam 

(µg/mL) 

37e / 
durlobactam 

(µg/mL) 

37f / 
durlobactam 

(µg/mL) 

Control 

strains 

NCTC13304 
TEM-1, OXA-

23, OXA-66 
>16 >16/4 >16/4 >16/4 >16/4 

ATCC25922d None <0.125 <0.125/4 <0.125/4 <0.125/4 <0.125/4 
ATCC27853c None 0.5 NA NA NA NA 

SBL 

KA1 
OXA-23, OXA-

144 
>16 >16/4 >16/4 >16/4 >16/4 

KA3 
OXA-23, OXA-

66 
>16 >16/4 >16/4 >16/4 >16/4 

KA4 
OXA-23, OXA-

64 
>16 >16/4 >16/4 >16/4 >16/4 

ACB 105 
OXA-72, OXA-

65, TEM-1A 
>16 >16/4 >16/4 >16/4 >16/4 

ACB110 
OXA-72, OXA-

65, TEM-1A 
>16 >16/4 >16/4 >16/4 >16/4 

ACB120 
OXA-72, OXA-

65, TEM-1A 
>16 >16/4 >16/4 >16/4 >16/4 

ACB129 
OXA-72, OXA-

65, TEM-1A 
>16 >16/4 >16/4 >16/4 >16/4 

ACB37 
OXA-72, OXA-

64, OXA-23 
>16 >16/4 >16/4 >16/4 >16/4 

ACB41 
OXA-72, OXA-

64, OXA-23 
>16 >16/4 >16/4 >16/4 >16/4 

ACB42 
OXA-231, 
OXA-51 

>16 >16/4 >16/4 >16/4 >16/4 

ACB71 
OXA-72, OXA-

65, TEM-1A 
>16 >16/4 >16/4 >16/4 >16/4 

ACB73 
OXA-231, 
OXA-51 

>16 >16/4 >16/4 >16/4 >16/4 

ACB85 
OXA-72, OXA-

65, TEM-1A 
>16 >16/4 >16/4 >16/4 >16/4 

ACB96 
OXA-72, OXA-
65, TEM-1A 

>16 >16/4 >16/4 >16/4 >16/4 

ACB103 
OXA-72, OXA-

65, TEM-1A 
>16 >16/4 >16/4 >16/4 >16/4 

ACB117 
OXA-72, OXA-
65, TEM-1A 

>16 >16/4 >16/4 >16/4 >16/4 

ACB118 
OXA-72, OXA-

64, OXA-23 
>16 >16/4 >16/4 >16/4 >16/4 

ACB128 
OXA-72, OXA-
64, OXA-23 

>16 >16/4 >16/4 >16/4 >16/4 

MBL 

KA10 
NDM-1, OXA-

98 
>16 >16/4 >16/4 >16/4 >16/4 

BRA5 IMP-1 >16 >16/4 >16/4 >16/4 >16/4 
BRA8a IMP-1 >16 >16/4 >16/4 >16/4 >16/4 
BRA9b IMP-1 >16 >16/4 >16/4 >16/4 >16/4 

Figure 4.6-2. Effects of select penam-sulfoximines/durlobactam combinations on clinically isolated A. 

baumannii strains. a denotes A. nosocomiales. b denotes A. bereziniae. c denotes P. aeruginosa. d denotes 

E. coli. Sulbactam/durlobactam (CLSI Breakpoint): 4/4 – susceptible (green), 8/4 – intermediate 

(yellow), 16/4 – resistant (red). NCTC13304 (QC range CLSI): 0.5/4 – 2/4.161 AST was performed in 

independent duplicates for all compounds. See Chapter 6.1.6 for assay details. 

 

The lack of activity observed for the other sulfoximines likely reflects a combination 

of insufficient engagement of A. baumannii PBPs and unfavorable cellular 

accumulation, potentially due to reduced penetration and/or increased efflux. In 
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addition, compound stability appears to be a critical differentiating factor and likely 

contributes to the lack of antibacterial activity in cellular assays (Figure 4.5-1).  

Taken together, these data suggests that the superior performance of 21 arises from a 

favorable combination of intrinsic antibacterial activity and sufficient chemical 

stability under physiological conditions. The absence of activity for related 

sulfoximines underscores the sensitivity of antibacterial efficacy to subtle structural 

modifications within this scaffold and highlights the importance of balancing β-

lactamase inhibition and stability.  

 

4.7 Summary  

This chapter describes the biological activity and inhibition mechanism of a series of 

penam-sulfoximine derivatives. Collectively, these studies establish clear structure–

activity relationships within this scaffold and identify key features required for 

productive inhibition of SBLs in vitro and antibacterial efficacy against clinically 

isolated A. baumannii strains. 

Biochemical inhibition assays demonstrated that while unsubstituted and many N-

substituted penam-sulfoximines exhibit inhibition profiles overall similar to 

sulbactam, urea-substituted derivatives display markedly enhanced potency against 

class A, C, and D SBLs, in several cases approaching or exceeding the potency of 

avibactam (9), a DBO-based SBL inhibitor much more recently developed compared 

to sulbactam. SPE-MS analyses revealed that these potency differences correlate with 

the efficiency of covalent AEC formation, with more potent inhibitors exhibiting more 

rapid and complete formation of intact AECs. In contrast, unsubstituted sulfoximine 

21 showed limited AEC formation, consistent with weaker inhibition and/or rapid 

adduct hydrolysis and reported data for sulbactam.  
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Crystallographic analysis of the AmpC:37a complex provided direct structural insight 

into the covalent inhibition mechanism of penam-sulfoximines. The structure 

confirmed formation of a covalent AEC via nucleophilic attack of the active-site 

serine, followed by fragmentation to a trans-enamine sulfinamide species. The 

observed binding mode and stabilizing interactions are similar to those reported for 

clinically used sulbactam and enmetazobactam, an observation supporting a conserved 

mechanistic pathway for this inhibitor class.  

Despite their favorable biochemical potency, many urea-substituted penam-

sulfoximines exhibited reduced hydrolytic stability in aqueous buffer, which likely 

limits their suitability for cellular applications. Consistent with this observation, only 

the unsubstituted sulfoximine 21 displayed measurable intrinsic antibacterial activity 

against clinically isolated  A. baumannii strains, both as a single agent and in 

combination with durlobactam. Notably, the 21/durlobactam combination 

demonstrated antibacterial activity comparable to, and in several cases superior to, the 

clinically used sulbactam/durlobactam combination across a broad panel of multidrug-

resistant clinical isolates, including strains harboring both SBLs and MBLs. 

Overall, these findings highlight the delicate balance between SBL inhibition, 

chemical stability, and cellular activity within the penam-sulfoximine scaffold. While 

urea substitution enhances biochemical potency, compromised stability and/or cellular 

accumulation limit antibacterial efficacy. In contrast, 21 achieves an optimal balance 

of intrinsic PBP inhibition, resistance to SBL-mediated degradation, and chemical 

stability, underpinning its superior cellular performance compared to the other tested 

penam sulfoximines. These results provide a framework for the design of next-

generation penam-based inhibitors that integrate potent enzyme inhibition with 

favorable physicochemical properties required for antibacterial activity. 
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5.1 Summary  

This chapter integrates the chemical, biochemical, and microbiological findings 

described in Chapters 2 – 4 of this thesis and outlines future directions for the 

development of sulfoximine-containing β-lactams. The key synthetic advances, 

structure–reactivity relationships, and biological insights established in Chapters 2 – 

4 are first summarized, with emphasis on how chemical stability and sulfoximine 

substitution govern biological performance. On the basis of these findings, future work 

is proposed to address remaining limitations, advance promising lead compounds, and 

extend the sulfoximine strategy to additional clinically relevant β-lactam scaffolds. 

Chapter 2 demonstrates that penam-sulfoximines derived from sulbactam are 

synthetically accessible in enantiopure form using modern Rh(II)-catalyzed nitrene 

transfer chemistry, and defines the scope and limitations of sulfoximine N-

functionalization within the chemically sensitive penam framework.  

Enantiopure (S)- and (R)-penam sulfoxides were reproducibly prepared from 

commercial 6-APA (15) (Scheme 2.2-1). For the (S)-series, stereoselective oxidation 

of the reduced 6-dihydropenam 18 with mCPBA at -78 °C afforded the (S)-sulfoxide 

19 as a single diastereomer, whereas higher temperatures resulted in erosion of 

diastereoselectivity. In contrast, the (R)-sulfoxide 25 was accessed selectively via 

oxidation of a 6,6-dibromoinated precursor 23, where steric shielding by bromine 

substituents enforced oxidant approach from the convex face (Scheme 2.2-2). These 

routes provided reliable access to both sulfoxide stereoisomers, establishing well-

defined substrates for sulfoximine formation.  

Rh(II)-catalyzed sulfoximine formation on the penam scaffold was shown to be 

feasible but highly sensitive to reaction conditions. Systematic optimization revealed 

that Rh2(OAc)4 in 1,2-dimethoxyethane at 40 °C gave the highest and most 
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reproducible conversions, reaching ~85–90% conversion by crude 1H NMR analysis 

(Table 2.3-1).  

Direct access to the NH-penam sulfoximine 32 proved challenging. A reliable two-step 

strategy was developed, in which Cbz-protected sulfoximines were first generated in 

high yield and then selectively deprotected by hydrogenolysis, affording the NH-

sulfoximine in ~50% isolated yield (Figure 2.4-1).  

 

Figure 5.1-1. Summary of successful penam-sulfoximine NH functionalization. 

 

The NH-sulfoximine 32 was then used to systematically evaluate N-functionalization 

strategies. Amide bond formation proved highly reliable: acyl chlorides furnished N-

acyl sulfoximines in consistently high yields (77–99%), while carbodiimide-mediated 

coupling with carboxylic acids gave moderate yields (57–62%) (Figure 5.1-1). Urea 

formation with aryl and alkyl isocyanates was also successful, providing a broad series 
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of urea-functionalized sulfoximines in yields up to 67%. In contrast, Cu(II)-mediated 

Chan–Evans–Lam arylation was feasible but inefficient, affording N-aryl sulfoximines 

in low yields (9–28%).  

Multiple alternative N-functionalization strategies were shown to be incompatible with 

the penam-sulfoximine scaffold. Direct N-alkylation using standard alkylating agents 

either failed to react or caused rapid degradation, often via base-mediated ring opening 

to sulfinamide species (Figures 2.5-4 and 2.5-5). Reductive amination, borane-

mediated reduction of N-acyl sulfoximines, Michael additions to activated alkenes, and 

Mitsunobu reactions all failed under a wide range of conditions (Figures 2.5-6 – 2.5-

9). These negative results demonstrate that, despite superficial similarity to 

sulfonamides or imides, penam NH-sulfoximines possess a distinct reactivity profile 

that severely limits the applicability of common nitrogen-functionalization chemistry. 

Overall, the results described in Chapter 2 establish that sulbactam-derived penam 

sulfoximines can be prepared stereoselectively and diversified at the sulfoximine 

nitrogen, but only through a restricted set of chemically compatible transformations. 

The compound set generated – comprising NH, amide-, aryl-, and urea-substituted 

sulfoximines prepared in 6–8 steps from 6-APA – provided the structurally defined 

library required for subsequent biological evaluation.  

Chapter 3 establishes the chemical boundaries governing carboxylate deprotection in 

sulfoximine-containing β-lactams and demonstrates that deprotection success is 

strongly dependent on both scaffold type and sulfoximine stereochemistry. Through 

systematic evaluation of protecting groups and cleavage conditions, this chapter 

identifies strategies that enable reliable access to penam-sulfoximine free acids while 

revealing intrinsic instability in the corresponding cephem series. 
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In the (S)-penam-sulfoximine series, commonly used C2 protecting groups displayed 

markedly different behavior under standard deprotection conditions. Benzhydryl esters 

proved unsuitable: catalytic hydrogenolysis failed to effect cleavage, while acidic or 

basic conditions led exclusively to rapid β-lactam degradation, preventing isolation of 

the free acid (Figure 3.2-1). PNB esters underwent efficient hydrogenolysis in aprotic 

solvents such as THF and ethyl acetate, affording the desired free acid; however, 

reactions conducted in methanol resulted in extensive decomposition, indicating that 

the liberated acid is unstable in protic, nucleophilic media (Figure 3.2-2). Biphenyl 

methyl esters were similarly cleaved under hydrogenation conditions, though 

deprotection required longer reaction times and was accompanied by minor 

degradation in protic solvents (Figure 3.2-3). In contrast, PMB esters exhibited 

consistently superior performance. Hydrogenolysis of PMB-protected penam-

sulfoximines proceeded rapidly and cleanly under mild conditions in aprotic solvents, 

affording the corresponding free acids without detectable β-lactam ring opening 

(Figure 3.2-4). These results establish PMB as the optimal C2 protecting group for 

(S)-penam sulfoximines and rationalize its adoption for all subsequent late-stage 

transformations. 

Despite successful deprotection, the free acid forms of penam-sulfoximines were 

found to be intrinsically unstable. Even under frozen storage conditions, measurable 

degradation was observed by 1H NMR, consistent with autocatalytic β-lactam 

hydrolysis promoted by intramolecular protonation from the carboxylate. Conversion 

of the (S) free acids into their sodium or potassium salts using 2-ethylhexanoate 

counterions dramatically improved stability, with no detectable degradation observed 

after prolonged storage at sub-zero temperatures. This transformation proved essential 

for compound handling and downstream biological evaluation. 
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Deprotection of (R)-configured penam-sulfoximines was significantly less successful 

than for the (S)-diastereomers. Under conditions that cleanly deprotected the 

corresponding (S)-diastereomers, (R)-penam sulfoximines showed minimal 

conversion, even at elevated catalyst loadings, and were prone to decomposition 

(Figure 3.4-1). Partial formation of the free NH (R)-sulfoximine 48 was observed in 

some cases, but further hydrogenolysis to the free acid could not be achieved 

reproducibly. Crystallographic analysis revealed a conformation in which the 

sulfoximine nitrogen is oriented toward the β-lactam core, providing a plausible 

structural basis for catalyst inhibition or steric shielding during hydrogenation (Figure 

3.4-2).  

Notably, in the (R)-configured sulfoximine 48, the NH is positioned such that it may 

participate in a hydrogen-bonding network bridging a bound water molecule to the β-

lactam carbonyl. This geometry could facilitate water activation and lower the 

energetic barrier for β-lactam hydrolysis, providing a structural rationale for the 

enhanced chemical lability observed for (R)-configured free acids.162 These findings 

demonstrate a pronounced stereochemical dependence in penam-sulfoximine 

deprotection that limits the synthetic accessibility of (R)-configured free acids. 

Extension of the deprotection strategy to the cephem scaffold revealed more severe 

limitations. Although both (S)- and (R)-cephem-sulfoximines could be synthesized 

efficiently via oxidation and Rh(II)-catalyzed nitrene transfer, hydrogenolytic removal 

of PMB esters consistently failed, regardless of solvent, catalyst, or loading (Figure 

3.5-3). Alternative protecting groups, including PNB, allyl, Fmoc, methyl, and TMSE 

esters, were also incompatible: either sulfoximine formation was inhibited during 

synthesis or deprotection led exclusively to degradation (Figures 5.3-5 – 5.3-6). 

Nucleophilic, reductive, and fluoride-mediated ester cleavage strategies uniformly 
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resulted in rapid β-lactam breakdown, indicating that the deprotected cephem-

sulfoximine acid is intrinsically unstable under all conditions tested. 

Collectively, the results described in Chapter 3 demonstrate that penam- and cephem-

sulfoximines differ fundamentally in their chemical robustness. While PMB-protected 

(S)-penam-sulfoximines can be reliably deprotected and stabilized as alkali metal salts, 

(R)-penam analogues and all cephem-sulfoximines exhibit deprotection behavior 

dominated by degradation. These findings define a clear synthetic boundary for β-

lactam sulfoximines and establish the (S)-penam scaffold as the only viable platform 

for late-stage deprotection and biological evaluation. 

The results of Chapter 4 establish clear structure–activity relationships within the 

penam-sulfoximine scaffold and identifies the key determinants governing productive 

SBL inhibition and antibacterial efficacy. Through a combination of biochemical 

inhibition assays, stability studies, mass spectrometric analyses, crystallography, and 

antimicrobial susceptibility testing, this chapter demonstrates that sulfoximine N-

substitution strongly modulates enzyme inhibition potency, AEC stability, and cellular 

activity. 

Biochemical inhibition assays against representative class A (TEM-116), class C 

(AmpC), and class D (OXA-10 and OXA-48) SBLs revealed that the unsubstituted 

penam-sulfoximine 21 exhibits inhibitory activity broadly comparable to sulbactam 

(6) across all enzyme classes (Figure 4.2-2). In contrast, urea-substituted penam-

sulfoximines showed markedly enhanced potency, with several derivatives achieving 

pIC₅₀ values approaching or exceeding those of avibactam (9), a clinically advanced 

diazabicyclooctane inhibitor. These data demonstrate that substitution at the 

sulfoximine nitrogen can substantially enhance SBL inhibition without abolishing 

recognition of the penam core by the enzyme active site. 
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SPE-MS analysis provided mechanistic insight into these potency differences. Urea-

substituted sulfoximines formed intact covalent AECs more rapidly and completely 

than the unsubstituted analogue, consistent with their enhanced inhibitory activity. In 

contrast, sulfoximine 21 displayed limited accumulation of intact AECs, suggesting 

either slower acylation or more rapid adduct hydrolysis, behavior closely resembling 

that reported for sulbactam. These findings establish AEC formation efficiency as a 

key mechanistic determinant of enzyme inhibition potency within the penam-

sulfoximine series (Figures 4.3-1 – 4.3-2). 

Crystallographic analysis of the AmpC:37a complex confirmed that penam-

sulfoximines inhibit SBLs via a conserved covalent mechanism (Figure 4.4-1). The 

structure revealed nucleophilic attack of the active-site serine on the β-lactam carbonyl, 

followed by fragmentation to a trans-enamine sulfinamide species. The observed 

binding mode and stabilizing interactions closely resemble those reported for 

sulbactam and enmetazobactam, supporting a shared mechanistic pathway and 

demonstrating that sulfoximine substitution does not disrupt productive engagement 

of the penam scaffold within the enzyme active site (Figures 4.4-2 and 4.4-3). 

Despite their favorable biochemical potency, urea-substituted penam-sulfoximines 

exhibited reduced hydrolytic stability in aqueous buffer. Whereas sulbactam and the 

unsubstituted sulfoximine 21 remained largely intact at pH 7.4 over the duration of the 

assay, urea-substituted derivatives showed substantially shorter half-lives, with 

degradation rates strongly dependent on substituent identity (Figure 4.5-1). This 

instability likely limits effective intracellular exposure and provides a mechanistic 

explanation for the disconnect observed between biochemical potency and cellular 

activity for many N-substituted sulfoximines. 
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Antimicrobial susceptibility testing against a panel of clinically isolated Acinetobacter 

baumannii strains revealed that only the unsubstituted penam-sulfoximine 21 

displayed measurable intrinsic antibacterial activity, both as a single agent and in 

combination with durlobactam (Figure 4.6-1). Notably, the 21/durlobactam 

combination demonstrated antibacterial efficacy comparable to, and in several cases 

exceeding, that of the clinically used sulbactam/durlobactam regimen, including 

against strains harboring both SBLs and MBLs. In contrast, urea-substituted 

sulfoximines showed little or no cellular activity, consistent with their reduced 

chemical stability and likely compromised accumulation (Figure 4.6-2). 

Collectively, the results of Chapter 4 demonstrate that effective antibacterial activity 

within the penam-sulfoximine series requires a delicate balance between SBL 

inhibition potency, AEC stability, chemical robustness, and cellular compatibility. 

While urea substitution enhances biochemical inhibition, compromised stability limits 

translation to cellular efficacy. In contrast, the unsubstituted sulfoximine 21 achieves 

a productive balance of intrinsic antibacterial activity, resistance to SBL-mediated 

degradation, and chemical stability, underpinning its superior performance in cellular 

assays. Although penam-sulfoximines were initially evaluated as SBL inhibitors, the 

cellular activity of compound 21 is best explained by PBP inhibition, distinguishing it 

mechanistically from the more potent but less stable N-substituted analogues. These 

findings define key design principles for next-generation penam-based inhibitors that 

integrate potent enzyme inhibition with the physicochemical properties required for 

antibacterial activity. 
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5.2 Future work  

Although the penam-sulfoximines synthesized in this work display potent inhibition 

of clinically relevant SBLs, most of these compounds exhibit insufficient stability 

under physiological conditions to be viable SBL inhibitors.163 However, rapid 

degradation of most sulfoximine-containing penams under physiological conditions 

limits their applicability in biological settings, with the notable exception of the free 

NH sulfoximine 21, which demonstrated enhanced stability relative to its N-substituted 

derivatives. These observations highlight the need to balance chemical stability with 

inhibitory potency in further development of sulfoximine-containing β-lactams.  

Future synthetic efforts should therefore focus on modifying the sulfoximine-

containing penam scaffold to improve chemical stability while preserving biological 

activity. In particular, removal of the carbonyl group α to the sulfoximine nitrogen 

represents a promising strategy. This electron-withdrawing carbonyl is likely to 

increase the electrophilicity of the β-lactam ring, rendering the scaffold more 

susceptible to hydrolysis under physiological conditions. Attenuation of this effect 

may reduce β-lactam ring opening and improve overall stability. However, the 

synthesis of such analogues presents significant challenges as discussed in Chapter 2.  

Penam-sulfoximine 21 represents a viable lead for further biological evaluation against 

A. baumannii. Unlike the less stable N-substituted sulfoximines, 21 acts as a PBP 

inhibitor and retains sufficient stability to warrant progression beyond enzyme-level 

studies. Evaluation of 21 against a panel of A. baumannii clinical isolates, including 

strains harboring the most prevalent resistance determinants such as OXA-23, 

chromosomal AmpC, and OXA-51, will be critical to determine whether PBP 

inhibition translates into meaningful whole-cell antibacterial activity in resistant 

backgrounds.26 
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Further studies should also examine the frequency and mechanisms of resistance to 

compound 21. While resistance to PBP-targeting agents can arise through alterations 

in target PBPs or changes in cell wall metabolism, such pathways are often constrained 

by essentiality and fitness costs.164 Given that resistance in A. baumannii is more 

commonly driven by acquisition or overexpression of β-lactamases, resistance 

emerging specifically against the sulfoximine scaffold may occur at low frequency; 

however, this hypothesis requires experimental validation through serial passaging and 

frequency-of-resistance assays.26, 165 

Finally, advancement of compound 21 into preliminary ADME characterization is an 

essential step toward its in vivo evaluation. Assessment of metabolic stability in mouse 

liver microsomes, aqueous solubility, and cytotoxicity will help define the 

pharmacokinetic liabilities of the scaffold and guide optimization efforts.166, 167 

Compounds exhibiting acceptable in vitro profiles could then be progressed to murine 

infection models to evaluate in vivo efficacy and exposure–response relationships.168, 

169 

Encouraged by the potent activity observed for the sulbactam-derived penam-

sulfoximine series, extension of the sulfoximine replacement strategy to other 

clinically relevant β-lactam scaffolds was pursued. Tazobactam represents a 

particularly attractive target for such modification, as it is a widely used penam-based 

β-lactamase inhibitor whose sulfone functionality is central to its mechanism of action. 

Replacement of the sulfone moiety with a sulfoximine therefore offers the potential to 

modulate chemical stability and reactivity while preserving the core penam 

framework. On this basis, synthesis of tazobactam-derived sulfoximines was 

undertaken to evaluate the generality of sulfoximine substitution across clinically 

important β-lactam scaffolds. 
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Figure 5.2-1. 11-step synthesis of tazobactam-derived (S)-penam sulfoximine. This synthetic work was 

carried out by Ben Spivey and is described in detail in his Part II master’s thesis.  

 

Initial efforts to extend the sulfoximine replacement strategy to the tazobactam 

scaffold were undertaken by Ben Spivey, a Part II student whom I supervised during 

the 2024–2025 academic year. An 11-step synthetic route to a tazobactam-derived 

penam-sulfoximine was designed and successfully executed, and this work is 

described in detail in the corresponding master’s thesis (Figure 5.2-1). Although 

installation of the sulfoximine moiety was achieved, isolation of the fully deprotected 

target compound proved unsuccessful due to substantial instability during the final 

deprotection steps, precluding further biological evaluation. 

Subsequently, an alternative and more concise strategy for introduction of the triazole 

moiety was developed (Figure 5.2-2). Rather than installing the triazole at an early 

stage, sulfoxide 19 was directly reacted with 2-trimethylsilyl triazole, enabling late-

stage functionalization to afford intermediate 78. Oxidation of 78 with mCPBA 

proceeded smoothly to give the corresponding sulfoxide 79. Notably, Rh(II)-catalyzed 

nitrene transfer from 79 resulted in formation of the desired sulfoximine, with product 

80 detected by mass spectrometry. 
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Figure 5.2-2. Proposed 8-step synthesis of tazobactam-derived (S)-penam sulfoximine 81.  

 

Despite successful sulfoximine formation, attempts to isolate compound 80 were 

unsuccessful due to rapid degradation during purification, particularly upon exposure 

to silica gel. This behavior mirrors the instability observed for other highly 

functionalized sulfoximine β-lactams and suggests that the tazobactam-derived 

sulfoximine lies near the stability limit of the scaffold under standard chromatographic 

conditions. 

Future work will therefore focus on mitigating degradation during purification to 

enable isolation and full characterization of tazobactam-derived sulfoximines. Given 

the pronounced sensitivity of these compounds to silica gel, alternative purification 

strategies will be explored, including chromatography on neutral alumina and 

deacidification of silica through the addition of basic modifiers such as triethylamine 

to the elution solvent. Implementation of these approaches may allow isolation of the 

sulfoximine products without compromising structural integrity and facilitate 

subsequent evaluation of their chemical and biological properties. 
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6.1 Biochemical procedures  

6.1.1 Enzyme production 

Recombinant E. Coli AmpC, TEM-116, OXA-10, and OXA-48 were produced and 

purified (>90% by SDS-PAGE and MS) as reported.170, 171 

 

6.1.2 SBL inhibition studies  

The effects of penam-sulfoximine derivatives on AmpC (0.5 nM), TEM-116 (1 nM), 

OXA-10 (0.25 nM) and OXA-48 (12.5 nM) catalysis were determined as reported.157  

In brief, SBLs were incubated at room temperature in reaction buffer (50 mM 

phosphate buffer (pH 7.5), 0.01% (v/v) Triton X-100) with inhibitor for 10 min; for 

OXA-10 and OXA-48, the reaction buffer was supplemented with sodium bicarbonate 

(50 mM). Reactions were initiated by the addition of the reported fluorogenic substrate 

FC-5 (5 µM)157 and immediately monitored by assessing fluorescence intensity at ex 

= 380 nm and ex = 460 nm over a period of 30-45 min using a BMG LABTECH 

Clariostar or a Pherastar plate reader. Initial reaction rates were determined, and 

analyzed by nonlinear regression using Prism 5 (GraphPad) to determine IC50 values 

(in independent duplicates each consisting of technical quadruplicates). 

 

6.1.3 SPE-MS assays 

SPE-MS assays were performed and analyzed as described,39 using an Agilent 

RapidFire365 system coupled to an Agilent 6550 Accurate Mass QTOF spectrometer. 

SBL solutions were buffer exchanged into 50 mM Tris (pH 7.5) prior to analysis. 

Substrate/inhibitor (10 µM) was added to the SBL solution (1 µM). After the indicated 

time, 50 µL of the solution was injected onto a C4 SPE cartridge, washed, then eluted 

into the mass spectrometer.  
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6.1.4 AmpC crystallization and data collection 

AmpC was crystallized using a modification of a reported protocol39: AmpC (25 

mg/mL, in: 50 mM Tris, pH 7.5) was added to precipitant solution 1.6M potassium 

phosphate (pH 8.8)) containing 1,000-fold diluted seeds crystals and allowed to 

crystallize using the hanging drop method, over a well of 500 µL precipitant solution. 

Crystals were transferred to a solution containing 37a (10 mM) and glycerol (20% w/v) 

and were incubated at room temperature for 10 min prior to rapid freezing in liquid 

nitrogen and storage under cryogenic conditions. Data were collected at beamline i03 

at Diamond Light Source, employing automatic data collection.  

 

6.1.5 Crystallographic data processing 

Crystallographic data were indexed and integrated with DIALS using xia2,39 and 

scaled using Aimless. The complex structure was solved by molecular replacement 

using Phaser,172 and a reported apo structure of AmpC as a search model (PDB ID: 

6T35).39  Alternating cycles of refinement using REFMAC173 and manual model 

building using COOT174 were performed iteratively. Processing and refinement 

statistics are in Appendix 7.5. The wwPDB pdb extract tool was used to prepare 

coordinate and structure factor files in mmCIF format ready for deposition.175  

 

6.1.6 Antimicrobial susceptibility testing  

Antimicrobial susceptibility testing (AST) was performed by the Muller Hinton 

(Millipore, USA) agar dilution method according to the Clinical Laboratory Standards 

Institute (CLSI) guideline. MICs were interpreted using CLSI breakpoints176 for all 

antimicrobial agents except those for which CLSI breakpoints are not available. 

Bacterial inocula were prepared from fresh overnight cultures and adjusted to a 
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turbidity equivalent to a 0.5 McFarland standard (approximately 1 x 108 CFU/mL), 

followed by dilution to achieve a final inoculum of ~1 x 104 CFU per spot on agar 

plates, as recommended by CLSI. Plates were incubated at 35–37°C for 16–20 h prior 

to MIC determination.  Meropenem was used as a control for carbapenemase-

producing bacteria. Quality control testing was performed according to CLSI using P. 

aeruginosa ATCC 27853, and A. baumannii NCTC 13304 strains1. A. baumannii 

ATCC 19606 was used as a meropenem susceptible control. The MIC quality control 

range was 0.125 to 16 μg/mL for meropenem, sulbactam, durlobactam, avibactam and 

21; and 0.125/4 to 16/4 μg/mL for sulbactam/durlobactam, 17/durlobactam, 

sulbactam/avibactam and 21/avibactam. AST was performed in independent 

duplicates for all compounds. 

 

6.2 Chemical synthesis 

6.2.1 General synthetic information 

Reagents were from commercial suppliers (Sigma‐Aldrich, Inc.; Fluorochem Ltd; Alfa 

Aesar; Tokyo Chemical Industry) and were used as received. Anhydrous solvents were 

from Sigma-Aldrich, Inc. and kept under an atmosphere of N2. All reactions were 

carried out under an atmosphere of N2 unless stated otherwise. Purifications were 

performed with an automated Biotage Selekt purification machine using Biotage® Sfär 

Silica D Duo or Biotage® Sfär C18 D Duo Ultra flash chromatography cartridges. The 

cartridge size and solvent gradients used are specified in the individual experimental 

procedures. High-Performance Liquid Chromatography (HPLC) was performed with 

an automated ACCQ Prep HP 150 machine using XBridge® Prep C18 5µm OBDTM 

19 x 250 mm column. HPLC grade solvents were used for purifications, reaction work‐

ups, and extractions. 
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Thin‐layer chromatography (TLC) was carried out using Merck silica gel 60 F254 TLC 

plates and visualized under UV light. Melting points (m.p.) were determined using a 

Stuart SMP-40 automated melting point apparatus with starting temperature of 50 °C, 

a ramp rate of 3 °C/min, and a final temperature of 250 °C. High‐resolution mass 

spectrometry (HRMS) was performed using electrospray ionization (ESI) mass 

spectrometry (MS) operated in the positive or negative ionization modes using a 

Thermo Scientific Exactive mass spectrometer (ThermoFisher Scientific); data are 

presented as a mass‐to‐charge ratio (m/z). Nuclear magnetic resonance (NMR) spectra 

were recorded using a Bruker AV600 (600 MHz) or a Bruker AV400 (400 MHz), as 

stated in the individual experimental procedures. For 1H NMR, chemical shifts are 

reported in parts per million (ppm) downfield from tetramethylsilane and are 

referenced to residual protium in the NMR solvent (i.e. CDCl3: δ = 7.26 ppm; CD3OD-

d4: δ = 3.31 ppm; DMSO-d6: δ = 2.50 ppm; CD3CN: δ = 1.94 ppm). For 13C NMR, 

chemical shifts are reported in the scale relative to the NMR solvent (i.e., CDCl3: δ = 

77.06 ppm; CD3OD-d4: δ = 49.00 ppm; DMSO-d6: δ = 39.52 ppm; CD3CN: δ = 118.26 

and 1.32 ppm). Coupling constants are recorded to the nearest 0.1 Hz. Infrared (IR) 

spectroscopy was performed using a Bruker Tensor-27 Fourier transform infrared (FT-

IR) spectrometer. Optical rotation (α) measurements were performed using a Unipol 

(Schmidt Haensch) polarimeter operated at 25 °C and using a wavelength (λ) of 589 

nm (sodium D-lines). 
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6.3 General synthetic procedures 

6.3.1 General Procedure A for ester synthesis 

To a solution of a carboxylic acid (1.0 equiv.) in anhydrous 1:1 (v/v) 

dichloromethane/N,N-dimethylformamide (0.5 M) was added carefully potassium 

carbonate (0.9 equiv.), followed by a commercially-sourced alkyl bromide (1.1 equiv.), 

at ambient temperature and atmosphere. The reaction mixture was stirred at 38 °C for 

1 h, then poured onto water and extracted three times with dichloromethane. The 

combined organic extracts were sequentially washed with water, a saturated aqueous 

NaHCO3 solution, and brine, then dried over anhydrous Na2SO4, filtered, and 

evaporated. The crude residue was purified by flash column chromatography to afford 

the desired esters.177  

 

6.3.2 General Procedure B for sulfoxide synthesis 

To a solution of an ester (1.0 equiv.) in dichloromethane (0.1 M) was added dropwise 

a solution of meta-chloroperoxybenzoic acid (mCPBA) (0.98 equiv.) in 

dichloromethane at -78 °C under an ambient atmosphere. The reaction mixture was 

stirred for 16 h while it was slowly warmed from -78 °C to ambient temperature. The 

resultant suspension was sequentially washed with a 10% (v/v) aqueous Na2S2O3 

solution, a saturated aqueous NaHCO3 solution, and brine, then was dried over 

anhydrous Na2SO4 and evaporated. The crude residue was purified by flash column 

chromatography to afford the desired sulfoxide.95  

 

6.3.3 General Procedure C for sulfoximine synthesis  

The sulfoximine forming reaction was optimized based on reported conditions 

(Chapter 2, Section 2.3.1).178 To a solution of a sulfoxide ester (1.0 equiv.) in 
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anhydrous 1,2-dimethoxyethane (0.2 M) was sequentially added an amine (1.5 equiv.), 

(diacetoxyiodo)benzene (1.5 equiv.), magnesium oxide (2.0 equiv.), and rhodium (II) 

acetate dimer (0.05 equiv.) The reaction mixture was stirred at 40 °C for 16 h under a 

nitrogen atmosphere before being filtered using Celite®; the Celite® pad was eluted 

with dichloromethane. The combined filtrates were concentrated and purified by flash 

column chromatography to afford the desired sulfoximine.  

 

6.3.4 General Procedure D for hydrogenation of esters 

A round bottom flask was charged with a sulfoximine ester (1.0 equiv.) and 10% (w/w) 

Pd/C (0.2 – 1.0 equiv.) in an anhydrous solvent (0.1 M). The reaction mixture was 

evacuated and backfilled with hydrogen gas three times using a Schlenk line. The 

reaction mixture was stirred at ambient temperature for 3 – 9 h under a hydrogen 

atmosphere, then filtered using Celite®; the Celite® pad was eluted with 

dichloromethane, which was then removed in vacuo. The residue was redissolved in 

ethyl acetate before addition of sodium 2-ethylhexanoate (1.0 equiv.). The resultant 

mixture was stirred for 15 min before being evaporated. The product was precipitated 

by the addition of diethyl ether to the crude residue. The diethyl ether was separated 

and the solid was purified by trituration using diethyl ether. Filtration afforded the 

desired carboxylate sodium salt.  

 

6.3.5 General Procedure E for sulfoximine amide bond forming reactions 

A reported procedure was followed with modifications:137 To a solution of a 

sulfoximine ester (1.0 equiv.), 4-dimethylaminopyridine (DMAP)132 (0.05 equiv.), and 

triethylamine (1.5 equiv.) in dichloromethane (0.125 M) was added dropwise an acyl 

chloride (1.0 equiv.) at 0 °C under an ambient atmosphere. The reaction mixture was 
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allowed to slowly warm up to ambient temperature over 4 h, then evaporated and 

partitioned between ethyl acetate and water. The organic phase was sequentially 

washed with water and brine, dried over anhydrous Na2SO4, then evaporated. The 

crude residue was purified by flash column chromatography to afford the desired N-

acylated sulfoximine.  

 

6.3.6 General Procedure F for sulfoximine amide bond forming reactions 

A reported procedure was followed with modifications:127 To a solution of 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI)133 (3 equiv.) and 4-

dimethylaminopyridine (DMAP)134 (2.2 equiv.) in dichloromethane (0.2 M) was added 

a carboxylic acid (1.1 equiv.) at 0 °C under an ambient atmosphere. The mixture was 

stirred for 5 min at 0 °C before addition of a sulfoximine ester (1.0 equiv.). The 

resultant reaction mixture was allowed to slowly warm to ambient temperature, then 

evaporated and partitioned between ethyl acetate and water. The organic phase was 

sequentially washed with water and brine, dried over anhydrous Na2SO4, then 

evaporated. The crude residue was purified by flash column chromatography to afford 

the desired N-acylated sulfoximine.  

 

6.3.7 General Procedure G for sulfoximine arylation  

A reported procedure was followed with modifications:179 To a solution of a 

sulfoximine ester (1.0 equiv.) in anhydrous methanol (0.2 M) was added copper (II) 

acetate (0.1 equiv.) and an aryl boronic acid (2.3 equiv.) under a nitrogen atmosphere. 

The reaction mixture was stirred at ambient temperature for 16 h, then filtered and 

concentrated. The crude residue was purified by flash column chromatography to 

afford the desired N-arylated sulfoximine.  



Chapter 6 | Materials and Methods  

 

126 
 

6.3.8 General Procedure H for sulfoximine urea formation 

A reported procedure was followed with modifications:131  To a solution of a 

sulfoximine ester (1.0 equiv.), 4-dimethylaminopyridine (DMAP)132 (0.1 equiv.), and 

triethylamine (1.5 equiv.) in dichloroethane (0.2 M) was added dropwise an isocyanate 

(1.6 equiv.) at 0 °C under an ambient atmosphere. The reaction mixture was allowed 

to slowly warm up to ambient temperature over 4 h, then evaporated and partitioned 

between ethyl acetate and water. The organic phase was sequentially washed with 

water and brine, dried over anhydrous Na2SO4, and evaporated in vacuo. The crude 

residue was purified by flash column chromatography to afford the desired urea.  

 

6.4 Compound synthesis 

(2S,6S)-6-Bromo-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylic acid (16). 

A reported procedure was followed with modifications:114 To a 

solution of HBr (27.3 g, 18.3 mL, 48% (w/w), 3.5 equiv., 162 

mmol) in methanol (70 mL) and deionized water (27.2 mL) at -

10 °C was added (+)-6-aminopenicillanic acid 16 (10.0 g, 1.0 equiv., 46 mmol) 

followed by the dropwise addition of an aqueous solution of sodium nitrite (4.79 g, 1.5 

equiv., 69 mmol in 13.2 mL water) over 30 min. The reaction mixture was stirred for 

an additional 30 min at ambient temperature before the addition of NaCl (4.8 g). The 

reaction mixture was extracted with dichloromethane. The combined organic extracts 

were washed with brine, dried over anhydrous Na2SO4, and concentrated under 

reduced pressure. The crude material was purified using silica column chromatography 

(330 g Sfär cartridge; 200 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed 

by a linear gradient (15 CV): 0–35% (v/v) ethyl acetate in cyclohexane) to give acid 
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16  (11.7 g, 41 mmol, 90%).114 The analytical data for 16 are consistent with those 

reported.114  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 5.40 (d, J = 1.4 Hz, 1H, 

H6), 4.82 (d, J = 1.4 Hz, 1H, H5), 4.58 (s, 1H, H3), 1.65 (s, 3H, H10), 1.57 ppm (s, 

3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 171.1, 167.6, 70.5, 69.8, 65.1, 49.3, 

33.7, 26.1 ppm. HRMS (ESI): m/z calculated for C8H9BrNO3S (M–H)– = 277.9491, 

found 277.9492. IR (film): ṽ = 2984, 1791, 1460, 1394, 1374, 1334, 1297, 1215, 1151, 

1091, 1025 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 170.9 (c = 0.79, CHCl3). 

4-Methoxybenzyl (2S,6S)-6-bromo-3,3-dimethyl-7-oxo-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate (17). 

Following General Procedure A, ester 17 (3.73 g, 

9.3 mmol, 67%) was obtained by reaction of acid 

16 (3.89 g, 1.0 equiv., 14 mmol) and 1-

(bromomethyl)-4-nitrobenzene (2.17 g, 1.0 

equiv., 14 mmol), followed by column chromatography (50 g Sfär cartridge; 120 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0–10% (v/v) ethyl acetate in cyclohexane). The melting point for 17 was 

consistent with that reported, while 1H NMR did not match those reported.115 Previous 

1H NMR data were reported at 90 MHz. 

White solid. MP: 73 – 75 °C (lit. 73 – 74 °C).  1H NMR (500 MHz, 300 K, CDCl3): δ 

= 7.34 – 7.27 (m, 2H, H17, H18), 6.93 – 6.84 (m, 2H, H19, H20), 5.40 (d, J = 1.4 Hz, 

1H, H6), 5.13 (s, 2H, H15), 4.79 (d, J = 1.4 Hz, 1H, H5), 4.54 (s, 1H, H3), 3.82 (s, 3H, 

H23), 1.58 (s, 3H, H10), 1.37 ppm (s, 3H, H9). 13C NMR (126 MHz, 300 K, CDCl3): 

δ = 167.4, 167.0, 160.1, 130.7, 126.9, 114.2, 70.6, 70.0, 67.5, 65.2, 55.4, 49.6, 34.2, 

25.8 ppm. HRMS (ESI): m/z calculated for C16H18BrNO4SNa (M+Na)+ = 422.0032, 
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found 422.0032. IR (film): ṽ = 3775, 3663, 2961, 1791, 1745, 1659, 1613, 1549, 1517, 

1463, 1302, 1252, 1205, 1176, 1033 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 118.2 (c = 1.3, CHCl3).  

4-Methoxybenzyl (2S)-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylate (18). 

To a solution of 17 (33.3 g, 1.0 equiv., 83 mmol) in 

methanol (166 mL) was added tributylphosphine 

(16.8 g, 21 mL, 1.0 equiv., 83 mmol) dropwise. The 

reaction mixture was stirred for 1 h at ambient 

temperature before being evaporated. The crude material was purified using silica 

column chromatography (330 g Sfär cartridge; 200 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–35% (v/v) 

dichloromethane in cyclohexane) affording ester 18 (24.1 g, 75 mmol, 90%). The 

analytical data for 18 are consistent with those reported.180  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 6.92 – 6.86 (m, 2H, H18, H19), 5.27 (dd, J = 4.2, 1.8 Hz, 1H, H5), 5.15, 5.10 

(2H, ABq, J = 11.8 Hz, H14), 4.46 (s, 1H, H3), 3.82 (s, 3H, H22), 3.54 (dd, J = 15.9, 

4.2 Hz, 1H, H6), 3.05 (dd, J = 15.9, 1.8 Hz, 1H, H6), 1.62 (s, 3H, H10), 1.37 ppm (s, 

3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 172.3, 168.0, 159.9, 130.5, 127.1, 

114.0, 70.2, 67.2, 65.8, 60.6, 55.3, 46.5, 31.8, 26.7 ppm. HRMS (ESI): m/z calculated 

for C16H19NO4SNa (M+Na)+ = 344.0927, found 344.0926. IR (film): ṽ = 3847, 3790, 

3697, 3663, 3640, 2971, 2359, 1783, 1691, 1659, 1613, 1549, 1517, 1463, 1303, 1251, 

1206, 1176, 1034 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 161.2 (c = 0.26, CHCl3). 
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4-Methoxybenzyl (2S,5R,6S)-6-bromo-3,3-dimethyl-7-oxo-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (18b). 

Following General Procedure B, sulfoxide 18b 

(2.96 g, 7.1 mmol, 86%) was obtained from 

sulfide 17 (3.33 g, 1.0 equiv., 8.3 mmol), 

following column chromatography (50 g Sfär 

cartridge; 120 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0–35% (v/v) ethyl acetate in cyclohexane). The melting point and 

1H NMR for 18b were not consistent with that reported.115 Previous 1H NMR data 

were reported at 90 MHz. 

White Solid. MP: 120 – 122 °C (lit. 137 – 139 °C). 1H NMR (600 MHz, 300 K, 

CDCl3): δ = 7.34 – 7.29 (m, 2H, H17, H18), 6.92 – 6.87 (m, 2H, H19, H20), 5.25, 5.11 

(2H, ABq, J = 11.7 Hz, H15), 5.07 (d, J = 1.6 Hz, 1H, H6), 5.01 (d, J = 1.6 Hz, 1H, 

H5), 4.52 (s, 1H, H3), 3.81 (s, 3H, H23), 1.62 (s, 3H, H10), 1.06 ppm (s, 3H, H9). 13C 

NMR (151 MHz, 300 K, CDCl3): δ = 167.3, 166.0, 160.2, 130.9, 126.9, 114.3, 79.4, 

73.8, 68.0, 65.6, 55.4, 38.8, 20.0, 18.2 ppm. HRMS: Compound did not ionise using 

different mass spectrometry techniques (ESI, APCI, and EI). IR (film): ṽ = 2980, 1798, 

1752, 1613, 1517, 1463, 1252, 1210, 1056 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 193.1 (c = 0.47, CHCl3). 

4-Methoxybenzyl (2S)-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylate 4-oxide (19). 

Following General Procedure B, sulfoxide 19 (3.61 

g, 10.7 mmol, 74%) was obtained from sulfide 18 

(4.64 g, 14 mmol), following column 

chromatography (50 g Sfär cartridge; 120 mL/min; 

initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–
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80% (v/v) ethyl acetate in cyclohexane). The analytical data for 19 are consistent with 

those reported.180 

White Solid. MP: 150 – 152 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.36 – 7.29 

(m, 2H, H16, H17), 6.95 – 6.85 (m, 2H, H18, H19), 5.24, 5.09 (2H, ABq, J = 11.8 Hz, 

H14), 4.92 (dd, J = 3.6, 2.9 Hz, 1H, H5), 4.52 (s, 1H, H3), 3.82 (s, 3H, H22), 3.39 – 

3.30 (m, 2H, H6), 1.64 (s, 3H, H10), 1.08 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 

K, CDCl3): δ = 170.7, 168.4, 160.2, 130.8, 127.1, 114.2, 74.1, 71.1, 67.8, 65.7, 55.5, 

36.2, 20.3, 18.6 ppm. HRMS (ESI): m/z calculated for C16H20NO5S (M+H)+ = 

338.1057, found 338.1057. IR (film): ṽ = 3847, 3789, 3697, 3662, 1788, 1754, 1691, 

1659, 1613, 1549, 1516, 1467, 1252, 1207, 1057 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 189.2 (c = 0.27, 

CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((benzyloxy)carbonyl)imino)-3,3-dimethyl-7-

oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (20). 

Following General Procedure C, sulfoximine 20 

(2.5 g, 5.1 mmol, 87%) was obtained by reaction of 

sulfoxide 19 (2.0 g, 1.0 equiv., 5.9 mmol) and 

benzyl carbamate (1.34 g, 1.5 equiv., 8.9 mmol), 

following column chromatography (25 g Sfär 

cartridge; 80 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0–30% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.38 – 7.32 (m, 5H, H30, 

H31, H32, H33, H34), 7.31 – 7.28 (m, 2H, H16, H17), 6.92 – 6.87 (m, 2H, H18, H19), 

5.23, 5.11 (2H, ABq, J = 11.7 Hz, H14), 5.15 (d, J = 12.0 Hz, 1H, H28), 5.08 (d, J = 

12.0 Hz, 1H, H28), 4.87 (dd, J = 3.9, 2.4 Hz, 1H, H5), 4.41 (s, 1H, H3), 3.82 (s, 3H, 

H22), 3.51 – 3.43 (m, 2H, H6), 1.67 (s, 3H, H10), 1.27 ppm (s, 3H, H9). 13C NMR 
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(151 MHz, 300 K, CDCl3): δ = 170.7, 166.7, 160.4, 159.0, 135.6, 130.9, 128.8, 128.7, 

128.6(8), 126.5, 114.3, 69.1, 68.4, 67.8, 67.0, 63.8, 55.5, 39.5, 21.1, 18.8 ppm. HRMS 

(ESI): m/z calculated for C24H26N2O7SNa (M+Na)+ = 509.1353, found 509.1355. IR 

(film): ṽ = 3790, 3662, 2980, 1804, 1755, 1665, 1613, 1549, 1516, 1463, 1380, 1266 

cm-1. [𝛼]𝟐𝟓
𝑫

 = + 85.0 (c = 1.1, CHCl3).  

Sodium (2S,4S,5R)-4-imino-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (21). 

Following General Procedure D, acid 21 (20 mg, 86 µmol, 56%) 

was obtained by reaction of ester 20 (75 mg, 1.0 equiv., 0.15 

mmol) with 10% (w/w) Pd/C (1.0 equiv.) in anhydrous THF 

stirring for 6 h under hydrogen atmosphere. The reaction mixture was filtered using 

Celite® and the Celite® pad was rinsed with DCM. The product was eluted with 

anhydrous methanol, which was then removed in vacuo. The residue was redissolved 

in anhydrous methanol before the addition of sodium 2-ethylhexanoate (1.0 equiv.). 

The resultant mixture was stirred for 15 min before being evaporated in vacuo. The 

product was precipitated by the addition of diethyl ether to the crude residue. Filtration 

afforded the carboxylate sodium salt. 

White solid. MP: decomposition > 100 °C. 1H NMR (600 MHz, 300 K, MeOD-d4): δ 

= 4.72 (dd, J = 4.4, 1.6 Hz, 1H, H5), 4.13 (s, 1H, H3), 3.46 (dd, J = 15.9, 4.3 Hz, 1H, 

H6), 3.16 (dd, J = 15.9, 1.7 Hz, 1H, H6), 1.55 (s, 3H, H10), 1.40 ppm (s, 3H, H9). 13C 

NMR (151 MHz, 300 K, MeOD-d4): δ = 174.0, 173.9, 68.2, 67.2, 64.3, 37.4, 21.9, 

19.1 ppm. HRMS (ESI): m/z calculated for C8H10N2O4S (M–H)– = 231.0445, found 

231.0449. IR (film): ṽ = 3658, 3207, 2981, 2889, 2664, 2361, 2341, 1781, 1620, 1473, 

1462, 1383, 1251, 1152, 1073 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 148.3 (c = 0.12, MeOH). 
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(2S,5R)-6,6-Dibromo-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylic acid (22). 

A reported procedure was followed with modifications:123 To a 

solution of bromine (66.5 g, 21.4 mL, 3.0 equiv. 416 mmol), 

H2SO4 (20.4 g, 160 mL, 1.3 M, 1.5 equiv., 208 mmol), and 

sodium nitrite (14.4 g, 1.5 equiv., 208 mmol) in dichloromethane (277 mL) at 0 °C 

was added (+)-6-aminopenicillanic acid (30.0 g, 1.0 equiv., 139 mmol) portion wise 

over 30 min while maintaining reaction temperature between 0-10 °C. The resultant 

dark red solution was stirred for 5 hours, then quenched with 1M aqueous NaHSO3 

solution dropwise over a period of 20 min until the color became light yellow. The 

organic layer was separated, and the aqueous layer was extracted with additional DCM. 

The combined organic extracts were washed with brine, dried over anhydrous sodium 

sulfate, and concentrated under reduced pressure. The crude material was purified 

using silica column chromatography (330 g Sfär cartridge; 200 mL/min; initially 100% 

(v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–35% (v/v) ethyl 

acetate in cyclohexane) to give acid 22 (34.0 g, 95 mmol, 68%). The analytical data 

for 22 are consistent with those reported.123 

Brown solid. MP: 144 – 146 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 5.79 (s, 1H, 

H5), 4.58 (s, 1H, H3), 1.66 (s, 3H, H10), 1.56 ppm (s, 3H, H9). 13C NMR (151 MHz, 

300 K, CDCl3): δ = 169.3, 164.7, 80.8, 69.4, 64.6, 58.5, 33.5, 26.2 ppm. HRMS (ESI): 

m/z calculated for C8H10Br2NO3S (M+H)+ = 355.8597, found 355.8610. IR (film): ṽ = 

3789, 3661, 3638, 2981, 2890, 1799, 1587, 1549, 1514, 1462, 1381, 1252, 1156 cm-1. 

[𝛼]𝟐𝟓
𝑫

 = + 144.1 (c = 0.12, CHCl3).  

4-Methoxybenzyl (2S,5R)-6,6-dibromo-3,3-dimethyl-7-oxo-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate (23). 
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Following General Procedure A, ester 23 (7.57 g, 

15.8 mmol, 91%) was obtained by reaction of 

acid 22 (6.27 g, 1.0 equiv., 17.5 mmol) and 1-

(bromomethyl)-4-methoxybenzene (3.51 g, 1.0 

equiv., 17.5 mmol), following column 

chromatography (25 g Sfär cartridge; 80 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–70% (v/v) dichloromethane in 

cyclohexane). The analytical data for 23 are consistent with those reported.181  

Liquid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H18, H19), 6.93 

– 6.87 (m, 2H, H20, H21), 5.79 (s, 1H, H5), 5.18 – 5.10 (m, 2H, H16), 4.53 (s, 1H, 

H3), 3.82 (s, 3H, H24), 1.58 (s, 3H, H10), 1.36 ppm (s, 3H, H9). 13C NMR (151 MHz, 

300 K, CDCl3): δ = 166.7, 164.6, 160.2, 130.8, 126.8, 114.2, 80.9, 69.8, 67.7, 64.9, 

58.8, 55.5, 33.7, 25.9 ppm. HRMS: Compound did not ionize using different mass 

spectrometry techniques (ESI, APCI, and EI). IR (film): ṽ = 3662, 2981, 2890, 1801, 

1745, 1613, 1517, 1463, 1382, 1304, 1252, 1205, 1176, 1035 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 145.5 (c 

= 0.53, CHCl3). 

4-Methoxybenzyl (2S,5R)-6,6-dibromo-3,3-dimethyl-7-oxo-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (24). 

Following General Procedure B, sulfoxide 24 

(16.0 g, 32 mmol, 80%) was obtained from 

sulfide 23 (21.3 g, 1.0 equiv., 40 mmol), 

following column chromatography (25 g Sfär 

cartridge; 80 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–25% (v/v) ethyl acetate 

in cyclohexane). The previous report of 24 did not provide NMR/MS data.180 
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Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.35 – 7.30 (m, 2H, H18, 

H19), 6.93 – 6.88 (m, 2H, H20, H21), 5.28 (s, 1H, H5), 5.21, 5.14 (2H, ABq, J = 11.7 

Hz, H16), 4.56 (s, 1H, H3), 3.82 (s, 3H, H24), 1.53 (s, 3H, H10), 1.31 ppm (s, 3H, H9). 

13C NMR (151 MHz, 300 K, CDCl3): δ = 166.2, 162.4, 160.3, 130.9, 126.5, 114.3, 

93.0, 72.5, 68.3, 67.0, 55.5, 48.0, 24.8, 16.9 ppm. HRMS (ESI): m/z calculated for 

C16H18Br2NO5S (M+H)+ = 493.9267, found 493.9268. IR (film): ṽ = 3847, 3775, 3661, 

3642, 2980, 2890, 1807, 1753, 1659, 1613, 1549, 1517, 1463, 1382, 1305, 1252, 1177, 

1072 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 90.8 (c = 0.45, CHCl3). 

4-Methoxybenzyl (2S,5R)-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-

2-carboxylate 4-oxide (25). 

To a solution of sulfoxide 24 (16.0 g, 1.0 equiv., 

32.3 mmol) in methanol (162 mL) was added 

tributylphosphine (13.1 g, 16 mL, 2.0 equiv., 64.6 

mmol) dropwise. The reaction mixture was stirred 

for 1 h at ambient temperature before being 

concentrated. The crude material was purified using column chromatography (25 g 

Sfär cartridge; 80 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a 

linear gradient (15 CV): 0–100% (v/v) ethyl acetate in cyclohexane) to give sulfoxide 

25 (10.8 g, 32.3 mmol, 99%). The analytical data for  25 are consistent with those 

reported.180 

White solid. MP: 103 – 105 °C. 1H NMR (400 MHz, 300 K, CDCl3): δ = 7.36 – 7.28 

(m, 2H, H16, H17), 6.94 – 6.86 (m, 2H, H18, H19), 5.22, 5.11 (2H, ABq, J = 11.8 Hz, 

H14), 4.59 (dd, J = 4.5, 1.9 Hz, 1H, H5), 4.38 (s, 1H, H3), 3.82 (s, 3H, H22), 3.59 (dd, 

J = 16.4, 4.5 Hz, 1H, H6), 3.35 (dd, J = 16.4, 1.9 Hz, 1H, H6), 1.54 (s, 3H, H10), 1.24 

ppm (s, 3H, H9). 13C NMR (101 MHz, 300 K, CDCl3): δ = 169.2, 167.4, 160.2, 130.9, 
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126.8, 114.3, 72.6, 70.9, 68.0, 64.1, 55.5, 40.9, 24.5, 15.6 ppm. HRMS (ESI): m/z 

calculated for C16H17NO5S (M–H)– = 336.0911, found 336.0902. IR (film): ṽ = 3697, 

3020, 1788, 1751, 1614, 1517, 1466, 1304, 1252, 1188, 1064 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 145.8 (c 

= 0.17, CHCl3). 

4-Methoxybenzyl (2S,4R,5R)-4-(((benzyloxy)carbonyl)imino)-3,3-dimethyl-7-

oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (26). 

Following General Procedure C, 

sulfoximine 26 (68 mg, 0.14 mmol, 52%) 

was obtained from sulfoxide 25 (90 mg, 

1.0 equiv., 0.27 mmol) and benzyl 

carbamate (61 mg, 1.5 equiv., 0.40 

mmol), following column chromatography (10 g Sfär cartridge; 40 mL/min; initially 

100% (v/v)  cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–45% (v/v)  

ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.41 – 7.32 (m, 5H, H30, 

H31, H32, H33, H34), 7.31 – 7.28 (m, 2H, H16, H17), 6.92 – 6.85 (m, 2H, H18, H19), 

5.23, 5.10 (2H, ABq, J = 12.0 Hz, H14), 5.13 (s, 2H, H28), 4.88 (dd, J = 4.2, 2.1 Hz, 

1H, H5), 4.49 (s, 1H, H3), 3.82 (s, 3H, H22), 3.55 – 3.45 (m, 2H, H6), 1.60 (s, 3H, 

H10), 1.32 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 169.7, 166.5, 

160.3, 158.64 135.9, 130.9, 128.7, 128.4(3), 128.4, 126.6, 114.3, 68.8, 68.4, 68.3, 67.4, 

64.1, 55.5, 41.4, 20.9, 19.2 ppm. HRMS (ESI): m/z calculated for C24H24N2O7S (M–

H)– = 485.1388, found 485.1393. IR (film): ṽ = 2959, 1804, 1613, 1517, 1262, 1096 

cm-1. [𝛼]𝟐𝟓
𝑫

 = – 23.7 (c = 0.25, CHCl3). 

Benzhydryl (2S,4S,5R)-4-(((benzyloxy)carbonyl)imino)-3,3-dimethyl-7-oxo-4λ6-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (29). 
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Following General Procedure C, sulfoximine 29 

(139 mg, 87%) was obtained by reaction of 

commercial benzhydryl (2S)-3,3-dimethyl-7-oxo-4-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-

oxide (115 mg, 1.0 equiv., 0.30 mmol) and benzyl 

carbamate (68 mg, 1.5 equiv., 0.45 mmol), 

following column chromatography (10 g Sfär cartridge; 40 mL/min; initially 100% 

(v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–50% (v/v) ethyl 

acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.39 – 7.31 (m, 15H, H16, 

H17, H18, H19, H20, H22, H23, H24, H25, H26, H34, H35, H36, H37, H38), 6.98 (s, 

1H, H14), 5.14 (d, J = 12.0 Hz, 1H, H32), 5.07 (d, J = 12.0 Hz, 1H, H32), 4.87 (dd, J 

= 3.8, 2.5 Hz, 1H, H5), 4.52 (s, 1H, H3), 3.54 – 3.45 (m, 2H, H6), 1.72 (s, 3H, H10), 

1.14 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 170.5, 165.8, 158.9, 

138.7, 138.5, 135.4, 128.8, 128.7(9), 128.7, 128.6, 128.5(4), 128.5(2), 128.5, 127.7, 

126.9, 79.3, 68.9, 67.8, 66.8, 63.6, 39.3, 20.6, 18.7 ppm. HRMS (ESI): m/z calculated 

for C29H27N2O6S (M–H)– = 531.1595, found 531.1593. IR (film): ṽ = 3691, 3676, 

3649, 3630, 3032, 2946, 2898, 2833, 1804, 1760, 1718, 1671, 1616, 1541, 1498, 1457, 

1418, 1374, 1265, 1217, 1184, 1099, 1028 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 109.6 (c = 0.67, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-((tert-butoxycarbonyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (30a). 
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Following General Procedure C, sulfoximine 30a 

(190 mg, 0.42 mmol, 75%) was obtained by 

reaction of sulfoxide 19 (190 mg, 1.0 equiv., 0.56 

mmol) and tert-butyl carbamate (99 mg, 1.5 equiv., 

0.85 mmol), following column chromatography (10 

g Sfär cartridge; 40 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–35% (v/v) ethyl acetate 

in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 6.92 – 6.87 (m, 2H, H18, H19), 5.23, 5.12 (2H, ABq, J = 11.7 Hz, H14), 4.89 

(dd, J = 4.2, 2.1 Hz, 1H, H5), 4.41 (s, 1H, H3), 3.82 (s, 3H, H22), 3.66 – 3.55 (m, 2H, 

H6), 1.69 (s, 3H, H10), 1.47 (s, 9H, H29, H30, H31), 1.29 ppm (s, 3H, H9). 13C NMR 

(151 MHz, 300 K, CDCl3): δ = 170.9, 166.8, 160.3, 158.3, 130.9, 126.6, 114.3, 82.1, 

68.3, 67.8, 66.7, 63.9, 55.5, 39.7, 28.2, 21.1, 19.1 ppm. HRMS (ESI): m/z calculated 

for C21H27N2O7S (M–H)– = 451.1544, found 451.1547. IR (film): ṽ = 3775, 3662, 

2980, 1804, 1756, 1724, 1659, 1613, 1549, 1517, 1463, 1370, 1290, 1254, 1160 cm-1. 

[𝛼]𝟐𝟓
𝑫

 = + 96.4 (c = 0.5, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-((methoxycarbonyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (30b). 

Following General Procedure C, sulfoximine 30b 

(250 mg, 0.61 mmol, 64%) was obtained by 

reaction of sulfoxide 19 (320 mg, 1.0 equiv., 0.95 

mmol) and methyl carbamate (107 mg, 1.5 equiv., 

1.4 mmol), following column chromatography (10 
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g Sfär cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a 

linear gradient (15 CV): 0–45% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 6.93 – 6.87 (m, 2H, H18, H19), 5.24, 5.12 (2H, ABq, J = 11.7 Hz, H14), 4.91 

(dd, J = 4.3, 2.0 Hz, 1H, H5), 4.43 (s, 1H, H3), 3.82 (s, 3H, H22), 3.73 (s, 3H, H28), 

3.69 – 3.57 (m, 2H, H6), 1.68 (s, 3H, H10), 1.28 ppm (s, 3H, H9). 13C NMR (151 

MHz, 300 K, CDCl3): δ = 170.7, 166.7, 160.4, 160.3, 130.9, 126.5, 114.3, 68.4, 67.8, 

66.9, 63.8, 55.5, 54.1, 39.6, 29.9, 21.1, 18.9 ppm. HRMS (ESI): m/z calculated for 

C18H22N2O7SNa (M+Na)+ = 433.1040, found 433.1037. IR (film): ṽ = 3775, 3697, 

3662, 3641, 2927, 1804, 1756, 1665, 1612, 1549, 1516, 1463, 1442, 1380, 1276 cm-1. 

[𝛼]𝟐𝟓
𝑫

 = + 82.2 (c = 0.29, CHCl3).  

4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-4-((methylsulfonyl)imino)-7-oxo-4λ6-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (30c). 

Following General Procedure C, sulfoximine 30c 

(250 mg, 0.58 mmol, 78%) was obtained by 

reaction of sulfoxide 19 (250 mg, 1.0 equiv., 0.74 

mmol) and methane sulfonamide (105 mg, 1.6 

equiv., 1.1 mmol), following column 

chromatography (10 g Sfär cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–45% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 6.93 – 6.88 (m, 2H, H18, H19), 5.25, 5.13 (2H, ABq, J = 11.7 Hz, H14), 5.05 

(dd, J = 4.4, 1.8 Hz, 1H, H5), 4.39 (s, 1H, H3), 3.82 (s, 3H, H22), 3.66 (dd, J = 16.8, 

4.5, 1H, H6), 3.50 (dd, J = 16.8, 1.8 Hz, 1H, H6), 3.14 (s, 3H, H28), 1.66 (s, 3H, H10), 

1.32 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 170.3, 166.3, 160.4, 
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131.0, 126.4, 114.4, 68.9, 68.5, 68.1, 62.9, 55.5, 45.3, 39.5, 21.1, 18.6 ppm. HRMS 

(ESI): m/z calculated for C17H22N2O7S2Na (M+Na)+ = 453.0761, found 453.0760. IR 

(film): ṽ = 3789, 3697, 3662, 3640, 2981, 1805, 1756, 1691, 1659, 1613, 1549, 1516, 

1467, 1318, 1250, 1190, 1144, 1065 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 99.7 (c = 0.47, CHCl3).  

4-Methoxybenzyl (2S,4S,5R)-4-((cyclopropylsulfonyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (30d). 

Following General Procedure C, sulfoximine 30d 

(134 mg, 0.29 mmol, 66%) was obtained by 

reaction of sulfoxide 19 (150 mg, 1.0 equiv., 0.45 

mmol) and cyclopropane sulfonamide (80 mg, 1.5 

equiv., 0.67 mmol), following column 

chromatography (10 g Sfär cartridge; 40 mL/min; 

initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–

35% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 6.93 – 6.87 (m, 2H, H18, H19), 5.24, 5.17 (2H, ABq, J = 11.7 Hz, H14), 5.04 

(dd, J = 4.4, 1.8 Hz, 1H, H5), 4.38 (s, 1H, H3), 3.82 (s, 3H, H22), 3.64 (dd, J = 16.8, 

4.4 Hz, 1H, H6), 3.46 (dd, J = 16.7, 1.8 Hz, 1H, H6), 2.63 (m, 1H, H28), 1.67 (s, 3H, 

H10), 1.32 (s, 3H, H9), 1.30 – 1.18 (m, 2H, H30), 1.10 – 0.99 ppm (m, 2H, H29). 13C 

NMR (151 MHz, 300 K, CDCl3): δ = 170.4, 166.4, 160.4, 131.0, 126.5, 114.4, 68.9, 

68.5, 68.1, 63.0, 55.5, 39.5, 34.4, 21.2, 18.6, 6.7, 6.5 ppm. HRMS (ESI): m/z calculated 

for C19H24N2O7S2Na (M+Na)+ = 479.0917, found 479.0919. IR (film): ṽ = 3847, 3790, 

3697, 3683, 3662, 3639, 2969, 1805, 1756, 1711, 1691, 1659, 1641, 1613, 1549, 1516, 

1467, 1443, 1326, 1303, 1248, 1190, 1141, 1069 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 96.3 (c = 0.38, 

CHCl3).  
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4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-7-oxo-4-(((2,2,2-

trichloroethoxy)sulfonyl)imino)-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylate 4-oxide (30e). 

Following General Procedure C, sulfoximine 30e 

(56 mg, 0.45 mmol, 22%) was obtained by reaction 

of sulfoxide 19 (150 mg, 1.0 equiv., 0.45 mmol) and 

2,2,2-trichloroethyl sulfamate (152 mg, 1.5 equiv., 

0.67 mmol), following column chromatography (10 

g Sfär cartridge; 40 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–20% (v/v) ethyl acetate 

in cyclohexane). 

1H NMR (400 MHz, 300 K, CDCl3): δ = 7.35 – 7.27 (m, 2H, H16, H17), 6.93 – 6.85 

(m, 2H, H18, H19), 5.52 (dd, J = 3.7, 1.4 Hz, 1H, H5), 5.16, 5.11 (2H, ABq, J = 11.8 

Hz, H14), 4.76 (d, J = 10.9 Hz, 1H, H29), 4.71 (d, J = 10.8 Hz, 1H, H29), 4.39 (s, 1H, 

H3), 3.82 (s, 3H, H22), 3.65 (dd, J = 15.9, 1.5 Hz, 1H, H6), 3.56 (dd, J = 15.9, 3.7 Hz, 

1H, H6), 1.64 (s, 3H, H10), 1.44 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 166.3, 164.1, 160.2, 130.7, 126.7, 114.3, 92.7, 79.4, 68.3, 61.3, 58.5, 55.4, 

53.3, 45.7, 23.0, 22.1 ppm. HRMS (ESI): m/z calculated for C18H20Cl3N2O8S2 (M–H)– 

= 560.9732, found 560.9741. IR (film): ṽ = 3811, 3659, 3199, 2981, 2888, 2665, 2360, 

1786, 1613, 1549, 1515, 1473, 1462, 1383, 1252, 1152, 1073 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 18.3 (c = 

0.12, CHCl3). 

Sodium (2S,4S,5R)-4-((tert-butoxycarbonyl)imino)-3,3-dimethyl-7-oxo-4λ6-thia-

1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (31a). 
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Following General Procedure D, acid 31a (277 mg, 0.84 

mmol, 70%) was obtained by reaction of ester 30a (573 

mg, 1.0 equiv., 1.2 mmol) with 10% (w/w) Pd/C (0.2 

equiv.) in anhydrous THF stirring for 3 h under hydrogen 

atmosphere. The reaction mixture was filtered using Celite®; the Celite® pad was 

rinsed with DCM, which was then removed in vacuo. The residue was redissolved in 

ethyl acetate before the addition of sodium 2-ethylhexanoate (1.0 equiv.). The resultant 

mixture was stirred for 15 min before being evaporated in vacuo. The product was 

precipitated by the addition of diethyl ether to the crude residue. Filtration afforded the 

carboxylate sodium salt. 

Yellow solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, DMSO-d6): 

δ = 5.20 (dd, J = 4.3, 1.5 Hz, 1H, H5), 3.73 (s, 1H, H3), 3.64 (dd, J = 16.0, 4.3 Hz, 1H, 

H6), 3.12 (dd, J = 16.0, 1.6 Hz, 1H, H6), 1.56 (s, 3H, H10), 1.38 (s, 9H, H20, H21, 

H22), 1.34 ppm (s, 3H, H9). 13C NMR (126 MHz, 300 K, DMSO-d6): δ = 171.7, 167.4, 

157.6, 80.0, 67.5, 65.9, 65.8, 37.8, 27.8, 20.8, 18.8 ppm. HRMS (ESI): m/z calculated 

for C13H19N2O6S (M–H)– = 331.0969, found 331.0962. IR (film): ṽ = 3450, 1784, 

1624, 1370, 1287, 1256, 1158 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 72.6 (c = 0.52, CH3CN).  

Sodium (2S,4S,5R)-4-((methoxycarbonyl)imino)-3,3-dimethyl-7-oxo-4l6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (31b). 

Following General Procedure D, acid 31b (90 mg, 0.31 mmol, 

50%) was obtained by reaction of ester 30b (257 mg, 1.0 

equiv., 0.63 mmol) with 10% (w/w) Pd/C (0.2 equiv.) in THF 

stirring for 3 h under hydrogen atmosphere. The reaction 

mixture was filtered using Celite®; the Celite® pad was rinsed with DCM, which was 

then removed in vacuo. The residue was redissolved in ethyl acetate before the addition 
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of sodium 2-ethylhexanoate (1.0 equiv.). The resultant mixture was stirred for 15 min 

before being evaporated in vacuo. The product was precipitated by the addition of 

diethyl ether to the crude residue. Filtration afforded the carboxylate sodium salt.   

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 5.14 (dd, J = 4.4, 1.6 Hz, 1H, H5), 4.13 (s, 1H, H3), 3.70 (s, 3H, H19), 3.66 (dd, J = 

16.3, 4.4 Hz, 1H, H6), 3.37 (dd, J = 16.3, 1.7 Hz, 1H, H6), 1.70 (s, 3H, H10), 1.48 ppm 

(s, 3H, H9). 13C NMR (126 MHz, MeOD-d4): δ = 173.2, 172.8, 161.9, 69.1, 68.0, 67.3, 

54.3, 39.2, 21.6, 19.3 ppm. HRMS (ESI): m/z calculated for C10H13N2O6S (M–H)– = 

289.0500, found 289.0513. IR (film): ṽ = 3791, 3659, 3439, 2981, 2888, 2665, 2361, 

2342, 1787, 1709, 1630, 1549, 1530, 1472, 1462, 1383, 1265, 1252, 1152, 1073, 1033 

cm-1. [𝛼]𝟐𝟓
𝑫

 = + 105.7 (c = 0.44, MeOH). 

4-Methoxybenzyl (2S,4S,5R)-4-imino-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (32). 

To a solution of sulfoximine 20 (600 mg, 1.0 equiv., 

1.23 mmol) in anhydrous THF (6 mL) was added 

10% wt Pd/C (79 mg, 0.6 equiv., 0.74 mmol). Using 

a Schlenk line, the reaction mixture was evacuated 

and backfilled with hydrogen gas 3 times. The 

reaction mixture was stirred at ambient temperature for 3 h under a hydrogen 

atmosphere before being filtered over celite, washed with dichloromethane, and 

evaporated in vacuo. The crude material was purified using silica column 

chromatography (25 g Sfär cartridge; 80 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–100% (v/v) ethyl acetate in 

cyclohexane) to give NH-sulfoximine 32 (220 mg, 0.62 mmol, 51%).  
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White solid. MP: 113 – 115 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.34 – 7.28 

(m, 2H, H16, H17), 6.93 – 6.87 (m, 2H, H18, H19), 5.24, 5.09 (2H, ABq, J = 11.5 Hz, 

H14), 4.63 (dd, J = 4.5, 2.0 Hz, 1H, H5), 4.44 (s, 1H, H3), 3.82 (s, 3H, H22), 3.43 (dd, 

J = 16.0, 4.5 Hz, 1H, H6), 3.37 (dd, J = 16.0, 2.0 Hz, 1H, H6), 2.71 (s, 1H, H24), 1.49 

(s, 3H, H10), 1.23 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 171.1, 

167.4, 160.1, 130.7, 126.7, 114.1, 67.8, 65.6, 64.1, 62.9, 55.3, 37.8, 21.3, 18.4 ppm. 

HRMS (ESI): m/z calculated for C16H21N2O5S (M+H)+ = 353.1166, found 353.1166. 

IR (film): ṽ = 3847, 3812, 3790, 3697, 3683, 3662, 3640, 2980, 1798, 1755, 1711, 

1691, 1659, 1641, 1612, 1549, 1516, 1467, 1443, 1251 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 73.2 (c = 0.35, 

CHCl3).  

4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-7-oxo-4-(pivaloylimino)-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (33a). 

Following General Procedure E, N-acyl 

sulfoximine 33a (58 mg, 0.13 mmol, 94%) was 

obtained by reaction of NH-sulfoximine 32 (50 mg, 

1.0 equiv., 0.14 mmol) and pivaloyl chloride (17 

mg, 1.0 equiv., 0.14 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–40% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.35 – 7.27 (m, 2H, H16, 

H17), 6.93 – 6.87 (m, 2H, H18, H19), 5.27, 5.10 (2H, ABq, J = 11.7 Hz, H14), 4.82 

(dd, J = 4.1, 2.3 Hz, 1H, H5), 4.41 (s, 1H, H3), 3.82 (s, 3H, H22), 3.70 – 3.60 (m, 2H, 

H6), 1.66 (s, 3H, H10), 1.20 (s, 3H, H9), 1.18 ppm (s, 9H, H29, H30, H31). 13C NMR 

(151 MHz, 300 K, CDCl3): δ = 189.5, 171.4, 166.9, 160.3, 131.0, 126.7, 114.3, 68.2, 

67.6, 67.0, 63.7, 55.5, 41.5, 39.8, 27.6, 21.1, 18.9 ppm. HRMS (ESI): m/z calculated 
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for C21H28N2O6SNa (M+Na)+ = 459.1560, found 459.1556. IR (film): ṽ = 3775, 3697, 

3662, 2960, 1804, 1756, 1691, 1659, 1641, 1549, 1516, 1463, 1292, 1218, 1190 cm-1. 

[𝛼]𝟐𝟓
𝑫

 = + 88.1 (c = 0.31, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(benzoylimino)-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (33b). 

Following General Procedure E, N-acyl 

sulfoximine 33b (50 mg, 0.11 mmol, 77%) was 

obtained by reaction of NH-sulfoximine 32 (50 mg, 

1.0 equiv., 0.14 mmol) and benzoyl chloride (20 

mg, 1.0 equiv., 0.14 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–35% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.09 (m, 2H, H28, H29), 

7.54 (t, J = 7.5 Hz, 1H, H32), 7.42 (m, 2H, H30, H31), 7.32 (m, 2H, H16, H17), 6.90 

(m, 2H, H18, H19), 5.28, 5.12 (2H, ABq, J = 11.7 Hz, H14), 5.00 (dd, J = 4.0, 2.6 Hz, 

1H, H5), 4.48 (s, 1H, H3), 3.82 (s, 3H, H22), 3.79 – 3.72 (m, 2H, H6), 1.76 (s, 3H, 

H10), 1.30 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 175.2, 171.2, 

166.9, 160.3, 134.1, 133.1, 131.0, 129.8, 128.4, 126.6, 114.3, 68.3, 67.9, 67.3, 63.7, 

55.5, 40.0, 21.2, 19.1 ppm. HRMS (ESI): m/z calculated for C23H24N2O6SNa (M+Na)+ 

= 479.1247, found 479.1245. IR (film): ṽ = 3775, 3696, 3662, 2980, 1804, 1756, 1691, 

1659, 1631, 1549, 1516, 1451, 1315, 1287, 1219, 1177, 1124, 1028 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 

81.6 (c = 0.41, CHCl3).  

4-Methoxybenzyl (2S,4S,5R)-4-(acryloylimino)-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (33c). 
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Following General Procedure E, N-acyl 

sulfoximine 33c (57 mg, 0.14 mmol, 99%) was 

obtained by reaction of NH-sulfoximine 32 (50 mg, 

1.0 equiv., 0.14 mmol) and acryloyl chloride (13 

mg, 1 equiv., 0.14 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–40% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (400 MHz, 300 K, CDCl3): δ = 7.36 – 7.27 (m, 2H, H16, 

H17), 6.94 – 6.86 (m, 2H, H18, H19), 6.38 (dd, J = 17.2, 1.6 Hz, 1H, H28), 6.20 (dd, 

J = 17.2, 10.1 Hz, 1H, H27), 5.80 (dd, J = 10.2, 1.7 Hz, 1H, H28), 5.26, 5.11 (2H, 

ABq, J = 11.7 Hz, H14), 4.91 (t, J = 3.2 Hz, 1H, H5), 4.43 (s, 1H, H3), 3.82 (s, 3H, 

H22), 3.68 (d, J = 3.2 Hz, 2H, H6), 1.69 (s, 3H, H10), 1.24 ppm (s, 3H, H9). 13C NMR 

(151 MHz, 300 K, CDCl3): δ = 174.8, 171.2, 166.8, 160.3, 133.3, 131.0, 130.2, 126.6, 

114.3, 68.3, 67.8, 67.2, 63.7, 55.5, 39.8, 21.0, 18.9 ppm. HRMS (ESI): m/z calculated 

for C19H22N2O6SNa (M+Na)+ = 429.1091, found 429.1090. IR (film): ṽ = 3847, 3812, 

3789, 3697, 3683, 3662, 3637, 2980, 1804, 1756, 1711, 1691, 1659, 1642, 1612, 1549, 

1515, 1482, 1463, 1296, 1217, 1070 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 101.3 (c = 0.2, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(acetylimino)-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (33d). 

Following General Procedure E, N-acyl 

sulfoximine 33d (210 mg, 0.53 μmol, 94%) was 

obtained by reaction of NH-sulfoximine 32 (200 

mg, 1.0 equiv., 0.57 mmol) and acetyl chloride (67 

mg, 1.0 equiv., 0.14 mmol), following column 



Chapter 6 | Materials and Methods  

 

146 
 

chromatography (5 g Sfär cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–50% (v/v) ethyl acetate in cyclohexane).  

1H NMR (600 MHz, 300 K, CDCl3): δ = 7.34 – 7.28 (m, 2H, H16, H17), 6.93 – 6.87 

(m, 2H, H18, H19), 5.25, 5.11 (2H, ABq, J = 11.7 Hz, H14), 4.87 (dd, J = 4.0, 2.5 Hz, 

1H, H5), 4.41 (s, 1H, H3), 3.82 (s, 3H, H22), 3.68 – 3.58 (m, 2H, H6), 2.13 (s, 3H, 

H27), 1.66 (s, 3H, H10), 1.22 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): 

δ = 181.1, 171.2, 166.9, 160.3, 130.9, 126.6, 114.3, 68.3, 67.6, 67.1, 63.7, 55.5, 39.7, 

26.1, 21.0, 18.8 ppm. HRMS (ESI): m/z calculated for C18H21N2O6S (M–H)– = 

393.1126, found 393.1121. IR (film): ṽ = 3657, 2981, 2889, 2359, 1801, 1756, 1637, 

1516, 1463, 1381, 1254, 1176, 1034 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 67.0 (c = 0.21, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(butyrylimino)-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (33e). 

Following General Procedure F, N-acyl sulfoximine 

33e (74 mg, 0.18 mmol, 62%) was obtained from 

NH-sulfoximine 32 (100 mg, 1.0 equiv., 0.28 

mmol) and butyric acid (28 mg, 1.1 equiv., 0.31 

mmol), following column chromatography (10 g 

Sfär cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a 

linear gradient (15 CV): 0–40% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.34 – 7.28 (m, 2H, H16, 

H17), 6.92 – 6.87 (m, 2H, H18, H19), 5.25, 5.11 (2H, ABq, J = 11.7 Hz, H14), 4.85 

(dd, J = 3.9, 2.6 Hz, 1H, H5), 4.41 (s, 1H, H3), 3.82 (s, 3H, H22), 3.64 (dd, J = 3.3, 

2.3 Hz, 2H, H6), 2.36 (td, J = 7.3, 1.1 Hz, 2H, H27), 1.66 (s, 3H, H10), 1.63 (h, J = 

7.3 Hz, 2H, H28), 1.22 (s, 3H, H9), 0.93 ppm (t, J = 7.4 Hz, 3H, H29). 13C NMR (151 

MHz, 300 K, CDCl3): δ = 183.8, 171.3, 166.9, 160.3, 130.9, 126.7, 114.3, 68.3, 67.6, 
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67.2, 63.7, 55.5, 41.0, 39.8, 21.0, 19.0, 18.9, 13.9 ppm. HRMS (ESI): m/z calculated 

for C20H27N2O6S (M+H)+ = 423.1584, found 423.1584. IR (film): ṽ = 3847, 3775, 

3697, 3662, 3639, 2980, 1804, 1756, 1691, 1641, 1549, 1517, 1463, 1380, 1253, 1217, 

1081 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 127.4 (c = 0.45, CHCl3).  

4-Methoxybenzyl (2S,4S,5R)-4-(((tert-butoxycarbonyl)-L-leucyl)imino)-3,3-

dimethyl-7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (33f). 

Following General Procedure F, N-acyl 

sulfoximine 33f (46 mg, 81 μmol, 57%) was 

obtained from NH-sulfoximine 32 (50 mg, 1.0 

equiv., 0.14 mmol) and (tert-butoxycarbonyl)-L-

leucine (33 mg, 1.0 equiv., 0.14 mmol), following 

column chromatography (5 g Sfär cartridge; 20 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0–30% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.34 – 7.28 (m, 2H, H16, 

H17), 6.93 – 6.87 (m, 2H, H18, H19), 5.26, 5.11 (2H, ABq, J = 11.7 Hz, H14), 4.89 

(m, 2H, H5), 4.41 (s, 1H, H3), 4.28 (m, 1H, H27), 3.82 (s, 3H, H22), 3.68 – 3.58 (m, 

2H, H6), 1.76 – 1.68 (m, 1H, H29), 1.66 (m, 4H, H10, H28), 1.43 (m, 10H, H28, H37, 

H38, H39), 1.23 (s, 3H, H9), 0.94 ppm (dd, J = 6.5, 4.0 Hz, 6H, H30, H31). 13C NMR 

(151 MHz, 300 K, CDCl3): δ = 183.0, 171.1, 166.7, 160.4, 155.7, 131.0, 126.6, 114.3, 

79.7, 68.3, 67.9, 67.1, 63.7, 55.5, 55.1, 42.3, 39.7, 28.5, 25.1, 23.2, 22.1, 21.1, 18.8 

ppm. HRMS (ESI): m/z calculated for C27H38N3O8S (M–H)– = 566.2531, found 

566.2527. IR (film): ṽ = 3788, 3682, 3662, 3636, 2980, 1805, 1756, 1711, 1658, 1642, 

1548, 1517, 1467, 1369, 1252 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 78.5 (c = 0.27, CHCl3). 
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Sodium (2S,4S,5R)-3,3-dimethyl-7-oxo-4-(pivaloylimino)-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (34a). 

Following General Procedure D, acid 34a (11 mg, 35 µmol, 

63%) was obtained from ester 33a (24 mg, 1.0 equiv., 55 

µmol) with 10% (w/w) Pd/C (0.2 equiv.) in anhydrous 

methanol stirring for 3 h under hydrogen atmosphere. The 

reaction mixture was filtered using Celite®; the Celite® pad was rinsed with DCM, 

which was then removed in vacuo. The residue was redissolved in anhydrous methanol 

before the addition of sodium 2-ethylhexanoate (1.0 equiv.). The resultant mixture was 

stirred for 15 min before being evaporated in vacuo. The product was precipitated by 

the addition of pentane to the crude residue. Filtration afforded the carboxylate sodium 

salt.   

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 5.18 (dd, J = 4.5, 1.7 Hz, 1H, H5), 4.38 (s, 1H, H3), 3.72 (dd, J = 16.6, 4.5 Hz, 1H, 

H6), 3.46 (dd, J = 16.5, 1.7 Hz, 1H, H6), 1.72 (s, 3H, H10), 1.48 (s, 3H, H9), 1.20 ppm 

(s, 9H, H19, H20, H21). 13C NMR (126 MHz, 300 K, MeOD-d4): δ = 191.3, 173.4, 

170.2, 68.7, 68.0, 65.1, 42.2, 39.8, 28.0, 21.3, 19.0 ppm. HRMS (ESI): m/z calculated 

for C13H19N2O5S (M–H)– = 315.1020, found 315.1035. IR (film): ṽ = 2979, 1795, 

1636, 1480, 1394, 1293, 1205, 1084, 1029 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 128.7 (c = 0.81, MeOH). 

Sodium (2S,4S,5R)-4-(benzoylimino)-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (34b). 

Following General Procedure D, acid 34b (11 mg, 33 

µmol, 75%) was obtained from ester 33b (20 mg, 1.0 

equiv., 44 µmol) with 10% (w/w) Pd/C (0.2 equiv.) in 

anhydrous THF stirring for 3 h under hydrogen 



Chapter 6 | Materials and Methods  

 

149 
 

atmosphere. The reaction mixture was filtered using Celite®; the Celite® pad was 

rinsed with DCM, which was then removed in vacuo. The residue was redissolved in 

ethyl acetate before the addition of sodium 2-ethylhexanoate (1.0 equiv.). The resultant 

mixture was stirred for 15 min before being evaporated in vacuo. The product was 

precipitated by the addition of diethyl ether to the crude residue. Filtration afforded the 

carboxylate sodium salt.   

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 8.15 – 8.10 (m, 2H, H19, H20), 7.63 – 7.54 (m, 1H, H23), 7.48 (t, J = 7.8 Hz, 2H, 

H21, H22), 5.35 (dd, J = 4.5, 1.7 Hz, 1H, H5), 4.41 (s, 1H, H3), 3.81 (dd, J = 16.5, 4.5 

Hz, 1H, H6), 3.59 (dd, J = 16.5, 1.7 Hz, 1H, H6), 1.85 (s, 3H, H10), 1.59 ppm (s, 3H, 

H9). 13C NMR (126 MHz, 300 K, MeOD-d4): δ = 177.1, 173.5, 172.9, 135.7, 133.9, 

130.5, 129.3, 69.4, 68.3, 67.4, 39.6, 21.8, 19.6 ppm. HRMS (ESI): m/z calculated for 

C15H15N2O5SNa (M+Na)+ = 335.0707, found 335.0712. IR (film): ṽ = 3750, 3347, 

1792, 1627, 1318, 1290, 1215, 1027 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 59.0 (c = 0.1, MeOH). 

Sodium (2S,4S,5R)-3,3-dimethyl-7-oxo-4-(propionylimino)-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (34c). 

Following General Procedure D, acid 34c (21 mg, 73 µmol, 

63%) was obtained from ester 33c (47 mg, 1.0 equiv., 0.12 

mmol) with 10% (w/w) Pd/C (0.2 equiv.) in anhydrous THF 

stirring for 3 h under hydrogen atmosphere. The reaction 

mixture was filtered using Celite®; the Celite® pad was rinsed with DCM, which was 

then removed in vacuo. The residue was redissolved in ethyl acetate before the addition 

of sodium 2-ethylhexanoate (1.0 equiv.). The resultant mixture was stirred for 15 min 

before being evaporated in vacuo. The product was precipitated by the addition of 

diethyl ether to the crude residue. Filtration afforded the carboxylate sodium salt.   
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White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 5.24 (dd, J = 4.6, 1.8 Hz, 1H, H5), 4.39 (s, 1H, H3), 3.73 (dd, J = 16.6, 4.5 Hz, 1H, 

H6), 3.46 (dd, J = 16.6, 1.8 Hz, 1H, H6), 2.42 (qd, J = 7.5, 3.0 Hz, 2H, H18), 1.72 (s, 

3H, H10), 1.48 (s, 3H, H9), 1.12 ppm (t, J = 7.5 Hz, 3H, H19). 13C NMR (126 MHz, 

300 K, MeOD-d4): δ = 186.5, 173.3, 170.0, 68.6, 68.1, 65.0, 39.8, 32.9, 21.2, 18.8, 

10.0 ppm. HRMS (ESI): m/z calculated for C11H15N2O5S (M–H)– = 287.0707, found 

287.0705. IR (film): ṽ = 3480, 2988, 2941, 1797, 1637, 1465, 1373, 1289, 1216, 1135, 

1079, cm-1. [𝛼]𝟐𝟓
𝑫

 = + 105.7 (c = 0.64, MeOH). 

4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-7-oxo-4-(phenylimino)-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (35a). 

Following General Procedure G, N-aryl 

sulfoximine 35a (12 mg, 28 μmol, 20%) was 

obtained from NH-sulfoximine 32 (50 mg, 1.0 

equiv., 0.14 mmol) and phenylboronic acid (40 mg, 

2.3 equiv., 0.33 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; 

initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–

25% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300K, CDCl3): δ = 7.30 (m, 2H, H16, H17), 

7.23 – 7.17 (m, 2H, H26, H27), 7.07 – 7.03 (m, 2H, H28, H29), 6.98 (t, J = 7.3 Hz, 

1H, H30), 6.91 – 6.86 (m, 2H, H18, H19), 5.25, 5.09 (2H, ABq, J = 11.7 Hz, H14), 

4.73 (m, 1H, H5), 4.48 (s, 1H, H3), 3.81 (s, 3H, H22), 3.50 – 3.47 (m, 2H, H6), 1.61 

(s, 3H, H10), 1.31 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 170.8, 

167.2, 160.3, 143.4, 130.9, 129.5, 126.8, 123.2, 122.9, 114.3, 68.0, 67.9, 64.4, 64.2, 

55.5, 38.7, 21.3, 20.8 ppm. HRMS (ESI): m/z calculated for C22H25N2O5S (M+H)+ = 
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429.1479, found 429.1479. IR (film): ṽ = 3896, 3847, 3828, 3811, 3775, 3717, 3697, 

3683, 3662, 3641, 3573, 2958, 1802, 1755, 1711, 1691, 1659, 1641, 1594, 1549, 1515, 

1493, 1463, 1443, 1306, 1272, 1200, 1050 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 4.6 (c = 0.25, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-((4-methoxyphenyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (35b). 

Following General Procedure G, N-aryl 

sulfoximine 35b (6 mg, 13 μmol, 9%) was obtained 

from NH-sulfoximine 32 (50 mg, 1.0 equiv., 0.14 

mmol) and (4-methoxyphenyl)boronic acid (32 mg, 

1.5 equiv., 0.21 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; 

initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–

30% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (400 MHz, 300 K, CDCl3): δ = 7.34 – 7.27 (m, 2H, H16, 

H17), 7.04 – 6.95 (m, 2H, H26, H27), 6.94 – 6.84 (m, 2H, H18, H19), 6.80 – 6.71 (m, 

2H, H28, H29), 5.24, 5.08 (2H, ABq, J = 11.7 Hz, H14), 4.71 (dd, J = 3.6, 2.7 Hz, 1H, 

H5), 4.46 (s, 1H, H3), 3.81 (s, 3H, H22), 3.75 (s, 3H, H32), 3.49 – 3.43 (m, 2H, H6), 

1.57 (s, 3H, H10), 1.30 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 

170.9, 167.3, 160.3, 155.7, 136.2, 130.9, 126.8, 124.2, 114.7, 114.3, 68.0, 67.7, 64.5, 

63.9, 55.6, 55.5, 38.6, 21.2, 20.9 ppm. HRMS (ESI): m/z calculated for C23H27N2O6S 

(M+H)+ = 459.1584, found 459.1585. IR (film): ṽ = 3896, 3847, 3812, 3790, 3697, 

3683, 3663, 3638, 2960, 1798, 1755, 1711, 1691, 1659, 1641, 1612, 1548, 1504, 1467, 

1443, 1245, 1050 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 2.1 (c = 0.33, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-4-((4-nitrophenyl)imino)-7-oxo-4λ6-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (35c). 
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Following General Procedure G, N-aryl 

sulfoximine 35c (13 mg, 27 μmol, 19%) was 

obtained from NH-sulfoximine 32 (50 mg, 1.0 

equiv., 0.14 mmol) and (4-nitrophenyl)boronic acid 

(35 mg, 1.5 equiv., 0.21 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; 

initially 100% (v/v) dichloromethane (3 CV), followed by a linear gradient (15 CV): 

0–10% (v/v) ethyl acetate in dichloromethane).  

Amorphous solid. 1H NMR (600 MHz,  300 K, CDCl3): δ = 8.11 – 8.06 (m, 2H, H28, 

H29), 7.33 – 7.28 (m, 2H, H16, H17), 7.14 – 7.09 (m, 2H, H26, H27), 6.93 – 6.86 (m, 

2H, H18, H19), 5.26, 5.10 (2H, ABq, J = 11.7 Hz, H14), 4.78 (dd, J = 4.3, 1.9 Hz, 1H, 

H5), 4.51 (s, 1H, H3), 3.81 (s, 3H, H22), 3.57 (dd, J = 16.2, 4.3 Hz, 1H, H6), 3.51 (dd, 

J = 16.2, 1.9 Hz, 1H, H6), 1.64 (s, 3H, H10), 1.30 ppm (s, 3H, H9). 13C NMR (151 

MHz, 300 K, CDCl3): δ = 170.1, 166.8, 160.4, 150.9, 142.8, 131.0, 126.6, 125.5, 122.7, 

114.3, 68.9, 68.3, 64.9, 64.0, 55.5, 38.9, 21.3, 20.7 ppm. HRMS (ESI): m/z calculated 

for C22H22N3O7S (M–H)– = 472.1184, found 472.1182. IR (film): ṽ = 3847, 3811, 

3790, 3697, 3683, 3663, 3638, 2927, 1805, 1756, 1726, 1711, 1691, 1659, 1641, 1587, 

1549, 1513, 1493, 1467, 1452, 1304, 1216 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 18.2 (c = 0.13, CHCl3).  

 

4-Methoxybenzyl (2S,4S,5R)-4-((4-bromophenyl)imino)-3,3-dimethyl-7-oxo-4λ6-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (35d). 
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Following General Procedure G, N-aryl 

sulfoximine 35d (20 mg, 39 μmol, 28%) was 

obtained from NH-sulfoximine 32 (50 mg, 1.0 

equiv., 0.14 mmol) and (4-bromophenyl)boronic 

acid (65 mg, 2.3 equiv., 0.33 mmol), following 

column chromatography (5 g Sfär cartridge; 20 

mL/min; initially 100% (v/v) dichloromethane (3 CV), followed by a linear gradient 

(15 CV): 0–8% (v/v) ethyl acetate in dichloromethane).  

Amorphous solid. 1H NMR (400 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 4H, H16, 

H17, H28, H29), 6.96 – 6.91 (m, 2H, H26, H27), 6.89 (m, 2H, H18, H19), 5.25, 5.08 

(2H, ABq, J = 11.7 Hz, H14), 4.72 (dd, J = 4.0, 2.3 Hz, 1H, H5), 4.47 (s, 1H, H3), 3.81 

(s, 3H, H22), 3.56 – 3.41 (m, 2H, H6), 1.59 (s, 3H, H10), 1.29 ppm (s, 3H, H9). 13C 

NMR (101 MHz, 300 K, CDCl3): δ = 170.6, 167.1, 160.3, 142.6, 132.4, 130.9, 126.7, 

124.8, 115.6, 114.3, 68.2, 68.1, 64.3, 64.2(5), 55.4, 38.7, 21.2, 20.8 ppm. HRMS 

(ESI): m/z calculated for C22H22BrN2O5S (M–H)– = 505.0438, found 505.0458. IR 

(film): ṽ = 3847, 3789, 3697, 3662, 3637, 2980, 1802, 1755, 1691, 1659, 1613, 1583, 

1548, 1516, 1485, 1463, 1306, 1258, 1203, 1042 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 10.9 (c = 0.83, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-((4-iodophenyl)imino)-3,3-dimethyl-7-oxo-4λ6-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (35e). 

Following General Procedure G, N-aryl 

sulfoximine 35e (15 mg, 27 μmol, 19%) was 

obtained from NH-sulfoximine 32 (50 mg, 1.0 

equiv., 0.14 mmol) and (4-iodophenyl)boronic acid 

(81 mg, 2.3 equiv., 0.33 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; 
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initially 100% (v/v) dichloromethane (3 CV), followed by a linear gradient (15 CV): 

0–5% (v/v) ethyl acetate in dichloromethane).  

Amorphous solid. 1H NMR (500 MHz, 300 K, CDCl3): δ = 7.51 – 7.46 (m, 2H, H28, 

H29), 7.32 – 7.28 (m, 2H, H16, H17), 6.90 – 6.87 (m, 2H, H18, H19), 6.86 – 6.79 (m, 

2H, H26, H27), 5.25, 5.08 (2H, ABq, J = 11.7 Hz, H14), 4.72 (dd, J = 4.1, 2.1 Hz, 1H, 

H5), 4.47 (s, 1H, H3), 3.81 (s, 3H, H22), 3.54 – 3.42 (m, 2H, H6), 1.59 (s, 3H, H10), 

1.28 ppm (s, 3H, H9). 13C NMR (126 MHz, 300 K, CDCl3): δ = 170.6, 167.1, 160.3, 

143.4, 138.4, 130.9, 126.7, 125.2, 114.3, 85.9, 68.2, 68.1, 64.3 (2C), 55.5, 38.7, 21.2, 

20.9 ppm. HRMS (ESI): m/z calculated for C22H24IN2O5S (M+H)+ = 555.0445, found 

555.0447. IR (film): ṽ = 3847, 3827, 3811, 3790, 3697, 3683, 3662, 3637, 2981, 1803, 

1755, 1711, 1691, 1659, 1641, 1612, 1549, 1515, 1483, 1463, 1443, 1306, 1255, 1202, 

1040 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 17.9 (c = 0.25, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-((3-methoxyphenyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (35f). 

Following General Procedure G, N-aryl 

sulfoximine 35f (18 mg, 39 μmol, 28%) was 

obtained from NH-sulfoximine 32 (50 mg, 1.0 

equiv., 0.14 mmol) and (3-methoxyphenyl)boronic 

acid (50 mg, 2.3 equiv., 0.33 mmol), following 

column chromatography (5 g Sfär cartridge; 20 

mL/min; initially 100% (v/v) dichloromethane (3 CV), followed by a linear gradient 

(15 CV): 0–5% (v/v) ethyl acetate in dichloromethane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.27 (m, 2H, H16, 

H17), 7.10 (t, J = 8.1 Hz, 1H, H27), 6.92 – 6.86 (m, 2H, H18, H19), 6.66 (m, 1H, H26), 

6.61 (t, J = 2.3 Hz, 1H, H30), 6.55 (m, 1H, H28), 5.25, 5.08 (2H, ABq, J = 11.7 Hz, 
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H14), 4.73 (dd, J = 3.7, 2.5 Hz, 1H, H5), 4.47 (s, 1H, H3), 3.81 (s, 3H, H22), 3.76 (s, 

3H, H32), 3.53 – 3.44 (m, 2H, H6), 1.62 (s, 3H, H10), 1.30 ppm (s, 3H, H9). 13C NMR 

(151 MHz, 300 K, CDCl3): δ = 170.8, 167.2, 160.6, 160.3, 144.6, 130.9, 130.0, 126.8, 

115.5, 114.3, 109.0, 108.7, 68.0 (2C), 64.4, 64.2, 55.4, 55.4, 38.8, 21.3, 20.8 ppm. 

HRMS (ESI): m/z calculated for C23H27N2O6S (M+H)+ = 459.1584, found 459.1584. 

IR (film): ṽ = 3859, 3847, 3811, 3775, 3740, 3696, 3683, 3663, 3642, 2980, 1803, 

1755, 1711, 1691, 1659, 1641, 1598, 1549, 1515, 1483, 1468, 1451, 1248, 1054 cm-1. 

[𝛼]𝟐𝟓
𝑫

 = + 3.8 (c = 0.11, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-((2-methoxyphenyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (35g). 

Following General Procedure G, N-aryl 

sulfoximine 35g (13 mg, 28 μmol, 20%) was 

obtained from NH-sulfoximine 32 (50 mg, 1.0 

equiv., 0.14 mmol) and (2-methoxyphenyl)boronic 

acid (50 mg, 2.3 equiv., 0.33 mmol), following 

column chromatography (5 g Sfär cartridge; 20 

mL/min; initially 100% (v/v) dichloromethane (3 CV), followed by a linear gradient 

(15 CV): 0–5% (v/v) ethyl acetate in dichloromethane).  

Amorphous solid. 1H NMR (400 MHz, 300 K, CDCl3): δ = 7.36 – 7.27 (m, 2H, H16, 

H17), 7.04 (dd, J = 7.7, 1.7 Hz, 1H, H26), 6.98 (td, J = 7.7, 1.7 Hz, 1H, H28), 6.93 – 

6.88 (m, 2H, H18, H19), 6.88 – 6.82 (m, 2H, H27, H29), 5.25, 5.10 (2H, ABq, J = 11.7 

Hz, H14), 4.77 (dd, J = 3.9, 2.4 Hz, 1H, H5), 4.41 (s, 1H, H3), 3.82 (s, 3H, H22), 3.80 

(s, 3H, H32), 3.56 – 3.42 (m, 2H, H6), 1.58 (s, 3H, H10), 1.37 ppm (s, 3H, H9). 13C 

NMR (151 MHz, 300 K, CDCl3): δ = 172.0, 167.7, 160.2, 151.7, 131.3, 130.8, 126.9, 

126.1, 123.8, 121.6, 114.3, 111.3, 68.0, 66.0, 65.5, 63.2, 56.0, 55.5, 39.4, 21.5, 18.9 
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ppm. HRMS (ESI): m/z calculated for C23H27N2O6S (M+H)+ = 459.1584, found 

459.1585. IR (film): ṽ = 3869, 3847, 3811, 3785, 3742, 3696, 3662, 3637, 2970, 1803, 

1760, 1711, 1691, 1659, 1641, 1598, 1548, 1504, 1473, 1463, 1442, 1247, 1050 cm-1. 

[𝛼]𝟐𝟓
𝑫

 = + 4.8 (c = 0.12, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-((benzylcarbamoyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36a). 

Following General Procedure H, urea 36a (15 mg, 

31 μmol, 22%) was obtained from NH-sulfoximine 

32 (50 mg, 1.0 equiv., 0.14 mmol) and 

(isocyanatomethyl)benzene (30 mg, 1.6 equiv., 0.23 

mmol), following column chromatography (5 g Sfär 

cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0–45% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (500 MHz, 300 K, CDCl3): δ 7.35 – 7.23 (m, 7H, H16, 

H17, H30, H31, H32, H33, H34), 6.93 – 6.86 (m, 2H, H18, H19), 5.34 (t, J = 6.0 Hz, 

1H, H27), 5.24, 5.11 (2H, ABq, J = 11.7 Hz, H14), 4.97 (dd, J = 4.0, 2.4 Hz, 1H, H5), 

4.45 – 4.37 (m, 2H, H3, H28), 4.33 (dd, J = 14.8, 5.1 Hz, 1H, H28), 3.82 (s, 3H, H22), 

3.71 – 3.59 (m, 2H, H6), 1.64 (s, 3H, H10), 1.23 ppm (s, 3H, H9). 13C NMR (126 

MHz, 300 K, CDCl3): δ = 171.6, 167.1, 160.3, 160.1, 138.3, 130.9, 128.9, 127.8, 127.7, 

126.7, 114.3, 68.2, 67.3, 67.2, 63.7, 55.5, 45.1, 39.8, 21.2, 18.9 ppm. HRMS (ESI): 

m/z calculated for C24H26N3O6S (M–H)– = 484.1548, found 484.1562. IR (film): ṽ = 

3697, 3034, 2926, 1800, 1756, 1640, 1517, 1453, 1249, 1131, 1031 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 

117.1 (c = 0.11, CHCl3). 
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4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-7-oxo-4-

((phenethylcarbamoyl)imino)-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 

4-oxide (36b). 

Following General Procedure H, urea 36b (77 mg, 

0.15 mmol, 54%) was obtained from NH-

sulfoximine 32 (100 mg, 1.0 equiv., 0.28 mmol) 

and (2-isocyanatoethyl)benzene (67 mg, 1.6 

equiv., 0.45 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; 

initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–

50% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.34 – 7.27 (m, 4H, H16, 

H17, H33, H34), 7.25 – 7.14 (m, 3H, H31, H32, H35), 6.94 – 6.87 (m, 2H, H18, H19), 

5.24, 5.11 (2H, ABq, J = 11.8 Hz, H14), 5.05 (t, J = 6.1 Hz, 1H, H27), 4.91 (dd, J = 

4.3, 2.1 Hz, 1H, H5), 4.38 (s, 1H, H3), 3.82 (s, 3H, H22), 3.63 (m, 2H, H6), 3.53 – 

3.37 (m, 2H, H28), 2.85 – 2.74 (m, 2H, H29), 1.62 (s, 3H, H10), 1.20 ppm (s, 3H, H9). 

13C NMR (151 MHz, 300 K, CDCl3): δ = 171.6, 167.1, 160.3, 160.1, 138.9, 130.9, 

128.9, 128.8, 126.7, 126.6, 114.3, 68.2, 67.1, 67.1, 63.8, 55.5, 42.0, 39.7, 36.1, 21.1, 

18.9 ppm. HRMS (ESI): m/z calculated for C25H28N3O6S (M–H)– = 498.1704, found 

498.1709. IR (film): ṽ = 3649, 3401, 2981, 1800, 1755, 1637, 1517, 1462, 1394, 1251, 

1086 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 42.8 (c = 0.18, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((4-methoxybenzyl)carbamoyl)imino)-3,3-

dimethyl-7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36c).  
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Following General Procedure H, urea 36c (70 

mg, 0.14 mmol, 64%) was obtained from NH-

sulfoximine 32 (75 mg, 1.0 equiv., 0.21 mmol) 

and 1-(isocyanatomethyl)-4-methoxybenzene 

(56 mg, 1.6 equiv., 0.34 mmol), following 

column chromatography (5 g Sfär cartridge; 20 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–50% (v/v) ethyl acetate 

in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 7.22 – 7.15 (m, 2H, H30, H31), 6.92 – 6.88 (m, 2H, H18, H19), 6.87 – 6.83 (m, 

2H, H32, H33), 5.27 (t, J = 5.8 Hz, 1H, H27), 5.24, 5.11 (2H, ABq, J = 11.7 Hz, H14), 

4.96 (dd, J = 4.2, 2.3 Hz, 1H, H5), 4.39 (s, 1H, H3), 4.33 (dd, J = 14.4, 5.9 Hz, 1H, 

H28), 4.26 (dd, J = 14.5, 5.5 Hz, 1H, H28), 3.82 (s, 3H, H22), 3.79 (s, 3H, H35), 3.69 

– 3.60 (m, 2H, H6), 1.63 (s, 3H, H10), 1.22 ppm (s, 3H, H9). 13C NMR (151 MHz, 

300 K, CDCl3): δ = 171.6, 167.1, 160.3, 160.0, 159.2, 130.9, 130.4, 129.1, 126.7, 

114.3, 114.2, 68.2, 67.3, 67.2, 63.8, 55.5 (2C), 44.5, 39.8, 21.2, 18.9 ppm. HRMS 

(ESI): m/z calculated for C25H28N3O7S (M–H)– = 514.1653, found 514.1664. IR (film): 

ṽ = 3656, 2980, 1799, 1755, 1636, 1516, 1463, 1383, 1250, 1176, 1074 cm-1. [𝛼]𝟐𝟓
𝑫

 = 

+ 44.8 (c = 0.49, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((4-chlorophenethyl)carbamoyl)imino)-3,3-

dimethyl-7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36d).  
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Following General Procedure H, urea 36d (40 

mg, 0.11 mmol, 35%) was obtained from NH-

sulfoximine 32 (75 mg, 1.0 equiv., 0.21 mmol) 

and 1-chloro-4-(2-isocyanatoethyl)benzene (62 

mg, 1.6 equiv., 0.34 mmol), following column 

chromatography (5 g Sfär cartridge; 20 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0–50% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 7.28 – 7.23 (m, 2H, H33, H34), 7.14 – 7.06 (m, 2H, H31, H32), 6.92 – 6.87 (m, 

2H, H18, H19), 5.24, 5.11 (2H, ABq, J = 11.7 Hz, H14), 5.05 (t, J = 6.1 Hz, 1H, H27), 

4.91 (dd, J = 4.3, 2.1 Hz, 1H, H5), 4.38 (s, 1H, H3), 3.81 (s, 3H, H22), 3.64 (dd, J = 

16.7, 4.3 Hz, 1H, H6), 3.59 (dd, J = 16.6, 2.1 Hz, 1H, H6), 3.50 – 3.31 (m, 2H, H28), 

2.82 – 2.72 (m, 2H, H29), 1.62 (s, 3H, H10), 1.20 ppm (s, 3H, H9). 13C NMR (151 

MHz, 300 K, CDCl3): δ = 171.5, 167.0, 160.3, 160.1, 137.4, 132.5, 130.9, 130.3, 128.9, 

126.7, 114.3, 68.2, 67.3, 67.1, 63.7, 55.4, 41.9, 39.7, 35.5, 21.1, 18.9 ppm. HRMS 

(ESI): m/z calculated for C25H27ClN3O6S (M–H)– = 532.1315, found 532.1318. IR 

(film): ṽ = 3396, 2980, 2888, 1800, 1755, 1636, 1517, 1463, 1394, 1251, 1090, 1033 

cm-1. [𝛼]𝟐𝟓
𝑫

 = + 47.6 (c = 0.94, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((4-fluorophenethyl)carbamoyl)imino)-3,3-

dimethyl-7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36e).  
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Following General Procedure H, urea 36e (60 

mg, 0.12 mmol, 55%) was obtained from NH-

sulfoximine 32 (75 mg, 1.0 equiv., 0.21 mmol) 

and 1-fluoro-4-(2-isocyanatoethyl)benzene (56 

mg, 1.6 equiv., 0.34 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; 

initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–

55% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 7.17 – 7.11 (m, 2H, H31, H32), 7.02 – 6.95 (m, 2H, H33, H34), 6.92 – 6.87 (m, 

2H, H18, H19), 5.24, 5.11 (2H, ABq, J = 11.7 Hz, H14), 5.04 (t, J = 6.1 Hz, 1H, H27), 

4.92 (dd, J = 4.2, 2.1 Hz, 1H, H5), 4.39 (s, 1H, H3), 3.82 (s, 3H, H22), 3.65 (dd, J = 

16.7, 4.3 Hz, 1H, H6), 3.60 (dd, J = 16.6, 2.1 Hz, 1H, H6), 3.51 – 3.31 (m, 2H, H28), 

2.83 – 2.72 (m, 2H, H29), 1.63 (s, 3H, H10), 1.20 ppm (s, 3H, H9). 19F NMR (565 

MHz, 300 K, CDCl3): δ = -116.56 – -116.67 ppm (m). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 171.5, 167.0, 161.8 (d, J = 244.6 Hz), 160.3, 160.1, 134.5 (d, J = 3.2 Hz), 

130.9, 130.3 (d, J = 8.0 Hz), 126.7, 115.6 (d, J = 21.3 Hz), 114.3, 68.2, 67.3, 67.2, 

63.8, 55.5, 42.1, 39.7, 35.4, 21.1, 18.9 ppm. HRMS (ESI): m/z calculated for 

C25H27FN3O6S (M–H)– = 516.1610, found 516.1613. IR (film): ṽ = 2980, 1800, 1755, 

1636, 1515, 1462, 1394, 1250, 1072, 1033 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 55.2 (c = 0.19, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-7-oxo-4-(((3-

phenylpropyl)carbamoyl)imino)-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylate 4-oxide (36f). 
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Following General Procedure H, urea 36f (60 

mg, 0.12 mmol, 55%) was obtained from NH-

sulfoximine 32 (75 mg, 1.0 equiv., 0.21 mmol) 

and (3-isocyanatopropyl)benzene (55 mg, 1.6 

equiv., 0.34 mmol), following column 

chromatography (5 g Sfär cartridge; 20 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0–50% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (400 MHz, 300 K, CDCl3): δ 7.35 – 7.28 (m, 2H, H16, 

H17), 7.28 – 7.24 (m, 2H, H34, H35), 7.23 – 7.12 (m, 3H, H32, H33, H36), 6.94 – 6.86 

(m, 2H, H18, H19), 5.24, 5.11 (2H, ABq, J = 11.7 Hz, H14), 5.06 (t, J = 5.9 Hz, 1H, 

H27), 4.93 (dd, J = 4.1, 2.3 Hz, 1H, H5), 4.39 (s, 1H, H3), 3.82 (s, 3H, H22), 3.70 – 

3.55 (m, 2H, H6), 3.31 – 3.10 (m, 2H, H28), 2.68 – 2.60 (m, 2H, H30), 1.83 (p, J = 7.3 

Hz, 2H, H29), 1.63 (s, 3H, H10), 1.22 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 171.5, 166.9, 160.2, 160.1, 141.3, 130.8, 128.5, 128.3, 126.6, 126.0, 114.2, 

68.1, 67.1, 67.0, 63.6, 55.3, 40.5, 39.6, 33.2, 31.4, 21.0, 18.8 ppm. HRMS (ESI): m/z 

calculated for C26H30N3O6S (M–H)– = 512.1861, found 512.1879. IR (film): ṽ = 3358, 

2980, 2361, 1799, 1615, 1517, 1458, 1382, 1251, 1176, 1079, 1034 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 

19.2 (c = 0.33, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((3-chloropropyl)carbamoyl)imino)-3,3-

dimethyl-7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36g). 
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Following General Procedure H, urea 36g (49 mg, 

0.10 mmol, 49%) was obtained from NH-

sulfoximine 32 (75 mg, 1.0 equiv., 0.21 mmol) and 

1-chloro-3-isocyanatopropane (41 mg, 1.6 equiv., 

0.34 mmol), following column chromatography (5 

g Sfär cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a 

linear gradient (15 CV): 0–55% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 6.92 – 6.87 (m, 2H, H18, H19), 5.24, 5.11 (2H, ABq, J = 11.8 Hz, H14), 5.19 

(t, J = 6.3 Hz, 1H, H27), 4.93 (dd, J = 4.3, 2.0 Hz, 1H, H5), 4.39 (s, 1H, H3), 3.82 (s, 

3H, H22), 3.68 – 3.54 (m, 4H, H6, H30), 3.42 – 3.26 (m, 2H, H28), 1.97 (m, 2H, H29), 

1.63 (s, 3H, H10), 1.22 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 

171.5, 167.0, 160.4, 160.3, 130.9, 126.7, 114.3, 68.2, 67.3, 67.2, 63.7, 55.5, 42.5, 39.7, 

38.3, 32.4, 21.2, 18.9 ppm. HRMS (ESI): m/z calculated for C20H25ClN3O6S (M–H)– 

= 470.1158, found 470.1162. IR (film): ṽ = 2980, 1799, 1755, 1637, 1517, 1462, 1394, 

1251, 1176, 1083, 1033 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 54.0 (c = 0.5, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((4-methoxyphenethyl)carbamoyl)imino)-3,3-

dimethyl-7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36h). 

Following General Procedure H, urea 36h (60 

mg, 0.11 mmol, 53%) was obtained from NH-

sulfoximine 32 (75 mg, 1.0 equiv., 0.21 mmol) 

and 1-(2-isocyanatoethyl)-4-methoxybenzene 

(60 mg, 1.6 equiv., 0.34 mmol), following 

column chromatography (5 g Sfär cartridge; 

20 mL/min; initially 100% (v/v) cyclohexane 
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(3 CV), followed by a linear gradient (15 CV): 0–55% (v/v) ethyl acetate in 

cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 7.13 – 7.05 (m, 2H, H31, H32), 6.92 – 6.87 (m, 2H, H18, H19), 6.87 – 6.81 (m, 

2H, H33, H34), 5.24, 5.11 (2H, ABq, J = 11.7 Hz, H14), 5.04 (t, J = 6.0 Hz, 1H, H27), 

4.92 (dd, J = 4.2, 2.2 Hz, 1H, H5), 4.38 (s, 1H, H3), 3.82 (s, 3H, H22), 3.79 (s, 3H, 

H37), 3.68 – 3.57 (m, 2H, H6), 3.50 – 3.40 (m, 1H, H28), 3.40 – 3.31 (m, 1H, H28), 

2.80 – 2.69 (m, 2H, H29), 1.62 (s, 3H, H10), 1.20 ppm (s, 3H, H9). 13C NMR (151 

MHz, 300 K, CDCl3) δ 171.6, 167.1, 160.3, 160.1, 158.4, 130.9, 130.9, 129.9, 126.7, 

114.3, 114.2, 68.2, 67.2, 67.1, 63.8, 55.4(6), 55.4, 42.2, 39.7, 35.2, 21.1, 18.9 ppm. 

HRMS (ESI): m/z calculated for C26H30N3O7S (M–H)– = 528.1810, found 528.1799. 

IR (film): ṽ = 3649, 2980, 2889, 1799, 1755, 1615, 1515, 1463, 1382, 1250, 1177, 

1073 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 37.3 (c = 0.22, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-7-oxo-4-((((S)-1-

phenylethyl)carbamoyl)imino)-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylate 4-oxide (36i). 

Following General Procedure H, urea 36i (48 mg, 

96 µmol, 48%) was obtained from NH-sulfoximine 

32 (75 mg, 1.0 equiv., 0.21 mmol) and (S)-(1-

isocyanatoethyl)benzene (50 mg, 1.6 equiv., 0.34 

mmol), following column chromatography (5 g Sfär 

cartridge; 20 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–50% (v/v) ethyl acetate 

in cyclohexane). 
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Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.37 – 7.27 (m, 7H, H16, 

H17, H31, H32, H33, H34, H35), 6.92 – 6.86 (m, 2H, H18, H19), 5.32 (d, J = 8.1 Hz, 

1H, H27), 5.23, 5.11 (2H, ABq, J = 11.7 Hz, H14), 4.94 – 4.85 (m, 2H, H3, H28), 4.38 

(s, 1H, H3), 3.81 (s, 3H, H22), 3.65 – 3.57 (m, 2H, H6), 1.63 (s, 3H, H10), 1.48 (d, J 

= 6.9 Hz, 3H, H29), 1.20 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 

171.6, 167.1, 160.3, 159.2, 143.6, 130.9, 128.9, 127.5, 126.7, 126.1, 114.3, 68.2, 67.3, 

67.2, 63.7, 55.5, 50.6, 39.8, 22.8, 21.2, 18.9 ppm. HRMS (ESI): m/z calculated for 

C25H28N3O6S (M–H)– = 498.1704, found 498.1710. IR (film): ṽ = 3657, 2980, 1800, 

1756, 1635, 1517, 1462, 1381, 1250, 1176, 1079, 1032 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 26.1 (c = 0.23, 

CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-((cyclopropylcarbamoyl)imino)-3,3-dimethyl-7-

oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36j). 

Following General Procedure H, urea 36j (62 mg, 

0.14 mmol, 67%) was obtained from NH-

sulfoximine 32 (75 mg, 1.0 equiv., 0.21 mmol) and 

isocyanatocyclopropane (28 mg, 1.6 equiv., 0.34 

mmol), following column chromatography (5 g Sfär 

cartridge; 20 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–75% (v/v) ethyl acetate 

in cyclohexane). 

Amorphous solid. 1H NMR (500 MHz, 300 K, CDCl3): δ = 7.34 – 7.27 (m, 2H, H16, 

H17), 6.93 – 6.86 (m, 2H, H18, H19), 5.27 – 5.21 (m, 2H, H14, H27), 5.11 (d, J = 11.7 

Hz, 1H, H14), 4.95 (dd, J = 4.2, 2.3 Hz, 1H, H5), 4.38 (s, 1H, H3), 3.82 (s, 3H, H22), 

3.64 (m, 2H, H6), 2.59 (h, J = 3.1 Hz, 1H, H28), 1.62 (s, 3H, H10), 1.21 (s, 3H, H9), 

0.73 (m, 2H, H29, H30), 0.57 – 0.46 ppm (m, 2H, H29, H30). 13C NMR (126 MHz, 
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300 K, CDCl3): δ = 171.6, 167.1, 161.4, 160.3, 130.9, 126.7, 114.3, 68.2, 67.2, 67.2, 

63.7, 55.5, 39.8, 23.3, 21.2, 18.9, 6.8(4), 6.8 ppm. HRMS (ESI): m/z calculated for 

C20H24N3O6S (M–H)– = 434.1391, found 434.1387. IR (film): ṽ = 3658, 2980, 1800, 

1755, 1636, 1517, 1463, 1382, 1250, 1176, 1084 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 48.2 (c = 0.25, 

CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-((cyclohexylcarbamoyl)imino)-3,3-dimethyl-7-

oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36k). 

Following General Procedure H, urea 36k (12 mg, 

25 μmol, 18%) was obtained from NH-sulfoximine 

32 (50 mg, 1.0 equiv., 0.14 mmol) and 

isocyanatocyclohexane (28 mg, 1.6 equiv., 0.23 

mmol), following column chromatography (5 g Sfär 

cartridge; 20 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–40% (v/v) ethyl acetate 

in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 6.92 – 6.87 (m, 2H, H18, H19), 5.24, 5.11 (2H, ABq, J = 11.7 Hz, H14), 4.98 – 

4.92 (m, 2H, H5, H27), 4.38 (s, 1H, H3), 3.82 (s, 3H, H22), 3.68 – 3.57 (m, 2H, H6), 

3.56 – 3.47 (m, 1H, H28), 1.96 – 1.87 (m, 2H, H29, H30), 1.73 – 1.65 (m, 2H, H31, 

H32), 1.63 (s, 3H, H10), 1.62 – 1.56 (m, 1H, H33), 1.38 – 1.28 (m, 2H, H31, H32), 

1.23 (s, 3H, H9), 1.19 – 1.07 ppm (m, 3H, H29, H30, H33). 13C NMR (151 MHz, 300 

K, CDCl3): δ = 171.7, 167.1, 160.3, 159.4, 130.9, 126.7, 114.3, 68.2, 67.2(1), 67.2, 

63.8, 55.5, 49.9, 39.8, 33.6, 25.6, 25.0, 21.2, 18.9 ppm. HRMS (ESI): m/z calculated 

for C23H30N3O6S (M–H)– = 476.1861, found 476.1858. IR (film): ṽ = 3401, 2932, 
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2854, 1800, 1756, 1629, 1517, 1464, 1253, 1069, 1033 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 45.0 (c = 0.08, 

CHCl3).  

4-Methoxybenzyl (2S,4S,5R)-4-(((4-methoxyphenyl)carbamoyl)imino)-3,3-

dimethyl-7-oxo-4λ6 -thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36l). 

Following General Procedure H, urea 36l (27 mg, 

53 μmol, 38%) was obtained from NH-sulfoximine 

32 (50 mg, 1.0 equiv., 0.14 mmol) and 1-

isocyanato-4-methoxybenzene (34 mg, 1.6 equiv., 

0.23 mmol), following column chromatography (5 

g Sfär cartridge; 20 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–40% (v/v) ethyl acetate 

in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.34 – 7.29 (m, 2H, H16, 

H17), 7.27 (m, 2H, H29, H30), 6.93 – 6.87 (m, 2H, H18, H19), 6.86 – 6.81 (m, 2H, 

H31, H32), 6.77 (s, 1H, H27), 5.25, 5.12 (2H, ABq, J = 11.7 Hz, H14), 5.00 (dd, J = 

4.1, 2.3 Hz, 1H, H5), 4.42 (s, 1H, H3), 3.82 (s, 3H, H22), 3.77 (s, 3H, H35), 3.70 – 

3.62 (m, 2H, H6), 1.68 (s, 3H, H10), 1.27 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 

K, CDCl3): δ = 171.4, 167.0, 160.3, 158.2, 156.4, 131.2, 130.9, 126.7, 121.5, 114.4, 

114.3, 68.3, 67.5, 67.3, 63.8, 55.7, 55.5, 39.9, 21.2, 19.0 ppm. HRMS (ESI): m/z 

calculated for C24H26N3O7S (M–H)– = 500.1497, found 500.1505. IR (film): ṽ = 2980, 

1800, 1755, 1614, 1517, 1463, 1381, 1250, 1177, 1091, 1034 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 30.0 (c = 

0.12, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-7-oxo-4-(((2,2,2-

trichloroacetyl)carbamoyl)imino)-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylate 4-oxide (36m). 
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Following General Procedure H, urea 36m (18 mg, 

33 μmol, 16%) was obtained from NH-sulfoximine 

32 (75 mg, 1.0 equiv., 0.21 mmol) and 2,2,2-

trichloroacetyl isocyanate (64 mg, 1.6 equiv., 0.34 

mmol), following column chromatography (5 g Sfär 

cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0–40% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.46 (s, 1H, H27), 7.34 – 

7.29 (m, 2H, H16, H17), 6.93 – 6.87 (m, 2H, H18, H19), 5.27, 5.12 (2H, ABq, J = 11.7 

Hz, H14), 5.03 (dd, J = 4.3, 2.0 Hz, 1H, H5), 4.45 (s, 1H, H3), 3.82 (s, 3H, H22), 3.75 

– 3.64 (m, 2H, H6), 1.70 (s, 3H, H10), 1.28 ppm (s, 3H, H9). 13C NMR (151 MHz, 

300 K, CDCl3) δ 170.4, 166.4, 160.4, 158.1, 155.6, 131.0, 126.5, 114.4, 92.2, 68.5, 

68.4(6), 67.5, 63.6, 55.5, 39.9, 21.0, 18.8 ppm. HRMS (ESI): m/z calculated for 

C19H19Cl3N3O7S (M–H)– = 538.0015, found 538.0016. IR (film): ṽ = 3658, 2980, 

1802, 1760, 1663, 1614, 1517, 1475, 1381, 1262, 1175, 1074 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 29.0 (c = 

0.21, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((3-bromophenyl)carbamoyl)imino)-3,3-

dimethyl-7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36n). 

Following General Procedure H, urea 36n (10 mg, 

18 μmol, 9%) was obtained from NH-sulfoximine 

32 (75 mg, 1.0 equiv., 0.21 mmol) and 1-bromo-3-

isocyanatobenzene (67 mg, 1.6 equiv., 0.34 mmol), 

following column chromatography (5 g Sfär 

cartridge; 20 mL/min; initially 100% (v/v) 
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cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–30% (v/v) ethyl acetate 

in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.67 – 7.64 (m, 1H, H29), 

7.34 – 7.29 (m, 2H, H16, H17), 7.26 (m, 1H, H30), 7.21 – 7.16 (m, 1H, H31), 7.16 – 

7.12 (m, 1H, H33), 6.93 – 6.88 (m, 2H, H18, H19), 6.85 (s, 1H, H27), 5.26, 5.13 (2H, 

ABq, J = 11.7 Hz, H14), 5.00 (dd, J = 4.3, 2.1 Hz, 1H, H5), 4.43 (s, 1H, H3), 3.82 (s, 

3H, H22), 3.74 – 3.62 (m, 2H, H6), 1.68 (s, 3H, H10), 1.27 ppm (s, 3H, H9). 13C NMR 

(151 MHz, 300 K, CDCl3): δ = 171.2, 166.9, 160.3, 157.8, 139.7, 130.9, 130.4, 126.8, 

126.6, 122.9, 122.0, 117.6, 114.3, 68.3, 67.8, 67.3, 63.7, 55.5, 39.9, 21.2, 19.0 ppm. 

HRMS (ESI): m/z calculated for C23H23BrN3O6S (M–H)– = 548.0496, found 

548.0503. IR (film): ṽ = 3657, 2980, 2362, 1801, 1758, 1654, 1587, 1518, 1463, 1381, 

1261, 1174, 1080 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 18.9 (c = 0.15, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((2-bromophenyl)carbamoyl)imino)-3,3-

dimethyl-7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36o). 

Following General Procedure H, urea 36o (17 mg, 

31 μmol, 15%) was obtained from NH-sulfoximine 

32 (75 mg, 1.0 equiv., 0.21 mmol) and 1-bromo-2-

isocyanatobenzene (67 mg, 1.6 equiv., 0.34 mmol), 

following column chromatography (5 g Sfär 

cartridge; 20 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–30% (v/v) ethyl acetate 

in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.14 (d, J = 8.3 Hz, 1H, 

H32), 7.53 – 7.47 (m, 1H, H29), 7.41 – 7.34 (m, 1H, H27), 7.34 – 7.30 (m, 2H, H16, 

H17), 7.30 – 7.27 (m, 1H, H31), 6.95 – 6.88 (m, 3H, H18, H19, H30), 5.27, 5.12 (2H, 
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ABq, J = 11.7 Hz, H14), 5.01 (dd, J = 4.1, 2.2 Hz, 1H, H5), 4.44 (s, 1H, H3), 3.82 (s, 

3H, H22), 3.73 – 3.63 (m, 2H, H6), 1.71 (s, 3H, H10), 1.29 ppm (s, 3H, H9). 13C NMR 

(151 MHz, 300 K, CDCl3): δ = 171.2, 166.9, 160.3, 158.00, 136.3, 132.5, 131.0, 128.5, 

126.6, 124.6, 121.0, 114.3, 113.0, 68.3, 67.8, 67.2, 63.8, 55.5, 39.8, 21.2, 19.0 ppm. 

HRMS (ESI): m/z calculated for C23H23BrN3O6S (M–H)– = 548.0496, found 

548.0518. IR (film): ṽ = 2980, 1802, 1755, 1655, 1590, 1518, 1463, 1434, 1381, 1253, 

1218, 1082 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 31.4 (c = 0.22, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((2-(acryloyloxy)ethyl)carbamoyl)imino)-3,3-

dimethyl-7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36p).  

Following General Procedure H, urea 36p (62 

mg, 0.21 mmol, 59%) was obtained from NH-

sulfoximine 32 (75 mg, 1.0 equiv., 0.21 mmol) 

and 2-isocyanatoethyl acrylate (48 mg, 1.6 

equiv., 0.34 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–80% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.34 – 7.28 (m, 2H, H16, 

H17), 6.92 – 6.87 (m, 2H, H18, H19), 6.42 (dd, J = 17.4, 1.3 Hz, 1H, H34), 6.12 (dd, 

J = 17.3, 10.4 Hz, 1H, H33), 5.86 (dd, J = 10.5, 1.4 Hz, 1H, H34), 5.33 (t, J = 6.0 Hz, 

1H, H27), 5.24, 5.11 (2H, ABq, J = 11.7 Hz, H14), 4.94 (dd, J = 4.4, 2.1 Hz, 1H, H5), 

4.39 (s, 1H, H3), 4.24 (m, 2H, H29), 3.82 (s, 3H, H22), 3.68 – 3.56 (m, 2H, H6), 3.53 

– 3.45 (m, 2H, H28), 1.64 (s, 3H, H10), 1.23 ppm (s, 3H, H9). 13C NMR (151 MHz, 

300 K, CDCl3): δ = 171.5, 167.0, 166.2, 160.3(1), 160.3, 131.6, 130.9, 128.2, 126.7, 

114.3, 68.2, 67.3, 67.2, 63.8, 63.6, 55.5, 40.1, 39.7, 21.1, 18.9 ppm. HRMS (ESI): m/z 

calculated for C22H26N3O8S (M–H)– = 492.1446, found 492.1461. IR (film): ṽ = 3657, 
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2981, 1801, 1755, 1725, 1638, 1518, 1463, 1382, 1253, 1079 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 30.5 (c = 

0.19, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-7-oxo-4-((pyridin-3-

ylcarbamoyl)imino)-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide 

(36q). 

Following General Procedure H, urea 36q (30 mg, 

64 µmol, 30%) was obtained from NH-sulfoximine 

32 (75 mg, 1.0 equiv., 0.21 mmol) and 3-

isocyanatopyridine (41 mg, 1.6 equiv., 0.34 mmol), 

following column chromatography (5 g Sfär 

cartridge; 20 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–100% (v/v) ethyl acetate 

in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.44 (s, 1H, H29), 8.31 

(dd, J = 4.8, 1.4 Hz, 1H, H31), 8.02 (s, 1H, H33), 7.34 – 7.28 (m, 2H, H16, H17), 7.25 

– 7.22 (m, 1H, H32), 6.93 – 6.88 (m, 3H, H18, H19, H27), 5.26, 5.13 (2H, ABq, J = 

11.7 Hz, H14), 5.00 (dd, J = 4.3, 2.1 Hz, 1H, H5), 4.44 (s, 1H, H3), 3.82 (s, 3H, H22), 

3.73 – 3.62 (m, 2H, H6), 1.69 (s, 3H, H10), 1.28 ppm (s, 3H, H9). 13C NMR (151 

MHz, 300 K, CDCl3): δ = 171.1, 166.8, 160.4, 156.3, 145.0, 140.6, 135.2, 131.0, 126.6, 

126.3, 123.8, 114.3, 68.4, 67.8, 67.3, 63.7, 55.5, 39.9, 21.2, 19.0 ppm. HRMS (ESI): 

m/z calculated for C22H23N4O6S (M–H)– = 471.1344, found 471.1328. IR (film): ṽ = 

3657, 2980, 1801, 1755, 1647, 1518, 1462, 1382, 1262, 1089 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 24.2 (c = 

0.12, CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-3,3-dimethyl-4-(((4-nitrophenyl)carbamoyl)imino)-

7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36r). 
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Following General Procedure H, urea 36r (30 mg, 58 

µmol, 27%) was obtained from NH-sulfoximine 32 (75 

mg, 1.0 equiv., 0.21 mmol) and 1-isocyanato-4-

nitrobenzene (56 mg, 1.6 equiv., 0.34 mmol), following 

column chromatography (5 g Sfär cartridge; 20 

mL/min; initially 100% (v/v) cyclohexane (3 CV), 

followed by a linear gradient (15 CV): 0–50% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.32 – 8.29 (m, 1H, H32), 

7.93 – 7.88 (m, 1H, H31), 7.81 – 7.68 (m, 1H, H30), 7.45 (m, 1H, H29), 7.35 – 7.29 

(m, 2H, H16, H17), 7.09 – 7.05 (m, 1H, H27), 6.93 – 6.88 (m, 2H, H18, H19), 5.26, 

5.13 (2H, ABq, J = 11.7 Hz, H14), 5.02 (dd, J = 4.4, 2.0 Hz, 1H, H5), 4.44 (s, 1H, H3), 

3.82 (s, 3H, H22), 3.72 (dd, J = 16.7, 4.3 Hz, 1H, H6), 3.67 (dd, J = 16.7, 2.0 Hz, 1H, 

H6), 1.70 (s, 3H, H10), 1.29 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ 

= 171.0, 166.8, 160.4, 148.9, 139.7, 131.0, 123.0, 126.6, 124.6, 118.3, 114.3, 68.4, 

67.9, 67.4, 63.7, 55.5, 39.9, 21.2, 19.0 ppm. HRMS (ESI): m/z calculated for 

C23H23N4O8S (M–H)– = 515.1242, found 515.1247. IR (film): ṽ = 3655, 2980, 1801, 

1756, 1615, 1534, 1462, 1382, 1352, 1260, 1175, 1074 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 65.2 (c = 0.19, 

CHCl3). 

4-Methoxybenzyl (2S,4S,5R)-4-(((2-chloroethyl)carbamoyl)imino)-3,3-dimethyl-

7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36s). 

Following General Procedure G, urea 36s (49 mg, 

0.11 mmol, 50%) was obtained from NH-

sulfoximine 32 (75 mg, 1.0 equiv., 0.21 mmol) and 

1-chloro-2-isocyanatoethane (36 mg, 1.6 equiv., 

0.34 mmol), following column chromatography (5 
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g Sfär cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a 

linear gradient (15 CV): 0–50% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (500 MHz, 300 K, CDCl3): δ = 7.34 – 7.28 (m, 2H, H16, 

H17), 6.93 – 6.87 (m, 2H, H18, H19), 5.46 (t, J = 6.0 Hz, 1H, H27), 5.24, 5.11 (2H, 

ABq, J = 11.7 Hz, H14), 4.93 (dd, J = 4.2, 2.1 Hz, 1H, H5), 4.40 (s, 1H, H3), 3.82 (s, 

3H, H22), 3.69 – 3.44 (m, 6H, H6, H28, H29), 1.64 (s, 3H, H10), 1.23 ppm (s, 3H, 

H9). 13C NMR (126 MHz, 300 K, CDCl3): δ = 171.4, 167.0, 160.3, 160.2, 130.9, 

126.6, 114.3, 68.2, 67.4, 67.1, 63.7, 55.5, 44.2, 42.7, 39.7, 21.1, 18.9 ppm. HRMS 

(ESI): m/z calculated for C19H23ClN3O6S (M–H)– = 456.1002, found 456.0992. IR 

(film): ṽ = 3657, 2980, 1800, 1755, 1637, 1517, 1463, 1382, 1251, 1176, 1075 cm-1. 

[𝛼]𝟐𝟓
𝑫

 = + 37.1 (c = 0.56, CHCl3). 

Sodium (2S,4S,5R)-4-((benzylcarbamoyl)imino)-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (37a). 

Following General Procedure D, acid 37a (7 mg, 19 

µmol, 62%) was obtained from ester 36a (15 mg, 

1.0 equiv., 31 µmol) with 10% (w/w) Pd/C (0.2 

equiv.) in anhydrous THF stirring for 3 h under 

hydrogen atmosphere. The reaction mixture was filtered using Celite®; the Celite® pad 

was rinsed with DCM, which was then removed in vacuo. The residue was redissolved 

in ethyl acetate before the addition of sodium 2-ethylhexanoate (1.0 equiv.). The 

resultant mixture was stirred for 15 min before being evaporated in vacuo. The product 

was precipitated by the addition of diethyl ether to the crude residue. Filtration afforded 

the carboxylate sodium salt.   

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 7.35 – 7.26 (m, 4H, H21, H22, H23, H34), 7.26 – 7.19 (m, 1H, H25), 5.17 (dd, J = 
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4.5, 1.7 Hz, 1H, H5), 4.35 – 4.24 (m, 3H, H3, H19), 3.68 (dd, J = 16.5, 4.5 Hz, 1H, 

H6), 3.43 (dd, J = 16.5, 1.7 Hz, 1H, H6), 1.71 (s, 3H, H10), 1.49 ppm (s, 3H, H9). 13C 

NMR (126 MHz, 300 K, MeOD-d4): δ = 173.7, 170.6, 162.8, 140.6, 129.5, 128.3, 

128.1, 68.3, 68.1, 65.3, 45.2, 39.7, 21.4, 19.1 ppm. HRMS (ESI): m/z calculated for 

C16H17N3O5S (M–H)– = 364.0973, found 364.0973. IR (film): ṽ = 3792, 3379, 2849, 

2362, 1784, 1622, 1528, 1401, 1219, 1128, 1031 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 50.3 (c = 0.15, 

MeOH). 

Sodium (2S,4S,5R)-3,3-dimethyl-7-oxo-4-((phenethylcarbamoyl)imino)-4λ6-thia-

1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (37b). 

Following General Procedure D, acid 37b (30 mg, 

74 µmol, 49%) was obtained from ester 36b (77 

mg, 1.0 equiv., 0.15 mmol) with 10% (w/w) Pd/C 

(0.2 equiv.) in anhydrous THF stirring for 3 h 

under hydrogen atmosphere. The reaction mixture 

was filtered using Celite®; the Celite® pad was rinsed with DCM, which was then 

removed in vacuo. The residue was redissolved in ethyl acetate before the addition of 

sodium 2-ethylhexanoate (1.0 equiv.). The resultant mixture was stirred for 15 min 

before being evaporated in vacuo. The product was precipitated by the addition of 

diethyl ether to the crude residue. Filtration afforded the carboxylate sodium salt. 

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 7.31 – 7.24 (m, 2H, H24, H25), 7.24 – 7.16 (m, 3H, H22, H23, H26), 5.08 (dd, J = 

4.5, 1.7 Hz, 1H, H5), 4.30 (s, 1H, H3), 3.67 (dd, J = 16.5, 4.5 Hz, 1H, H6), 3.41 (dd, J 

= 16.5, 1.7 Hz, 1H, H6), 3.35 – 3.32 (m, 2H, H19), 2.84 – 2.72 (m, 2H, H20), 1.69 (s, 

3H, H10), 1.43 ppm (s, 3H, H9). 13C NMR (126 MHz, 300 K, MeOD-d4): δ = 173.7, 

170.7, 162.7, 140.6, 129.9, 129.4, 127.3, 68.2, 68.1, 65.4, 43.3, 39.7, 37.1, 21.4, 19.1 
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ppm. HRMS (ESI): m/z calculated for C17H20N3O5S (M–H)– = 378.1123, found 

378.1126. IR (film): ṽ = 3782, 3379, 2839, 2358, 1785, 1621, 1531, 1401, 1219, 1128, 

1033 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 88.5 (c = 0.13, MeOH). 

Sodium (2S,4S,5R)-4-(((4-methoxybenzyl)carbamoyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (37c). 

Following General Procedure D, acid 37c (12 

mg, 30 µmol, 45%) was obtained from ester 

36c (35 mg, 1.0 equiv., 68 µmol) with 10% 

(w/w) Pd/C (0.2 equiv.) in anhydrous THF 

stirring for 3 h under hydrogen atmosphere. The reaction mixture was filtered using 

Celite®; the Celite® pad was rinsed with DCM, which was then removed in vacuo. The 

residue was redissolved in ethyl acetate before the addition of sodium 2-

ethylhexanoate (1.0 equiv.). The resultant mixture was stirred for 15 min before being 

evaporated in vacuo. The product was precipitated by the addition of diethyl ether to 

the crude residue. Filtration afforded the carboxylate sodium salt. 

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 7.23 – 7.17 (m, 2H, H21, H22), 6.89 – 6.83 (m, 2H, H23, H24), 5.17 (dd, J = 4.5, 

1.7 Hz, 1H, H5), 4.33 (s, 1H, H3), 4.30 – 4.17 (m, 2H, H19), 3.77 (s, 3H, H27), 3.68 

(dd, J = 16.5, 4.5 Hz, 1H, H6), 3.44 (dd, J = 16.5, 1.8 Hz, 1H, H6), 1.70 (s, 3H, H10), 

1.48 ppm (s, 3H, H9). 13C NMR (126 MHz, 300 K, MeOD-d4): δ = 173.9, 170.7 

(assigned via HMBC), 162.7, 160.3, 132.5, 129.6, 114.9, 68.2, 68.1, 65.2, 55.7, 44.7, 

39.8, 21.4, 19.1 ppm. HRMS (ESI): m/z calculated for C17H20N3O6S (M–H)– = 

394.1078, found 394.1082. IR (film): ṽ = 3367, 2360, 1795, 1614, 1514, 1246, 1033 

cm-1. [𝛼]𝟐𝟓
𝑫

 = + 66.6 (c = 0.42, MeOH). 
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Sodium (2S,4S,5R)-4-(((4-chlorophenethyl)carbamoyl)imino)-3,3-dimethyl-7-

oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (37d). 

Following General Procedure D, acid 37d (20 

mg, 46 µmol, 61%) was obtained from ester 36d 

(40 mg, 1.0 equiv., 75 µmol) with 10% (w/w) 

Pd/C (0.2 equiv.) in anhydrous THF stirring for 

3 h under hydrogen atmosphere. The reaction 

mixture was filtered using Celite®; the Celite® pad was rinsed with DCM, which was 

then removed in vacuo. The residue was redissolved in ethyl acetate before the addition 

of sodium 2-ethylhexanoate (1.0 equiv.). The resultant mixture was stirred for 15 min 

before being evaporated in vacuo. The product was precipitated by the addition of 

diethyl ether to the crude residue. Filtration afforded the carboxylate sodium salt. 

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 7.31 – 7.25 (m, 2H, H24, H25), 7.23 – 7.17 (m, 2H, H22, H23), 5.10 (dd, J = 4.6, 

1.7 Hz, 1H, H5), 4.33 (s, 1H, H3), 3.68 (dd, J = 16.5, 4.7 Hz, 1H, H6), 3.42 (dd, J = 

16.5, 1.6 Hz, 1H, H6), 3.33 – 3.28 (m, 2H, H19), 2.83 – 2.74 (m, 2H, H20), 1.69 (s, 

3H, H10), 1.45 ppm (s, 3H ,H9). 13C NMR (126 MHz, 300 K, MeOD-d4): δ = 173.6, 

169.7 (assigned via HMBC), 162.7, 139.5, 133.1, 131.5, 129.5, 68.2, 68.1, 65.1 

(assigned via HMBC), 43.0, 39.7, 36.3, 21.4, 19.1 ppm. HRMS (ESI): m/z calculated 

for C17H19ClN3O5S (M–H)– = 412.0739, found 412.0741. IR (film): ṽ = 3658, 3440, 

2981, 2889, 2664, 2360, 2342, 1783, 1621, 1473, 1462, 1383, 1251, 1153, 1072, 1033 

cm-1. [𝛼]𝟐𝟓
𝑫

 = + 41.5 (c = 0.086, MeOH). 
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Sodium (2S,4S,5R)-4-(((4-fluorophenethyl)carbamoyl)imino)-3,3-dimethyl-7-

oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (37e). 

Following General Procedure D, acid 37e (25 

mg, 60 µmol, 51%) was obtained from ester 36e 

(60 mg, 1.0 equiv., 0.12 mmol) with 10% (w/w) 

Pd/C (0.2 equiv.) in anhydrous THF stirring for 

3 h under hydrogen atmosphere. The reaction 

mixture was filtered using Celite®; the Celite® pad was rinsed with DCM, which was 

then removed in vacuo. The residue was redissolved in ethyl acetate before the addition 

of sodium 2-ethylhexanoate (1.0 equiv.). The resultant mixture was stirred for 15 min 

before being evaporated in vacuo. The product was precipitated by the addition of 

diethyl ether to the crude residue. Filtration afforded the carboxylate sodium salt. 

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 7.26 – 7.18 (m, 2H, H22, H23), 7.05 – 6.95 (m, 2H, H24, H25), 5.12 (dd, J = 4.5, 

1.7 Hz, 1H, H5), 4.33 (s, 1H, H3), 3.68 (dd, J = 16.5, 4.5 Hz, 1H, H6), 3.42 (dd, J = 

16.5, 1.8 Hz, 1H, H6), 3.35 – 3.24 (m, 2H, H19), 2.83 – 2.72 (m, 2H, H20), 1.69 (s, 

3H, H10), 1.46 ppm (s, 3H, H9). 19F NMR (470 MHz, 300 K, MeOD-d4): δ = -119.26 

– -119.39 ppm (m). 13C NMR (126 MHz, 300 K, MeOD-d4): δ = 173.6, 170.2, 163.0 

(d, J = 242.5 Hz), 162.7, 136.5 (d, J = 3.2 Hz), 131.5 (d, J = 7.8 Hz), 116.0 (d, J = 21.3 

Hz), 68.2, 68.1, 65.1, 43.2, 39.8, 36.2, 21.4, 19.1 ppm. HRMS (ESI): m/z calculated 

for C17H19FN3O5S (M–H)– = 396.1035, found 396.1042. IR (film): ṽ = 3659, 3423, 

2981, 2888, 2664, 2361, 2341, 1784, 1621, 1511, 1473, 1462, 1383, 1251, 1153, 1072 

cm-1. [𝛼]𝟐𝟓
𝑫

 = + 107.8 (c = 0.18, MeOH). 
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Sodium (2S,4S,5R)-3,3-dimethyl-7-oxo-4-(((3-phenylpropyl)carbamoyl)imino)-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (37f). 

Following General Procedure D, acid 37f (30 

mg, 72 µmol, 62%) was obtained from ester 

36f (60 mg, 1.0 equiv., 0.12 mmol) with 10% 

(w/w) Pd/C (0.2 equiv.) in anhydrous THF 

stirring for 3 h under hydrogen atmosphere. The reaction mixture was filtered using 

Celite®; the Celite® pad was rinsed with DCM, which was then removed in vacuo. The 

residue was redissolved in ethyl acetate before the addition of sodium 2-

ethylhexanoate (1.0 equiv.). The resultant mixture was stirred for 15 min before being 

evaporated in vacuo. The product was precipitated by the addition of diethyl ether to 

the crude residue. Filtration afforded the carboxylate sodium salt. 

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 7.31 – 7.08 (m, 5H, H23, H24, H25, H26, H27), 5.15 (dd, J = 4.5, 1.7 Hz, 1H, H5), 

4.33 (s, 1H, H3), 3.68 (dd, J = 16.5, 4.6 Hz, 1H, H6), 3.43 (dd, J = 16.5, 1.7 Hz, 1H, 

H6), 3.18 – 3.07 (m, 2H, H19), 2.63 (t, J = 7.7 Hz, 2H, H21), 1.80 (p, J = 7.4 Hz, 2H, 

H20), 1.70 (s, 3H, H10), 1.48 ppm (s, 3H, H9). 13C NMR (126 MHz, 300 K, MeOD-

d4): δ = 173.7, 170.3, 162.8, 143.1, 129.4, 129.3(8), 126.9, 68.1 (2C), 65.1, 41.3, 39.8, 

34.2, 32.7, 21.4, 19.0 ppm. HRMS (ESI): m/z calculated for C18H22N3O5S (M–H)– = 

392.1286, found 392.1279. IR (film): ṽ = 3658, 3422, 2981, 2889, 2665, 2360, 2341, 

1783, 1621, 1473, 1462, 1383, 1251, 1152, 1073 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 101.8 (c = 0.19, 

MeOH). 
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Sodium (2S,4S,5R)-4-(((3-chloropropyl)carbamoyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (37g). 

Following General Procedure D, compound 37g (20 

mg, 57 µmol, 55%) was obtained from compound 

36g (49 mg, 1.0 equiv., 0.10 mmol) with 10% (w/w) 

Pd/C (0.2 equiv.) in anhydrous THF stirring for 3 h 

under hydrogen atmosphere. The reaction mixture was filtered using Celite®; the 

Celite® pad was rinsed with DCM, which was then removed in vacuo. The residue was 

redissolved in ethyl acetate before the addition of sodium 2-ethylhexanoate (1.0 

equiv.). The resultant mixture was stirred for 15 min before being evaporated in vacuo. 

The product was precipitated by the addition of diethyl ether to the crude residue. 

Filtration afforded the carboxylate sodium salt. 

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 5.16 (dd, J = 4.5, 1.7 Hz, 1H, H5), 4.32 (s, 1H, H3), 3.68 (dd, J = 16.5, 4.5 Hz, 1H, 

H6), 3.59 (t, J = 6.5 Hz, 2H, H21), 3.42 (dd, J = 16.5, 1.7 Hz, 1H, H6), 3.28 – 3.19 (m, 

2H, H19), 1.94 (p, J = 6.6 Hz, 2H, H20), 1.70 (s, 3H, H10), 1.47 ppm (s, 3H, H9). 13C 

NMR (126 MHz, 300 K, MeOD-d4): δ = 173.7, 170.5, 162.9, 68.2, 68.1, 65.2, 43.1, 

39.7, 39.0, 33.8, 21.4, 19.1 ppm. HRMS (ESI): m/z calculated for C12H17ClN3O5S (M–

H)– = 350.0583, found 350.0600. IR (film): ṽ = 3824, 3710, 3590, 3394, 3243, 3042, 

3004, 2820, 2363, 1793, 1624, 1527, 1407, 1219, 1128, 1086, 1032 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 

80.7 (c = 0.25, MeOH). 
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Sodium (2S,4S,5R)-4-(((4-methoxyphenethyl)carbamoyl)imino)-3,3-dimethyl-7-

oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (36h).  

Following General Procedure D, acid 36h (20 

mg, 30 µmol, 41%) was obtained from ester 

36h (60 mg, 1.0 equiv., 0.11 mmol) with 10% 

(w/w) Pd/C (0.2 equiv.) in anhydrous THF 

stirring for 3 h under hydrogen atmosphere. 

The reaction mixture was filtered using Celite®; the Celite® pad was rinsed with DCM, 

which was then removed in vacuo. The residue was redissolved in ethyl acetate before 

the addition of sodium 2-ethylhexanoate (1.0 equiv.). The resultant mixture was stirred 

for 15 min before being evaporated in vacuo. The product was precipitated by the 

addition of diethyl ether to the crude residue. Filtration afforded the carboxylate 

sodium salt. 

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 7.16 – 7.09 (m, 2H, H22, H23), 6.88 – 6.80 (m, 2H, H24, H25), 5.09 (dd, J = 4.5, 

1.7 Hz, 1H, H5), 4.32 (s, 1H, H3), 3.76 (s, 3H, H28), 3.67 (dd, J = 16.5, 4.5 Hz, 1H, 

H6), 3.42 (dd, J = 16.5, 1.7 Hz, 1H, H6), 3.30 – 3.25 (m, 2H, H19), 2.77 – 2.66 (m, 

2H, H20), 1.70 (s, 3H, H10), 1.45 ppm (s, 3H, H9). 13C NMR (126 MHz, 300 K, 

MeOD-d4): δ = 173.7, 170.4, 162.7, 159.7, 132.5, 130.8, 114.9, 68.2, 68.1, 65.2, 55.7, 

43.5, 39.7, 36.2, 21.4, 19.1 ppm. HRMS (ESI): m/z calculated for C18H22N3O6S (M–

H)– = 408.1235, found 408.1253. IR (film): ṽ = 3351, 2981, 2890, 2838, 2363, 1786, 

1614, 1514, 1398, 1247, 1034 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 80.0 (c = 0.16, MeOH). 
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Sodium (2S,4S,5R)-3,3-dimethyl-7-oxo-4-((((S)-1-phenylethyl)carbamoyl)imino)-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (37i).  

Following General Procedure D, acid 37i (7 mg, 18 

µmol, 37%) was obtained from ester 36i (25 mg, 1.0 

equiv., 50 µmol) with 10% (w/w) Pd/C (0.2 equiv.) 

in anhydrous THF stirring for 3 h under hydrogen 

atmosphere. The reaction mixture was filtered using Celite®; the Celite® pad was 

rinsed with DCM, which was then removed in vacuo. The residue was redissolved in 

ethyl acetate before the addition of sodium 2-ethylhexanoate (1.0 equiv.). The resultant 

mixture was stirred for 15 min before being evaporated in vacuo. The product was 

precipitated by the addition of diethyl ether to the crude residue. Filtration afforded the 

carboxylate sodium salt.   

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 7.34 – 7.26 (m, 4H, H22, H23, H24, H25), 7.24 – 7.16 (m, 1H, H26), 5.06 (dd, J = 

4.5, 1.7 Hz, 1H, H5), 4.79 (q, J = 7.0 Hz, 1H, H19), 4.28 (s, 1H, H3), 3.62 (dd, J = 

16.5, 4.5 Hz, 1H, H6), 3.39 (dd, J = 16.5, 1.7 Hz, 1H, H6), 1.70 (s, 3H, H10), 1.47 (s, 

3H, H9), 1.42 ppm (d, J = 7.0 Hz, 3H, H20). 13C NMR (126 MHz, 300 K, MeOD-d4): 

δ = 173.8, 170.6 (assigned via HMBC), 161.9, 145.9, 129.5, 127.9, 127.0, 68.2, 68.1, 

65.5, 51.6, 39.7, 23.1, 21.4, 19.1 ppm. HRMS (ESI): m/z calculated for C17H20N3O5S 

(M–H)– = 378.1129, found 378.1120. IR (film): ṽ = 3408, 1792, 1623, 1521, 1400, 

1237, 1082 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 20.1 (c = 0.25, MeOH). 
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Sodium (2S,4S,5R)-4-((cyclopropylcarbamoyl)imino)-3,3-dimethyl-7-oxo-4λ6-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (37j).  

Following General Procedure D, acid 37j (15 mg, 48 

µmol, 59%) was obtained from ester 36j (35 mg, 1.0 

equiv., 80 µmol) with 10% (w/w) Pd/C (0.2 equiv.) in 

anhydrous THF stirring for 3 h under hydrogen 

atmosphere. The reaction mixture was filtered using Celite®; the Celite® pad was 

rinsed with DCM, which was then removed in vacuo. The residue was redissolved in 

ethyl acetate before the addition of sodium 2-ethylhexanoate (1.0 equiv.). The resultant 

mixture was stirred for 15 min before being evaporated in vacuo. The product was 

precipitated by the addition of diethyl ether to the crude residue. Filtration afforded the 

carboxylate sodium salt. 

White solid. MP: decomposition > 100 °C. 1H NMR (500 MHz, 300 K, MeOD-d4): δ 

= 5.17 (dd, J = 4.6, 1.7 Hz, 1H, H5), 4.32 (s, 1H, H3), 3.70 (dd, J = 16.5, 4.5 Hz, 1H, 

H6), 3.43 (dd, J = 16.5, 1.7 Hz, 1H, H6), 2.52 (tt, J = 7.2, 3.8 Hz, 1H, H19), 1.68 (s, 

3H, H10), 1.46 (s, 3H, H9), 0.70 – 0.61 (m, 2H, H20, H21), 0.54 – 0.43 ppm (m, 2H, 

H20, H21). 13C NMR (126 MHz, 300 K, MeOD-d4): δ = 173.7, 170.4, 164.1, 68.1(4), 

68.1, 65.2, 39.8, 23.8, 21.4, 19.0, 6.7, 6.6 ppm. HRMS (ESI): m/z calculated for 

C12H16N3O5S (M–H)– = 314.0816, found 314.0821. IR (film): ṽ = 3373, 2946, 2359, 

1795, 1624, 1524, 1398, 1289, 1235, 1112, 1028 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 106.0 (c = 0.32, 

MeOH). 
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4-Methoxybenzyl 2-((R)-2-((S)-aminosulfinyl)-4-oxoazetidin-1-yl)-3-methylbut-

2-enoate (38a).  

To a solution of NH-sulfoximine 32 (75 mg, 1.0 

equiv., 0.21 mmol) and dimethyl sulfate (54 mg, 2.0 

equiv., 0.43 mmol) in THF (1.1 mL) was added 1 M 

potassium tert-butoxide (29 mg, 0.26 mL, 1 M, 1.2 

equiv., 0.26 mmol) dropwise at 0 °C under ambient 

atmosphere. The reaction mixture was allowed to warm up to ambient temperature 

before being concentrated. The crude residue was purified using silica column 

chromatography (5 g Sfär cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–55% (v/v) ethyl acetate in cyclohexane) 

to give sulfyl amide 38a (35 mg, 65 μmol, 31%). The stereochemistry at the sulfur was 

tentatively assigned based on that of 32. 

Brown amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.34 – 7.29 (m, 2H, 

H16, H17), 6.92 – 6.87 (m, 2H, H18, H19), 5.22 (d, J = 11.9 Hz, 1H, H14), 5.11 (d, J 

= 11.9 Hz, 1H, H14), 4.71 (dd, J = 5.2, 2.4 Hz, 1H, H5), 4.05 (s, 2H, H24), 3.82 (s, 

3H, H22), 3.31 (dd, J = 15.1, 2.4 Hz, 1H, H6), 3.16 (dd, J = 15.1, 5.2 Hz, 1H, H6), 

2.21 (s, 3H, H10), 1.98 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 

164.4, 163.7, 160.0, 154.1, 130.6, 127.6, 120.4, 114.3, 71.3, 67.1, 55.5, 37.3, 24.1, 22.3 

ppm. HRMS (ESI): m/z calculated for C16H19N2O5S (M–H)– = 351.1020, found 

351.1020. IR (film): ṽ = 3649, 2980, 2359, 1772, 1615, 1517, 1459, 1384, 1262, 1176, 

1086 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 15.0 (c = 0.10, CHCl3). 
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4-Methoxybenzyl 3-methyl-2-((R)-2-((S)-(methylamino)sulfinyl)-4-oxoazetidin-1-

yl)but-2-enoate (38b).  

To a solution of NH-sulfoximine 32 (50 mg, 1.0 

equiv., 0.14 mmol) in THF (1.0 mL) was added 

trimethylsilyldiazomethane (32 mg, 0.14 mL, 2 M, 

2.0 equiv., 0.28 mmol) at ambient temperature and 

atmosphere. The reaction mixture was stirred at 

ambient temperature for 1 week before being concentrated. The crude residue was 

purified using silica column chromatography (5 g Sfär cartridge; 20 mL/min; initially 

100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–40% (v/v) 

ethyl acetate in cyclohexane) to give sulfyl amide 38b (27 mg, 74 μmol, 52%). The 

stereochemistry at the sulfur was tentatively assigned based on that of 32. 

1H NMR (400 MHz, 300 K, CDCl3): δ = 7.33 – 7.27 (m, 2H, H16, H17), 6.93 – 6.84 

(m, 2H, H18, H19), 5.23, 5.05 (2H, ABq, J = 12.0 Hz, H14), 5.07 (dd, J = 4.1, 1.6 Hz, 

1H, H5), 3.81 (s, 3H, H22), 3.27 (s, 3H, H25), 3.02 (dd, J = 15.1, 4.1 Hz, 1H, H6), 

2.81 (dd, J = 15.1, 1.6 Hz, 1H, H6), 2.22 (s, 3H, H10), 2.02 ppm (s, 3H, H9). 13C NMR 

(101 MHz, 300 K, CDCl3): δ = 165.6, 163.7, 159.9, 153.7, 130.3, 127.9, 120.6, 114.1, 

84.6, 66.7, 56.3, 55.4, 43.5, 23.8, 21.9 ppm. HRMS: Compound did not ionise using 

different mass spectrometry techniques (ESI, APCI, and EI). IR (film): ṽ = 3791, 3661, 

3639, 2981, 2838, 1768, 1721, 1614, 1548, 1516, 1462, 1445, 1389, 1298, 1250, 1218, 

1177, 1081, 1035 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 1.9 (c = 0.73, CHCl3). 

4-Nitrobenzyl (2S,6S)-6-bromo-3,3-dimethyl-7-oxo-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate (39).  
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Following General Procedure A, ester 39 (30.0 g, 

72 mmol, 73%) was obtained from acid 16 (27.6 

g, 1.0 equiv., 99 mmol) and 1-(bromomethyl)-4-

nitrobenzene (23.4 g, 1.1 equiv., 108 mmol), 

following column chromatography (330 g Sfär cartridge; 200 mL/min; initially 100% 

(v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0–50% (v/v) ethyl 

acetate in cyclohexane). The analytical data for 39 are consistent with those 

reported.182   

White solid. MP: 63 – 65 °C (lit. 63 – 65 °C). 1H NMR (600 MHz, 300 K, CDCl3): δ 

= 8.28 – 8.22 (m, 2H, H19, H20), 7.58 – 7.53 (m, 2H, H17, H18), 5.40 (d, J = 1.5 Hz, 

1H, H6), 5.33, 5.25 (2H, ABq, J = 13.0 Hz, H15), 4.82 (d, J = 1.4 Hz, 1H, H5), 4.61 

(s, 1H, H3), 1.62 (s, 3H, H10), 1.41 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 167.5, 166.7, 148.2, 141.8, 129.1, 124.2, 70.7, 70.0, 66.1, 65.1, 49.6, 34.1, 

25.9 ppm. HRMS (ESI): m/z calculated for C15H14BrN2O5S (M–H)– = 412.9812, found 

412.9824. IR (film): ṽ = 3660, 2981, 2360, 2340, 1793, 1752, 1609, 1525, 1460, 1376, 

1349, 1298, 1261, 1205, 1183, 1158, 1090, 1015 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 94.8 (c = 0.73, 

CHCl3). 

4-Nitrobenzyl (2S,5R)-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylate (40).  

To a solution of 39 (31.8 g, 1.0 equiv., 77 mmol) in 

anhydrous methanol (153 mL) was added 

tributylphosphine (15.5 g, 19.0 mL, 1.0 equiv., 77 

mmol) dropwise. The reaction mixture was stirred 

for 1 h at ambient temperature, before being cooled in an ice bath, filtered, and washed 
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with cold methanol affording ester 40 (22.5 g, 67 mmol, 88%). The analytical data for 

40 are consistent with those reported.183 

White solid. MP: 133 – 134 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.28 – 8.20 

(m, 2H, H18, H19), 7.58 – 7.52 (m, 2H, H16, H17), 5.35 – 5.20 (m, 3H, H5, H14), 

4.52 (s, 1H, H3), 3.57 (dd, J = 16.0, 4.2 Hz, 1H, H6), 3.09 (dd, J = 15.9, 1.8 Hz, 1H, 

H6), 1.66 (s, 3H, H10), 1.41 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ 

= 172.5, 167.9, 148.1, 142.1, 129.1, 124.1, 70.4, 65.9, 65.7, 60.9, 46.8, 31.9, 26.8 ppm. 

HRMS (ESI): m/z calculated for C15H15N2O5S (M–H)– = 335.0707, found 335.0704. 

IR (film): ṽ = 3661, 2980, 1784, 1754,1609, 1525, 1461, 1350, 1298, 1262, 1207, 

1181, 1158, 1132, 1098, 1013 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 211.4 (c = 0.67, CHCl3). 

4-Nitrobenzyl (2S)-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-

carboxylate 4-oxide (41).  

Following General Procedure B, sulfoxide 41 (2.73 

g, 7.8 mmol, 59%) was obtained from sulfide 40 (4.4 

g, 13.1 mmol), following column chromatography 

(50 g Sfär cartridge; 120 mL/min; initially 100% 

(v/v) dichloromethane (3 CV), followed by a linear gradient (15 CV): 0–15% (v/v) 

acetone in dichloromethane). The analytical data for 41 are consistent with those 

reported.95  

White solid. MP: 161 – 163 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.29 – 8.23 

(m, 2H, H18, H19), 7.58 – 7.53 (m, 2H, H16, H17), 5.34, 5.29 (2H, ABq, J = 13.0 Hz, 

H14), 4.95 (t, J = 3.3 Hz, 1H, H5), 4.59 (s, 1H, H3), 3.36 (d, J = 3.3 Hz, 2H, H6), 1.69 

(s, 3H, H10), 1.17 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 170.8, 

168.3, 148.3, 141.8, 129.2, 124.2, 74.0, 71.1, 66.4, 65.7, 36.2, 20.3, 18.8 ppm. HRMS 

(ESI): m/z calculated for C15H15N2O6S (M–H)– = 351.0656, found 351.0656. IR (film): 
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ṽ = 2981, 1789, 1757, 1609, 1525, 1463, 1349, 1287, 1262 ,1209, 1185, 1161, 1134, 

1090, 1057, 1023 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 205.6 (c = 0.67, CHCl3). 

4-Nitrobenzyl (2S,4S,5R)-4-((methoxycarbonyl)imino)-3,3-dimethyl-7-oxo-4λ6-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (42a). 

Following General Procedure C, sulfoximine 42a 

(161 mg, 0.38 mmol, 95%) was obtained from 

sulfoxide 41 (141 mg, 1.0 equiv., 0.40 mmol) and 

methyl carbamate (45 mg, 1.5 equiv., 0.60 mmol), 

following column chromatography (10 g Sfär 

cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0–60% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.30 – 8.24 (m, 2H, H18, 

H19), 7.58 – 7.53 (m, 2H, H16, H17), 5.33 (m, 2H, H14), 4.95 (dd, J = 4.3, 2.1 Hz, 

1H, H5), 4.50 (s, 1H, H3), 3.74 (s, 3H, H27), 3.72 – 3.61 (m, 2H, H6), 1.74 (s, 3H, 

H10), 1.39 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 170.7, 166.6, 

160.3, 148.4, 141.2, 129.2, 124.3, 67.7, 66.9(2C), 63.9, 54.2, 39.7, 21.3, 18.9 ppm. 

HRMS (ESI): m/z calculated for C17H18N3O8S (M–H)– = 424.0820, found 424.0835. 

IR (film): ṽ = 3660, 2981, 1803, 1761, 1667, 1609, 1525, 1439, 1350, 1281, 1216, 

1188, 1088, 1003 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 120.0 (c = 0.67, CHCl3). 

4-Nitrobenzyl (2S,4S,5R)-4-((tert-butoxycarbonyl)imino)-3,3-dimethyl-7-oxo-4λ6-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (42b). 
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Following General Procedure C, sulfoximine 42b 

(384 mg, 0.82 mmol, 96%) was obtained from 

sulfoxide 41 (300 mg, 1.0 equiv., 0.85 mmol) and 

tert-butyl carbamate (150 mg, 1.5 equiv., 1.27 

mmol), following column chromatography (10 g 

Sfär cartridge; 40 mL/min; initially 100% (v/v) 

cyclohexane (3 CV), followed by a linear gradient (15 CV): 0-45% (v/v) ethyl acetate 

in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.27 (m, 2H, H18, H19), 

7.55 (m, 2H, H16, H17), 5.33 (s, 2H, H14), 4.93 (dd, J = 4.2, 2.2 Hz, 1H, H5), 4.49 (s, 

1H, H3), 3.69 – 3.59 (m, 2H, H6), 1.74 (s, 3H, H10), 1.48 (s, 9H, H28, H29, H30), 

1.39 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 170.9, 166.7, 158.3, 

148.4, 141.3, 129.2, 124.3, 82.3, 67.7, 66.8, 66.7, 63.9, 39.8, 28.2, 21.3, 19.1 ppm. 

HRMS (ESI): m/z calculated for C20H24N3O8S (M-H)- = 466.1290, found 466.1289. 

IR (film): ṽ = 3023, 2956, 1800, 1760, 1717, 1669, 1608, 1559, 1523, 1457, 1437, 

1396, 1348, 1267, 1214, 1188, 1114, 1084 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 95.4 (c = 0.67, CHCl3). 

4-Nitrobenzyl (2S,4S,5R)-4-(((benzyloxy)carbonyl)imino)-3,3-dimethyl-7-oxo-

4λ66-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (42c). 

Following General Procedure C, sulfoximine 42c 

(224 mg, 0.45 mmol, 57%) was obtained from 

sulfoxide 41 (300 mg, 1.0 equiv., 0.85 mmol) and 

benzyl carbamate (191 mg, 1.5 equiv., 1.27 mmol), 

following column chromatography (10 g Sfär 

cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0-50% (v/v) ethyl acetate in cyclohexane).  



Chapter 6 | Materials and Methods  

 

188 
 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.28 – 8.23 (m, 2H, H18, 

H19), 7.57 – 7.51 (m, 2H, H16, H17), 7.38 – 7.30 (m, 5H, H29, H30, H31, H32, H33), 

5.32 (s, 2H, H14), 5.16 (d, J = 12.0 Hz, 1H, H27), 5.09 (d, J = 11.9 Hz, 1H, H27), 4.91 

(dd, J = 3.8, 2.5 Hz, 1H, H5), 4.48 (s, 1H, H3), 3.50 (dd, J = 3.2, 2.3 Hz, 2H, H6), 1.72 

(s, 3H, H10), 1.37 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ = 170.7, 

166.5, 158.9, 148.3, 141.2, 135.5, 129.2, 128.8, 128.7, 128.7, 124.3, 69.1, 67.7, 66.9, 

66.8, 63.8, 39.6, 21.2, 18.8 ppm. HRMS (ESI): m/z calculated for C23H22N3O8S (M-

H)- = 502.1279, found 502.1279. IR (film): ṽ = 3492, 2964, 1804, 1762, 1727, 1665, 

1609, 1526, 1498, 1459, 1379, 1349, 1263, 1217, 1087, 1028 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 70.2 (c = 

0.67, CHCl3). 

4-Nitrobenzyl (2S)-4-((ethoxycarbonyl)imino)-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (42d). 

Following General Procedure C, sulfoximine 42d 

(325 mg, 0.74 mmol, 87%) was obtained from 

sulfoxide 41 (300 mg, 1.0 equiv., 0.85 mmol) and 

ethyl carbamate (113 mg, 1.5 equiv., 1.27 mmol), 

following column chromatography (10 g Sfär 

cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0-45% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.29 – 8.24 (m, 2H, H18, 

H19), 7.57 – 7.53 (m, 2H, H16, H17), 5.33 (s, 2H, H14), 4.95 (dd, J = 4.4, 2.1 Hz, 1H, 

H5), 4.50 (s, 1H, H3), 4.23 – 4.09 (m, 2H, H27), 3.68 (dd, J = 16.7, 4.3 Hz, 1H, H6), 

3.63 (dd, J = 16.6, 2.0 Hz, 1H, H6), 1.74 (s, 3H, H10), 1.39 (s, 3H, H9), 1.30 ppm (t, 

J = 7.2, 3H, H28). 13C NMR (151 MHz, 300 K, CDCl3): δ = 170.8, 166.6, 159.9, 148.4, 

141.2, 129.2, 124.3, 67.6, 66.8(8), 66.8(5), 63.9, 63.3, 39.7, 21.3, 18.9, 14.5 ppm. 
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HRMS (ESI): m/z calculated for C18H20N3O8S (M-H)- = 438.0977, found 438.0977. 

IR (film): ṽ = 3661, 2981, 1804, 1763, 1664, 1609, 1526, 1464, 1370, 1350, 1263, 

1217, 1187, 1091, 1019 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 93.3 (c = 0.67, CHCl3). 

4-Nitrobenzyl (2S,4S,5R)-3,3-dimethyl-4-((methylsulfonyl)imino)-7-oxo-4λ6-thia-

1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (42e). 

Following General Procedure C, sulfoximine 42e 

(219 mg, 0.49 mmol, 58%) was obtained from 

sulfoxide 41 (300 mg, 1.0 equiv., 0.85 mmol) and 

methyl sulfonamide (121 mg, 1.5 equiv., 1.27 

mmol), following column chromatography (10 g 

Sfär cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a 

linear gradient (15 CV): 0-50% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 8.30 – 8.23 (m, 2H, H18, 

H19), 7.59 – 7.52 (m, 2H, H16, H17), 5.34 (s, 2H, H14), 5.09 (dd, J = 4.5, 1.8 Hz, 1H, 

H5), 4.46 (s, 1H, H3), 3.69 (dd, J = 16.9, 4.5 Hz, 1H, H6), 3.54 (dd, J = 16.9, 1.8 Hz, 

1H, H6), 3.16 (s, 3H, H27), 1.72 (s, 3H, H10), 1.44 ppm (s, 3H, H9). 13C NMR (151 

MHz, 300 K, CDCl3): δ = 170.3, 166.2, 148.4, 141.1, 129.3, 124.3, 68.9, 68.2, 67.0, 

63.0, 45.3, 39.6, 21.3, 18.6 ppm. HRMS (ESI): m/z calculated for C16H18N3O8S2 (M-

H)- = 444.0541, found 444.0560. IR (film): ṽ = 3369, 2981, 1804, 1747, 1658, 1609, 

1525, 1462, 1350, 1317, 1261, 1218, 1189, 1165, 1142, 1093, 1063 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 

17.7 (c = 0.67, CHCl3). 

[1,1'-Biphenyl]-4-ylmethyl (2S,5R,6S)-6-bromo-3,3-dimethyl-7-oxo-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate (43).  
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Following General Procedure A, ester 43 

(11.81 g, 26.5 mmol, 99%) was obtained from 

acid 16 (7.5 g, 1.0 equiv., 26.8 mmol) and 4-

(bromomethyl)-1,1'-biphenyl (7.28 g, 1.1 

equiv., 29.4 mmol), following column chromatography (330 g Sfär cartridge; 200 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0–10% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.64 – 7.57 (m, 4H, H19, 

H20, H23, H24), 7.48 – 7.42 (m, 4H, H17, H18, H25, H26), 7.40 – 7.34 (m, 1H, H27), 

5.44 (d, J = 1.5 Hz, 1H, H6), 5.26, 5.22 (2H, ABq, J = 12.1 Hz, H15), 4.81 (d, J = 1.5 

Hz, 1H, H5), 4.59 (s, 1H, H3), 1.61 (s, 3H, H10), 1.42 ppm (s, 3H, H9). 13C NMR 

(151 MHz, 300 K, CDCl3): δ = 167.4, 167.0, 141.9, 140.6, 133.7, 129.3, 129.0, 127.8, 

127.6, 127.3, 70.7, 70.1, 67.4, 65.2, 49.6, 34.2, 25.9 ppm. HRMS (ESI): m/z calculated 

for C21H19BrNO3S (M–H)– = 444.0275, found 444.0267. IR (film): ṽ = 2980, 1789, 

1746, 1600, 1548, 1486, 1451, 1296, 1203, 1181 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 92.3 (c = 1.83, 

CHCl3). 

[1,1'-Biphenyl]-4-ylmethyl (2S,5R)-3,3-dimethyl-7-oxo-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate (44). 

To a solution of 43 (11.8 g, 1.0 equiv., 26.4 

mmol) in anhydrous methanol (53 mL) was 

added tributylphosphine (5.4 g, 6.6 mL, 1.0 

equiv., 26.4 mmol) dropwise. The reaction 

mixture was stirred for 1 h at ambient temperature, before being evaporated. The crude 

material was purified using silica column chromatography (100 g Sfär cartridge; 120 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 
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CV): 0–90% (v/v) dichloromethane in cyclohexane) affording ester 44 (5.78 g. 15.7 

mmol, 60%).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.63 – 7.57 (m, 4H, H18, 

H19, H22, H23), 7.48 – 7.42 (m, 4H, H16, H17, H24, H25), 7.40 – 7.34 (m, 1H, H26), 

5.30 (dd, J = 4.2, 1.8 Hz, 1H, H5), 5.24, 5.22 (2H, ABq, J = 12.2 Hz, H14), 4.51 (s, 

1H, H3), 3.56 (dd, J = 15.9, 4.2 Hz, 1H, H6), 3.07 (dd, J = 15.9, 1.8 Hz, 1H, H6), 1.65 

(s, 3H, H10), 1.43 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3) δ 172.5, 

168.1, 141.8, 140.6, 134.0, 129.3, 129.0, 127.7, 127.6, 127.3, 70.4, 67.3, 65.9, 60.8, 

46.7, 32.0, 26.9 ppm. HRMS (ESI): m/z calculated for C21H21NO3SNa (M+Na)+ = 

390.1134, found 390.1135. IR (film): ṽ = 3847, 3775, 3697, 3663, 3638, 1784, 1691, 

1659, 1584, 1549, 1530, 1486, 1463, 1298, 1206 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 129.5 (c = 0.53, 

CHCl3). 

[1,1'-Biphenyl]-4-ylmethyl (2S,5R)-3,3-dimethyl-7-oxo-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (45).  

Following General Procedure B, sulfoxide 45 

(5.07 g, 13.2 mmol, 84%) was obtained from 

sulfide 44 (5.78 g, 15.7 mmol), following 

column chromatography (50 g Sfär cartridge; 

120 mL/min; initially 100% (v/v) cyclohexane 

(3 CV), followed by a linear gradient (15 CV): 0–75% (v/v) ethyl acetate in 

cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.64 – 7.57 (m, 4H, H18, 

H19, H22, H23), 7.48 – 7.42 (m, 4H, H16, H17, H24, H25), 7.40 – 7.34 (m, 1H, H26), 

5.33, 5.21 (2H, ABq, J = 12.1 Hz, H14), 4.94 (t, J = 3.3 Hz, 1H, H5), 4.57 (s, 1H, H3), 

3.38 – 3.32 (m, 2H, H6), 1.68 (s, 3H, H10), 1.14 ppm (s, 3H, H9). 13C NMR (151 



Chapter 6 | Materials and Methods  

 

192 
 

MHz, 300 K, CDCl3): δ = 170.8, 168.4, 141.9, 140.5, 133.8, 129.4, 129.0, 127.8, 127.6, 

127.3, 74.1, 71.1, 67.8, 65.8, 36.2, 20.4, 18.7 ppm. HRMS (ESI): m/z calculated for 

C21H22NO4S (M+H)+ = 384.1264, found 384.1264. IR (film): ṽ = 3789, 3696, 3662, 

1788, 1659, 1584, 1548, 1485, 1206, 1058 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 120.8 (c = 0.69, CHCl3). 

[1,1'-Biphenyl]-4-ylmethyl (2S,4S,5R)-4-((methoxycarbonyl)imino)-3,3-dimethyl-

7-oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (46a). 

Following General Procedure C, sulfoximine 

46a (250 mg, 0.76 mmol, 65%) was obtained 

from sulfoxide 45 (450 mg, 1.0 equiv., 1.2 

mmol) and methyl carbamate (132 mg, 1.5 

equiv., 1.8 mmol), following column 

chromatography (25 g Sfär cartridge; 80 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0–40% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.64 – 7.56 (m, 4H, H18, 

H19, H22, H23), 7.48 – 7.42 (m, 4H, H16, H17, H24, H25), 7.40 – 7.34 (m, 1H, H26), 

5.32, 5.25 (2H, ABq, J = 12.0 Hz, H14), 4.94 (dd, J = 4.3, 2.0 Hz, 1H, H5), 4.49 (s, 

1H, H3), 3.73 (s, 3H, H32), 3.67 (dd, J = 16.8, 4.2 Hz, 1H, H6), 3.62 (dd, J = 16.6, 2.1 

Hz, 1H, H6), 1.72 (s, 3H, H10), 1.35 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 170.7, 166.7, 160.3, 142.2, 140.4, 133.3, 129.5, 129.0, 127.9, 127.7, 127.3, 

68.3, 67.8, 66.9, 63.9, 54.1, 39.6, 21.2, 18.9 ppm. HRMS (ESI): m/z calculated for 

C23H25N2O6S (M+H)+ = 457.1428, found 457.1430. IR (film): ṽ = 3846, 3789, 3696, 

3662, 3640, 1804, 1758, 1665, 1583, 1548, 1529, 1485, 1462, 1441, 1282, 1143, 1062 

cm-1. [𝛼]𝟐𝟓
𝑫

 = + 93.3 (c = 0.45, CHCl3). 
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[1,1'-Biphenyl]-4-ylmethyl (2S,4S,5R)-3,3-dimethyl-4-((methylsulfonyl)imino)-7-

oxo-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (46b). 

Following General Procedure C, sulfoximine 

46b (362 mg, 0.76 mmol, 65%) was obtained 

from sulfoxide 45 (450 mg, 1.0 equiv., 1.2 

mmol) and methyl sulfonamide (167 mg, 1.5 

equiv., 1.8 mmol), following column 

chromatography (25 g Sfär cartridge; 80 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0-40% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid.  1H NMR (600 MHz, 300 K, CDCl3): δ = 7.65 – 7.56 (m, 4H, H18, 

H19, H22, H23), 7.49 – 7.42 (m, 4H, H16, H17, H24, H25), 7.41 – 7.35 (m, 1H, H26), 

5.33, 5.25 (2H, ABq, J = 11.9 Hz, H14), 5.07 (dd, J = 4.4, 1.8 Hz, 1H, H5), 4.44 (s, 

1H, H3), 3.68 (dd, J = 16.8, 4.4 Hz, 1H, H6), 3.52 (dd, J = 16.8, 1.8 Hz, 1H, H6), 3.14 

(s, 3H, H32), 1.70 (s, 3H, H10), 1.39 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 170.3, 166.3, 142.3, 140.4, 133.2, 129.6, 129.1, 127.9, 127.8, 127.3, 68.9, 

68.5, 68.2, 63.0, 45.3, 39.5, 21.2, 18.6 ppm. HRMS (ESI): m/z calculated for 

C22H24N2O6S2Na (M+Na)+ = 499.0968, found 499.0964. IR (film): ṽ = 3847, 3811, 

3789, 3740, 3696, 3682, 3661, 3638, 1805, 1758, 1710, 1691, 1659, 1641, 1584, 1548, 

1529, 1512, 1484, 1467, 1318, 1223, 1189, 1144, 1064 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 91.7 (c = 0.53, 

CHCl3). 

4-Methoxybenzyl (2S,4R,5R)-4-((methoxycarbonyl)imino)-3,3-dimethyl-7-oxo-

4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (47). 



Chapter 6 | Materials and Methods  

 

194 
 

Following General Procedure C, sulfoximine 47 

(69 mg, 0.17 mmol, 63%) was obtained by reaction 

of sulfoxide 25 (90 mg, 1.0 equiv., 0.27 mmol) and 

methyl carbamate (30 mg, 1.5 equiv., 0.40 mmol), 

following column chromatography (10 g Sfär 

cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0–50% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (700 MHz, 300 K, CDCl3): δ = 7.33 – 7.28 (m, 2H, H16, 

H17), 6.92 – 6.87 (m, 2H, H18, H19), 5.24, 5.10 (2H, ABq, J = 11.7 Hz, H14), 4.91 

(dd, J = 3.2, 1.1 Hz, 1H, H5), 4.49 (s, 1H, H3), 3.82 (s, 3H, H22), 3.72 (s, 3H, H28), 

3.60 (dd, J = 3.2, 1.2 Hz, 2H, H6), 1.62 (s, 3H, H10), 1.33 ppm (s, 3H, H9). 13C NMR 

(176 MHz, 300 K, CDCl3): δ = 169.8, 166.5, 160.3, 159.3, 130.9, 126.6, 114.3, 68.3(2), 

68.3, 67.2, 64.0, 55.5, 54.0, 41.3, 20.8, 19.2 ppm. HRMS (ESI): m/z calculated for 

C18H20N2O7S (M–H)– = 409.1075, found 409.1087. IR (film): ṽ = 2958, 1802, 1754, 

1680, 1614, 1517, 1441, 1257 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 17.4 (c = 0.34, CHCl3). 

4-Methoxybenzyl (2S,4R,5R)-4-imino-3,3-dimethyl-7-oxo-4λ6-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (48).  

To a solution of sulfoximine 26 (620 mg, 1.0 equiv., 

1.27 mmol) in anhydrous ethyl acetate (12.7 mL) 

was added 10% wt Pd/C (271 mg, 2.0 equiv., 2.55 

mmol). Using a Schlenk line, the reaction mixture 

was evacuated and backfilled with hydrogen gas 3 

times. The reaction mixture was stirred at ambient temperature for 6 h under a 

hydrogen atmosphere before being filtered over Celite®, washed with ethyl acetate, 

and evaporated. The crude material was purified using silica column chromatography 
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(25 g Sfär cartridge; 80 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed 

by a linear gradient (15 CV): 0–100% (v/v) ethyl acetate in cyclohexane) to give 

compound 48 (200 mg, 0.57 mmol, 45%). 

White solid. MP: decomposition. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.35 – 7.27 

(m, 2H, H16, H17), 6.93 – 6.86 (m, 2H, H18, H19), 5.24, 5.09 (2H, ABq, J = 11.7 Hz, 

H14), 4.60 (dd, J = 4.3, 1.7 Hz, 1H, H5), 4.30 (s, 1H, H3), 3.82 (s, 3H, H22), 3.44 (dd, 

J = 16.0, 4.4 Hz, 1H, H6), 3.34 (dd, J = 16.0, 1.7 Hz, 1H, H6), 2.70 (s, 1H, H24), 1.56 

(s, 3H, H10), 1.27 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, CDCl3): δ 171.4, 

167.5, 160.2, 130.9, 126.8, 114.2, 68.0, 64.4, 64.0, 63.1, 55.5, 38.3, 20.0, 19.0 ppm. 

HRMS (ESI): m/z calculated for C16H21N2O5S (M+H)+ = 409.1075, found 409.1087. 

IR (film): ṽ = 3653, 2980, 2889, 1796, 1752, 1614, 1517, 1463, 1382, 1258, 1174, 

1083 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 40.7 (c = 0.23, CHCl3). 

4-Methoxybenzyl (2S,4R,5R)-3,3-dimethyl-7-oxo-4-

((phenethylcarbamoyl)imino)-4λ6-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 

4-oxide (49).  

Following General Procedure H, urea 

49 (34 mg, 68 μmol, 32%) was obtained 

from NH-sulfoximine 48 (75 mg, 1.0 

equiv., 0.21 mmol) and (2-

isocyanatoethyl)benzene (50 mg, 1.6 

equiv., 0.34 mmol), following column 

chromatography (5 g Sfär cartridge; 20 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0–55% (v/v) ethyl acetate in cyclohexane). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.34 – 7.27 (m, 4H, H16, 

H17, H33, H34), 7.25 – 7.14 (m, 3H, H31, H32, H35), 6.93 – 6.88 (m, 2H, H18, H19), 
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5.22 (d, J = 11.7 Hz, 1H, H14), 5.15 – 5.07 (m, 2H, H14, H27), 4.93 – 4.88 (dd, J = 

4.5, 1.7 Hz, 1H, H5), 4.39 (s, 1H, H3), 3.82 (s, 3H, H22), 3.69 (dd, J = 17.0, 1.7 Hz, 

1H, H6), 3.53 (dd, J = 17.0, 4.5 Hz, 1H, H6), 3.50 – 3.38 (m, 2H, H28), 2.85 – 2.75 

(m, 2H, H29), 1.54 (s, 3H, H10), 1.30 ppm (s, 3H, H9). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 171.0, 166.8, 160.3, 159.1, 139.1, 130.9, 129.0, 128.78 126.7, 126.6, 

114.1, 68.2, 67.6, 67.1, 64.1, 55.5, 42.1, 41.2, 36.2, 20.6, 19.2 ppm. HRMS (ESI): m/z 

calculated for C25H28N3O6S (M–H)– = 498.1704, found 498.1697. IR (film): ṽ = 3649, 

2980, 2360, 1798, 1750, 1616, 1517, 1459, 1383, 1261, 1086 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 13.1 (c = 

0.11, CHCl3). 

(6R,7S)-7-Bromo-3-methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-

carboxylic acid (51).  

To a solution of HBr (13.8 g, 9.24 mL, 48% wt, 3.5 equiv., 812 

mmol) in methanol (30 mL) and 9mL deionized water at -10 °C 

was added 7-aminodesacetoxycephalosporanic acid (5.00 g, 1.0 

equiv., 23 mmol) followed by sodium nitrite (2.4 g, 1.5 equiv., 35 mmol) in 4 mL water 

dropwise over 30 min. The reaction mixture was stirred for an additional 30 min at 

ambient temperature before the addition of NaCl (2 g). The reaction mixture was 

extracted with dichloromethane 3 times. The combined organic extracts were washed 

with brine, dried over anhydrous Na2SO4, and evaporated in vacuo. The crude material 

was purified using silica column chromatography (50 g Sfär cartridge; 120 mL/min; 

initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0-

40% (v/v) ethyl acetate in cyclohexane) to give acid 51 (3.1 g, 11 mmol, 48%). The 

1H NMR data for 51 was not consistent with those reported.149 Previous 1H NMR data 

were reported at 200 MHz. 
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Yellow Solid. MP: 130 – 132 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 4.85 (d, J 

= 1.6 Hz, 1H, H7), 4.70 (d, J = 1.6 Hz, 1H, H6), 3.48 (dq, J = 17.9, 0.9 Hz, 1H, H2), 

3.30 (d, J = 17.8 Hz, 1H, H2), 2.25 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 164.2, 160.4, 136.8, 123.4, 59.3, 46.9, 32.2, 20.4 ppm. HRMS (ESI): m/z 

calculated for C8H8BrNO3SNa (M+Na)+ = 301.9279, found 301.9280. IR (film): ṽ = 

3788, 3662, 2981, 1784, 1724, 1631, 1549, 1513, 1381, 1241, 1162, 1070 cm-1. [𝛼]𝟐𝟓
𝑫

 

= + 137.1 (c = 0.58, CHCl3). 

4-Methoxybenzyl (6R,7S)-7-bromo-3-methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-

2-ene-2-carboxylate (52). 

Following General Procedure A, ester 52 (2.86 g, 

7.2 mmol, 64%) was obtained from acid 51 (3.1 g, 

1.0 equiv., 11.1 mmol) and 1-(bromomethyl)-4-

methoxybenzene (2.24 g, 1.0 equiv., 11.1 mmol), 

following column chromatography (25 g Sfär cartridge; 80 mL/min; initially 100% 

(v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0-20% (v/v) ethyl 

acetate in cyclohexane).  

Amorphous Solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.39 – 7.34 (m, 2H, H16, 

H17), 6.92 – 6.87 (m, 2H, H18, H19), 5.29, 5.19 (2H, ABq, J = 11.9 Hz, H14), 4.79 

(d, J = 1.6 Hz, 1H, H7), 4.66 (d, J = 1.6 Hz, 1H, H6), 3.81 (s, 3H, H22), 3.42 (dd, J = 

17.7, 1.0 Hz, 1H, H2), 3.22 (d, J = 17.8 Hz, 1H, H2), 2.10 ppm (s, 3H, H10). 13C NMR 

(151 MHz, 300 K, CDCl3): δ = 161.8, 159.9, 159.2, 131.4, 130.5, 127.4, 124.0, 114.1, 

67.6, 58.7, 55.4, 47.3, 31.7, 19.8 ppm. HRMS (APCI): m/z calculated for 

C16H16BrNO4SNa (M+Na)+ = 419.9876, found 419.9878. IR (film): ṽ = 3661, 2981, 

2890, 1787, 1725, 1613, 1516, 1384, 1361, 1304, 1249, 1177, 1117, 1038 cm-1. [𝛼]𝟐𝟓
𝑫

 

= + 217.1 (c = 0.59, CHCl3). 
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4-Methoxybenzyl (6R,7S)-7-bromo-3-methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-

2-ene-2-carboxylate 5-oxide (53). 

Following General Procedure B, sulfoxide 53 

(1.51 g, 3.64 mmol, 51%) was obtained from ester 

52 (2.86 g, 1.0 equiv., 7.18 mmol), following 

column chromatography (25 g Sfär cartridge; 80 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0-45% (v/v) ethyl acetate in cyclohexane).  

Amorphous Solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.41 – 7.35 (m, 2H, H16, 

H17), 6.93 – 6.87 (m, 2H, H18, H19), 5.32, 5.22 (2H, ABq, J = 11.8 Hz, H14), 5.09 

(d, J = 1.6 Hz, 1H, H6), 4.47 (d, J = 1.7 Hz, 1H, H7), 3.81 (s, 3H, H22), 3.63 (d, J = 

18.7 Hz, 1H, H2), 3.27 (d, J = 1.6 Hz, 1H, H2), 2.07 ppm (s, 3H, H10). 13C NMR (151 

MHz, CDCl3): δ = 160.7, 160.0, 157.9, 130.8, 127.2, 123.8, 120.7, 114.1, 69.2, 68.0, 

55.4, 49.9, 42.4, 20.1 ppm. HRMS (ESI): m/z calculated for C16H15BrNO5S (M-H)- = 

411.9860, found 411.9862. IR (film): ṽ = 3847, 3789, 3717, 3697, 3682, 3662, 3642, 

2980, 2900, 1782, 1724, 1691, 1659, 1641, 1612, 1549, 1516, 1463, 1385, 1304, 1263, 

1055 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 155.0 (c = 0.41, CHCl3). 

4-Methoxybenzyl (6R)-3-methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-

carboxylate 5-oxide (54). 

To a solution of sulfoxide 53 (1.51 g, 1.0 equiv., 3.64 

mmol) in anhydrous methanol (18 mL) was added 

tributylphosphine (890 mg, 1.1 mL, 1.2 equiv., 4.4 

mmol) dropwise under N2 atmosphere. The reaction 

mixture was stirred for 1 h at ambient temperature before being concentrated in vacuo. 

The crude material was purified using column chromatography (25 g Sfär cartridge; 
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80 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0-100% (v/v) ethyl acetate in cyclohexane) to afford sulfoxide 54 (1.0 g, 3.0 

mmol, 82%).  

Amorphous Solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.40 – 7.34 (m, 2H, H16, 

H17), 6.93 – 6.86 (m, 2H, H18, H19), 5.28 – 5.18 (m, 2H, H14), 4.35 (dt, J = 4.5, 2.0 

Hz, 1H, H6), 3.81 (s, 3H, H22), 3.60 (d, J = 18.5 Hz, 1H, H2), 3.43 (dd, J = 15.5, 4.8 

Hz, 1H, H7), 3.38 (dd, J = 15.5, 2.3 Hz, 1H, H7), 3.25 (d, J = 18.4, 1.5 Hz, 1H, H2), 

2.07 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, CDCl3): δ = 161.4, 161.4, 160.0, 

130.9, 127.3, 124.0, 119.4, 114.1, 67.9, 60.6, 55.4, 49.9, 39.8, 20.1 ppm. HRMS (ESI): 

m/z calculated for C16H17NO5SNa (M+Na)+ = 358.0720, found 358.0720. IR (film): ṽ 

= 3662, 2981, 2889, 2363, 1782, 1725, 1613, 1517, 1462, 1383, 1305, 1252, 1152, 

1073 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 123.3 (c = 0.19, CHCl3). 

4-Methoxybenzyl (6R)-5-(((benzyloxy)carbonyl)imino)-3-methyl-8-oxo-5λ6-thia-

1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide (55a). 

Following General Procedure C, sulfoximine 55a 

(125 mg, 0.26 mmol, 72%) was obtained from 

sulfoxide 54 (120 mg, 1.0 equiv., 0.36 mmol) and 

benzyl carbamate (81 mg, 1.5 equiv., 0.54 mmol), 

following column chromatography (10 g Sfär 

cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0-35% (v/v) ethyl acetate in cyclohexane).  

Amorphous Solid. 1H NMR (600 MHz, CDCl3): δ = 7.39 – 7.31 (m, 7H, H16, H17, 

H30, H31, H32, H33, H34), 6.93 – 6.86 (m, 2H, H18, H19), 5.24 (d, J = 12.0 Hz, 1H, 

H14), 5.20, 5.14 (2H, ABq, J = 11.9 Hz, H14), 5.11 (d, J = 12.1 Hz, 1H, H28), 4.90 

(dt, J = 4.9, 1.6 Hz, 1H, H6), 4.10 (d, J = 18.5 Hz, 1H, H2), 4.04 (d, J = 18.5 Hz, 1H, 
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H2), 3.81 (s, 3H, H22), 3.72 (dd, J = 16.3, 2.0 Hz, 1H, H7), 3.52 (dd, J = 16.4, 4.9 Hz, 

1H, H7), 2.06 ppm (s, 3H, H10). 13C NMR (151 MHz, CDCl3): δ = 160.9 (2C assigned 

via HMBC), 160.2, 158.7, 135.7, 130.9, 128.8, 128.6, 128.5, 126.9, 125.4, 123.6, 

114.2, 68.8, 68.3, 65.1, 55.4, 54.3, 40.8, 19.5 ppm. HRMS (ESI): m/z calculated for 

C24H23N2O7S (M-H)- = 483.1231, found 483.1236. IR (film): ṽ = 3788, 3682, 3662, 

3020, 2956, 1798, 1727, 1666, 1613, 1548, 1517, 1452, 1381, 1353, 1303, 1271, 1179, 

1128, 1047 cm-1. [𝛼]𝟐𝟓
𝑫

  = – 46.3 (c = 0.19, CHCl3). 

4-Methoxybenzyl (6R)-5-((methoxycarbonyl)imino)-3-methyl-8-oxo-5λ6-thia-1-

azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide (55b). 

Following General Procedure C, sulfoximine 55b 

(84 mg, 0.21 mmol, 57%) was obtained from 

sulfoxide 54 (120 mg, 1.0 equiv., 0.36 mmol) and 

methyl carbamate (40 mg, 1.5 equiv., 0.54 mmol), 

following column chromatography (10 g Sfär 

cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0-60% (v/v) ethyl acetate in cyclohexane).  

Amorphous Solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.37 – 7.31 (m, 2H, H16, 

H17), 6.93 – 6.86 (m, 2H, H18, H19), 5.24, 5.21 (2H, ABq, J = 11.9 Hz, H14), 4.92 

(dt, J = 4.7, 1.6 Hz, 1H, H6), 4.11 (d, J = 18.5 Hz, 1H, H2), 4.05 (d, J = 1.3 Hz, 1H, 

H2), 3.81 (s, 3H, H22), 3.76 (dd, J = 16.4, 2.0 Hz, 1H, H7), 3.73 (s, 3H, H28), 3.59 

(dd, J = 16.4, 4.9 Hz, 1H, H7), 2.07 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 161.0, 160.2, 160.2, 159.5, 130.9, 126.9, 125.3, 123.6, 114.2, 68.3, 65.0, 

55.4, 54.2, 53.9, 40.8, 19.5 ppm. HRMS (ESI): m/z calculated for C18H19N2O7S (M-

H)- = 407.0918, found 407.0930. IR (film): ṽ = 3786, 3697, 3661, 2958, 1792, 1729, 
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1668, 1612, 1516, 1435, 1381, 1358, 1283, 1177, 1129, 1051 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 61.1 (c = 

0.35, CHCl3). 

4-Methoxybenzyl (6R,7S)-7-bromo-3-methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-

2-ene-2-carboxylate 5-oxide (57). 

Following General Procedure B, 57  (280 mg, 0.68 

mmol, 9%) was obtained from ester 52 (2.86 g, 1.0 

equiv., 7.18 mmol), following column 

chromatography (25 g Sfär cartridge; 80 mL/min; 

initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0-

45% (v/v) ethyl acetate in cyclohexane).  

Amorphous Solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.38 – 7.32 (m, 2H, H16, 

H17), 6.93 – 6.87 (m, 2H, H18, H19), 5.29, 5.19 (2H, ABq, J = 11.9 Hz, H14), 5.06 

(d, J = 1.6 Hz, 1H, H6), 4.54 (d, J = 1.6 Hz, 1H, H7), 3.81 (m, 4H, H2, H22), 3.53 (dd, 

J = 16.9, 1.3 Hz, 1H, H2), 2.11 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, CDCl3): 

δ = 160.5, 160.1, 157.4, 130.7, 129.0, 126.9, 124.0, 114.2, 74.8, 68.1, 55.4, 55.0, 44.3, 

19.9 ppm. HRMS (ESI): m/z calculated for C16H15BrNO5S (M-H)- = 411.9860, found 

411.9852. IR (film): ṽ = 3789, 3661, 3638, 2981, 2889, 1798, 1726, 1659, 1613, 1549, 

1516, 1462, 1384, 1305, 1251, 1177, 1063 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 32.0 (c = 0.24, CHCl3).  

4-Methoxybenzyl (6R)-3-methyl-8-oxo-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-

carboxylate 5-oxide (58). 

To a solution of sulfoxide 57 (280 mg, 1.0 equiv., 

0.68 mmol) in methanol (3 mL) was added 

tributylphosphine (160 mg, 0.2 mL, 1.2 equiv., 0.81 

mmol) dropwise. The reaction mixture was stirred 

for 1 h at ambient temperature before being 
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evaporated in vacuo. The crude material was purified by column chromatography (10 

g Sfär cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a 

linear gradient (15 CV): 0-100% (v/v) ethyl acetate in cyclohexane) to afford sulfoxide 

58 (180 mg, 0.54 mmol, 80%).  

Amorphous Solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.37 – 7.31 (m, 2H, H16, 

H17), 6.92 – 6.86 (m, 2H, H18, H19), 5.24, 5.18 (2H, ABq, J = 11.9 Hz, H14), 4.37 

(dd, J = 4.9, 2.1 Hz, 1H, H6), 3.84 – 3.78 (m, 4H, H2, H22), 3.69 (dd, J = 16.2, 4.9 

Hz, 1H, H7), 3.47 (dd, J = 17.1, 1.3 Hz, 1H, H2), 3.36 (dd, J = 16.2, 2.1 Hz, 1H, H7), 

2.09 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, CDCl3): δ = 161.2, 160.8, 160.1, 

130.9, 127.3, 127.0, 124.0, 114.2, 68.0, 66.1, 55.4, 54.7, 43.4, 19.8 ppm. HRMS (ESI): 

m/z calculated for C16H17NO5SNa (M+Na)+ = 358.0720, found 358.0720. IR (film): ṽ 

= 3775, 3661, 2981, 2889, 1785, 1726, 1613, 1549, 1517, 1462, 1382, 1305, 1251, 

1151, 1072 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 40.6 (c = 0.2, CHCl3). 

4-Methoxybenzyl (6R)-5-(((benzyloxy)carbonyl)imino)-3-methyl-8-oxo-5λ6-thia-

1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide (59a). 

Following General Procedure C, 

sulfoximine 59a (62 mg, 0.13 mmol, 

36%) was obtained from sulfoxide 58  

(120 mg, 1.0 equiv., 0.36 mmol) and 

benzyl carbamate (81 mg, 1.5 equiv., 0.54 

mmol), following column chromatography (10 g Sfär cartridge; 40 mL/min; initially 

100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0-35% (v/v) 

ethyl acetate in cyclohexane).  

Amorphous Solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.41 – 7.29 (m, 7H, H16, 

H17, H30, H31, H32, H33, H34), 6.93 – 6.87 (m, 2H, H18, H19), 5.26 – 5.14 (m, 3H, 
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H14, H28), 5.09 (d, J = 12.3 Hz, 1H, H28), 4.85 (d, J = 18.0 Hz, 1H, H2), 4.74 – 4.70 

(m, 1H, H6), 3.90 (d, J = 18.1 Hz, 1H, H2), 3.83 – 3.80 (m, 4H, H7, H22), 3.48 (dd, J 

= 15.8, 4.9 Hz, 1H, H7), 2.06 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, CDCl3): 

δ = 161.0, 160.6, 160.2, 159.2, 135.9, 130.9, 128.7, 128.4, 128.3, 127.8, 126.9, 123.8, 

114.2, 68.7, 68.2, 65.2, 55.5, 52.2, 40.6, 19.7 ppm. HRMS (ESI): m/z calculated for 

C24H23N2O7S (M-H)- = 483.1231, found 483.1235. IR (film): ṽ = 3661, 2981, 1797, 

1727, 1667, 1517, 1462, 1382, 1264, 1126 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 43.0 (c = 0.26, CHCl3). 

4-Methoxybenzyl (6R)-5-((methoxycarbonyl)imino)-3-methyl-8-oxo-5λ6-thia-1-

azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide (59b). 

Following General Procedure C, sulfoximine 59b 

(95 mg, 0.23 mmol, 65%) was obtained from 

sulfoxide 58 (120 mg, 1.0 equiv., 0.36 mmol) and 

methyl carbamate (40 mg, 1.5 equiv., 0.54 mmol), 

following column chromatography (10 g Sfär 

cartridge; 40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0-45% (v/v) ethyl acetate in cyclohexane).  

Amorphous Solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.36 – 7.32 (m, 2H, H16, 

H17), 6.93 – 6.86 (m, 2H, H18, H19), 5.23, 5.19 (2H, ABq, J = 11.8 Hz, H14), 4.93 

(d, J = 18.2 Hz, 1H, H2), 4.72 (dt, J = 4.6, 1.5 Hz, 1H, H6), 3.91 (d, J = 18.2 Hz, 1H, 

H2), 3.84 (dd, J = 15.9, 2.0 Hz, 1H, H7), 3.81 (s, 3H, H22), 3.73 (s, 3H, H28), 3.51 

(dd, J = 15.8, 4.9 Hz, 1H, H7), 2.08 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, 

CDCl3): δ = 161.0, 160.6, 160.2, 159.9, 130.9, 130.5, 126.9, 123.6, 114.2, 68.2, 64.9, 

55.5, 54.0, 51.8, 40.4, 19.6 ppm. HRMS (ESI): m/z calculated for C18H19N2O7S (M-

H)- = 407.0918, found 407.0927. IR (film): ṽ = 3662, 2981, 1798, 1727, 1676, 1613, 

1517, 1442, 1382, 1265, 1127, 1071 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 49.4 (c = 0.22, CHCl3). 
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(6R,7R)-3-Methyl-8-oxo-7-(2-phenylacetamido)-5-thia-1-azabicyclo[4.2.0]oct-2-

ene-2-carboxylic acid (61). 

To a solution of 7-

aminodesacetoxycephalosporanic acid (5.0 g, 1.0 

equiv., 23 mmol) and NaHCO3 (10.7 g, 5.5 equiv., 

128 mmol) in deionized water (100 mL) and 

acetone (18 mL) was added dropwise phenylacetyl chloride (6.1 g, 1.7 equiv., 40 

mmol). The reaction mixture was stirred at ambient temperature for 16 h before being 

acidified to pH 2 with 4 M HCl and extracted with dichloromethane. The combined 

organic phases were dried over anhydrous Na2SO4 and evaporated in vacuo. The crude 

material was purified using silica column chromatography (50 g Sfär cartridge; 120 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0-100% (v/v) ethyl acetate in cyclohexane) affording acid 61 (7.0 g, 22 mmol, 

90%). The analytical data for 61 are consistent with those reported.184 

White solid. MP: 198 – 200 °C. 1H NMR (600 MHz, 300 K, MeOD-d4): δ = 7.34 – 

7.21 (m, 5H, H16, H17, H18, H19, H20), 5.63 (d, J = 4.6 Hz, 1H, H7), 5.03 (d, J = 4.6 

Hz, 1H, H6), 3.65 – 3.53 (m, 2H, H14), 3.57-3.54 (m, 1H, H2), 3.36 – 3.31 (s, 1H, 

H2), 2.14 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, MeOD-d4): δ = 174.6, 166.2, 

165.6, 136.5, 134.3, 130.2, 129.5, 128.0, 124.2, 60.5, 58.8, 43.2, 30.8, 19.9 ppm. 

HRMS (ESI): m/z calculated for C16H15N2O4S (M-H)- = 331.0758, found 331.0769. 

IR (film): ṽ = 3530, 3270, 1777, 1727, 1697, 1658, 1629, 1542, 1497, 1413, 1375, 

1355, 1293, 1229, 1190, 1162, 1067, 1040 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 102.6 (c = 0.67, CH3CN). 

4-Nitrobenzyl (6R,7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-thia-1-

azabicyclo[4.2.0]oct-2-ene-2-carboxylate (62).  
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Following General Procedure A, ester 

62 (70 mg, 9.7 mmol, 69%) was 

obtained from acid 61 (5.0 g, 1.0 

equiv., 14 mmol) and 1-

(bromomethyl)-4-nitrobenzene (3.03, 

1.0 equiv., 14 mmol), following column chromatography (50 g Sfär cartridge; 120 

mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0-50% (v/v) ethyl acetate in cyclohexane). The analytical data for 62 are 

consistent with those reported.185  

Yellow solid. MP: 142 – 144 °C. 1H NMR (600 MHz, 300 K, CDCl3) δ 8.26 – 8.19 

(m, 2H, H28, H29), 7.59 – 7.54 (m, 2H, H26, H27), 7.39 – 7.26 (m, 5H, H16, H17, 

H18, H19, H20), 6.02 (d, J = 9.0 Hz, 1H, H11), 5.79 (dd, J = 9.0, 4.7 Hz, 1H, H7), 

5.35, 5.27 (2H, ABq, J = 13.1 Hz, H24),v 4.95 (d, J = 4.7 Hz, 1H, H6), 3.65 (q, J = 

16.2 Hz, 2H, H14), 3.53 – 3.46 (m, 1H, H2), 3.22 – 3.11 (m, 1H, H2), 2.13 ppm (s, 

3H, H10). 13C NMR (151 MHz, 300 K, CDCl3) δ 171.1, 164.7, 161.6, 147.9, 142.3, 

133.6, 132.9, 129.5, 129.2, 128.9, 127.8, 123.8, 122.0, 66.0, 59.0, 57.1, 43.4, 30.2, 20.2 

ppm. HRMS (ESI): m/z calculated for C23H21N3O6S (M+Na)+ = 490.1043, found 

490.1043. IR (film): ṽ = 3277, 3029, 2971, 2946, 1766, 1737, 1720, 1654, 1608, 1527, 

1497, 1454, 1367, 1349, 1232, 1218, 1200, 1160, 1112, 1070 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 63.5 (c = 

0.67, CHCl3). 

4-Nitrobenzyl (5S,6R,7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-thia-1-

azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide (63). 
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 Following General Procedure B, 

sulfoxide 63 (3.2 g, 6.6 mmol, 57%) 

was obtained from ester 62 (5.4 g, 11.6 

mmol), following column 

chromatography (50 g Sfär cartridge; 

120 mL/min; initially 100% (v/v) dichloromethane (3 CV), followed by a linear 

gradient (15 CV): 0-20% (v/v) acetone in dichloromethane). The melting point for 63  

is consistent with those reported.186 

White solid. MP: 217 – 220 °C. 1H NMR (600 MHz, 300 K, DMSO-d6) δ 8.36 (d, J 

= 8.4 Hz, 1H, H11), 8.27 – 8.21 (m, 2H, H28, H29), 7.74 – 7.69 (m, 2H, H26, H27), 

7.32 – 7.29 (m, 4H, H16, H17, H18, H19), 7.25 – 7.22 (m, 1H, H20), 5.80 (dd, J = 8.3, 

4.6 Hz, 1H, H7), 5.43  (d, J = 1.9 Hz, 2H, H24), 4.88 (dd, J = 4.7, 1.5 Hz, 1H, H6), 

3.81 (d, J = 18.7 Hz, 1H, H2), 3.69 (d, J = 14.1 Hz, 1H, H14), 3.65 (d, J = 18.7 Hz, 

1H, H2), 3.55 (d, J = 14.1 Hz, 1H, H14), 2.05 ppm (s, 3H, H10). 13C NMR (151 MHz, 

300 K, DMSO-d6): δ = 171.0, 164.2, 160.9, 147.2, 143.2, 135.8, 129.1, 128.8, 128.3, 

126.5, 126.3, 123.5, 121.0, 66.3, 65.6, 57.9, 48.6, 41.5, 19.8 ppm. HRMS (ESI): m/z 

calculated for C23H22N3O7S (M+H)+ = 484.1173, found 484.1172. IR (film): ṽ = 3659, 

3166, 2981, 2889, 2411, 1738, 1445, 1377, 1259, 1152, 1073, 1040 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 

134.3 (c = 0.027, CH3CN). 

Methyl (6R,7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-thia-1-

azabicyclo[4.2.0]oct-2-ene-2-carboxylate (65). 

 To a solution of acid 61 (3.0 g, 1.0 equiv., 9.0 

mmol) in anhydrous dichloromethane (9.0 mL) and 

anhydrous N,N-dimethylformamide (9.0 mL) was 

added K2CO3 (1.25 g, 1.0 equiv., 9.0 mmol) 
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followed by iodomethane (1.92 g, 1.5 equiv., 13.5 mmol). The reaction mixture was 

stirred in a sealed flask at 35 °C for 3 h before being partitioned between water and 

ethyl acetate. The organic phase was washed with brine, dried over anhydrous Na2SO4, 

and evaporated in vacuo. The crude material was purified using silica column 

chromatography. (50 g Sfär cartridge; 120 mL/min; initially 100% (v/v) cyclohexane 

(3 CV), followed by a linear gradient (15 CV): 0-50% (v/v) ethyl acetate in 

cyclohexane) affording ester 65 (2.61 g, 7.5 mmol, 84%). Reported structure did not 

have reported characterization data.187  

White solid. MP: 189 – 192 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.38 – 7.26 

(m, 5H, H16, H17, H18, H19, H20), 6.10 (d, J = 8.9 Hz, 1H, H11), 5.76 (dd, J = 9.0, 

4.7 Hz, 1H, H7), 4.94 (d, J = 4.6 Hz, 1H, H6), 3.82 (s, 3H, H24), 3.70 – 3.57 (m, 2H, 

H14), 3.52 – 3.40 (m, 1H, H2), 3.20 – 3.08 (m, 1H, H2), 2.10 ppm (s, 3H, H10). 13C 

NMR (151 MHz, 300 K, CDCl3): δ = 171.1, 164.4, 162.5, 133.7, 131.4, 129.5, 129.2, 

127.7, 122.5, 59.1, 57.2, 52.4, 43.4, 30.1, 20.0 ppm. HRMS (ESI): m/z calculated for 

C17H17N2O4S (M-H)- = 345.0915, found 345.0916. IR (film): ṽ = 3273, 3032, 2981, 

1770, 1728, 1662, 1537, 1498, 1454, 1437, 1378, 1356, 1308, 1246, 1199, 1161, 1112, 

1071, 1056, 1056 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 71.0 (c = 0.67, CHCl3). 

Methyl (5S,6R,7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-thia-1-

azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide (66). 

 Following General Procedure B, sulfoxide 66 (520 

mg, 1.4 mmol, 82%) was obtained from ester 65 

(610 mg, 1.8 mmol), following column 

chromatography (25 g Sfär cartridge; 80 mL/min; 

initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0-
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60% (v/v) ethyl acetate in cyclohexane). The analytical data for 66 are consistent with 

those reported.188  

White solid. MP: 211 – 213 °C. 1H NMR (600 MHz, 300 K, DMSO-d6): δ = 8.35 (d, 

J = 8.3 Hz, 1H, H11), 7.30 (m, 4H, H16, H17, H18, H19), 7.23 (m, 1H, H20), 5.75 

(dd, J = 8.3, 4.6 Hz, 1H, H7), 4.84 (dd, J = 4.7, 1.5 Hz, 1H, H6), 3.78 (s, 3H, H24), 

3.76 (m, 1H, H2), 3.69 (d, J = 14.1 Hz, 1H, H14), 3.64 – 3.59 (m, 1H, H2), 3.53 (d, J 

= 14.1 Hz, 1H, H14), 2.01 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, DMSO-

d6): δ = 171.0, 164.0, 161.7, 135.8, 129.1, 128.2, 126.5, 124.7, 121.3, 66.2, 58.0, 52.2, 

48.5, 41.5, 19.7 ppm. HRMS (ESI): m/z calculated for C17H17N2O5S (M-H)- = 

361.0864, found 361.0866. IR (film): ṽ = 3680, 3659, 3637, 3623, 3602, 3572, 3541, 

3284, 3166, 3007, 2964, 2408, 1776, 1727, 1646, 1536, 1443, 1377, 1309, 1262, 1097, 

1038 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 77.4 (c = 0.067, CH3CN). 

Methyl (5S,6R,7R)-5-((tert-butoxycarbonyl)imino)-3-methyl-8-oxo-7-(2-

phenylacetamido)-5λ6-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide 

(67).  

Following General Procedure C, 

sulfoximine 67 (150 mg, 0.31 mmol, 46%) 

was obtained from sulfoxide 66 (250 mg, 

1.0 equiv., 0.69 mmol) and tert-butyl 

carbamate (121 mg, 1.5 equiv., 1.0 mmol) 

in dichloromethane, following column chromatography (10 g Sfär cartridge; 40 

mL/min; initially 100% (v/v) dichloromethane (3 CV), followed by a linear gradient 

(15 CV): 0-10% (v/v) acetone in dichloromethane).  

White solid. MP: 174 – 175 °C. 1H NMR (600 MHz, 300 K, DMSO-d6): δ = 8.63 (d, 

J = 9.3 Hz, 1H, H11), 7.31 – 7.20 (m, 5H, H16, H17, H18, H19, H20), 6.06 (dd, J = 
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9.3, 4.6 Hz, 1H, H7), 5.35 (d, J = 4.6 Hz, 1H, H6), 4.62 (d, J = 18.1 Hz, 1H, H2), 4.49 

(d, J = 17.9 Hz, 1H, H2), 3.79 (s, 3H, H24), 3.65 (d, J = 14.7 Hz, 1H, H14), 3.55 (d, J 

= 14.7 Hz, 1H, H14), 2.06 (s, 3H, H10), 1.43 ppm (s, 9H, H31, H32, H33). 13C NMR 

(151 MHz, 300 K, DMSO-d6): δ = 170.9, 163.9, 161.5, 157.1, 135.6, 130.6, 129.2, 

128.2, 126.4, 120.5, 80.0, 67.4, 58.9, 54.5, 52.6, 41.3, 27.8, 18.9 ppm. HRMS (ESI): 

m/z calculated for C22H26N3O7S (M-H)- = 476.1497, found 476.1494. IR (film): ṽ = 

2980, 1779, 1736, 1699, 1676, 1514, 1370, 1316, 1274, 1252, 1154, 1111, 1051 cm-1. 

[𝛼]𝟐𝟓
𝑫

 = – 113.0 (c = 0.087, CH3CN). 

2-(Trimethylsilyl)ethyl (7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-thia-1-

azabicyclo[4.2.0]oct-2-ene-2-carboxylate (68).  

 To a solution of acid 61 (1.5 g, 1.0 equiv., 

4.5 mmol) in anhydrous dichloromethane 

(9.0 mL) was added 4-N,N-

dimethylaminopyridine (1.1 g, 2.0 equiv., 

9.0 mmol) and DCC (1.02 g, 1.1 equiv., 5.0 mmol) at 0 °C. The reaction was stirred 

for 5 minutes and 2-(trimethylsilyl)ethan-1-ol (620 mg, 1.2 equiv., 5.4 mmol) was 

added. The reaction mixture was slowly allowed to warm up to ambient temperature 

over 30 min before being evaporated and partitioned between ethyl acetate and water. 

The organic phase was sequentially washed with water and brine, dried over anhydrous 

Na2SO4, and evaporated in vacuo. The crude material was purified using silica column 

chromatography (25 g Sfär cartridge; 80 mL/min; initially 100% (v/v) cyclohexane (3 

CV), followed by a linear gradient (15 CV): 0-60% (v/v) ethyl acetate in cyclohexane) 

affording ester 68 (1.64 g, 3.8 mmol, 84%). 

Amorphous solid. 1H NMR (600 MHz, 300 K, CD3CN): δ = 7.36 – 7.24 (m, 5H, H16, 

H17, H18, H19, H20), 7.18 (d, J = 8.8 Hz, 1H, H11), 5.64 (dd, J = 8.7, 4.7 Hz, 1H, 
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H7), 4.98 (d, J = 4.7 Hz, 1H, H6), 4.35 – 4.24 (m, 2H, H24), 3.60 – 3.50 (m, 3H, H2, 

H14), 3.29 – 3.22 (m, 1H, H14), 2.03 (s, 3H, H10), 1.07 – 1.00 (m, 2H, H25), 0.04 

ppm (s, 9H, H27, H28, H29). 13C NMR (151 MHz, 300 K, CD3CN): δ = 172.2, 165.6, 

163.5, 136.5, 131.3, 130.2, 129.5, 127.8, 123.7, 64.5, 60.2, 58.1, 43.1, 30.3, 19.8, 17.8, 

-1.6 ppm. HRMS (ESI): m/z calculated for C21H27N2O4SSi (M-H)- = 431.1466, found 

431.1445. IR (film): ṽ = 3659, 3602, 3280, 2955, 1770, 1722, 1658, 1542, 1498, 1454, 

1388, 1365, 1310, 1250, 1185, 1160, 1065 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 66.7 (c = 0.2, CHCl3).  

2-(Trimethylsilyl)ethyl (5S,6R,7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-thia-

1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide (69). 

 Following General Procedure B, sulfoxide 

69 (1.4 g, 3.2 mmol, 83%) was obtained 

from ester 68  (1.6 g, 3.8 mmol), following 

column chromatography (25 g Sfär 

cartridge; 80 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0-100% (v/v) ethyl acetate in cyclohexane).  

White solid. MP: 180 – 183 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.37 – 7.31 

(m, 2H, H18, H19), 7.31 – 7.26 (m, 3H, H16, H17, H20), 6.75 (d, J = 9.9 Hz, 1H, 

H11), 6.01 (dd, J = 9.9, 4.6 Hz, 1H, H7), 4.44 (dd, J = 4.7, 1.6 Hz, 1H, H6), 4.42 – 

4.28 (m, 2H, H24), 3.66 – 3.58 (m, 2H, H14), 3.55 (d, J = 18.7 Hz, 1H, H2), 3.20 (d, 

J = 18.7 Hz, 1H, H2), 2.13 (s, 3H, H10), 1.14 – 1.03 (m, 2H, H25), 0.07 ppm (s, 9H, 

H27, H28, H29). 13C NMR (151 MHz, 300 K, CDCl3): δ = 171.4, 163.9, 161.3, 133.9, 

129.5, 129.1, 127.7, 123.3, 123.1, 66.9, 64.6, 59.1, 49.4, 43.6, 20.3, 17.5, -1.4 ppm. 

HRMS (ESI): m/z calculated for C21H27N2O5SSi (M-H)- = 447.1415, found 447.1420. 

IR (film): ṽ = 3283, 3032, 2955, 1772, 1721, 1654, 1532, 1499, 1455, 1392, 1364, 

1305, 1251, 1239, 1188, 1162, 1050, 1037 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 118.6 (c = 0.67, CHCl3). 
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2-(Trimethylsilyl)ethyl (5S,6R,7R)-5-((tert-butoxycarbonyl)imino)-3-methyl-8-

oxo-7-(2-phenylacetamido)-5λ6-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate 

5-oxide (70). 

 Following General Procedure C, 

sulfoximine 70 (102 mg, 0.18 mmol, 33%) 

was obtained from sulfoxide 69 (250 mg, 

1.0 equiv., 0.56 mmol) and tert-butyl 

carbamate (98 mg, 1.5 equiv., 0.84 mmol) 

in dichloromethane (2.8 mL), following column chromatography (10 g Sfär cartridge; 

40 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0-40% (v/v) ethyl acetate in cyclohexane).  

White solid. MP: 163 – 164 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.36 – 7.26 

(m, 5H, H16, H17, H18, H19, H20), 6.63 (d, J = 10.5 Hz, 1H, H11), 6.18 (dd, J = 10.4, 

4.6 Hz, 1H, H7), 4.95 (d, J = 1.1 Hz, 1H, H6), 4.40 – 4.27 (m, 2H, H24), 4.25 (d, J = 

18.7 Hz, 1H, H2), 4.03 (d, J = 18.7 Hz, 1H, H2), 3.73 – 3.59 (m, 2H, H14), 2.13 (s, 

3H, H10), 1.52 (s, 9H, H36, H37, H38), 1.09 – 1.03 (m, 2H, H25), 0.04 ppm (s, 9H, 

H27, H28, H29). 13C NMR (151 MHz, 300 K, CDCl3): δ = 171.0, 163.4, 160.9, 157.5, 

133.5, 129.9, 129.1, 128.1, 127.7, 122.6, 82.1, 68.5, 65.0, 59.9, 55.9, 43.4, 28.3, 19.6, 

17.5, -1.4 ppm. HRMS (ESI): m/z calculated for C26H36N3O7SSi (M-H)- = 562.2049, 

found 562.2058. IR (film): ṽ = 3406, 3000, 2956, 1768, 1729, 1703, 1675, 1519, 1440, 

1394, 1370, 1345, 1320, 1278, 1252, 1227, 1184, 1156, 1112, 1068 cm-1. [𝛼]𝟐𝟓
𝑫

 = – 

106.0 (c = 0.67, CHCl3). 

Allyl (7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-thia-1-azabicyclo[4.2.0]oct-

2-ene-2-carboxylate (71). 
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Following General Procedure A, ester 71 (1.1 

g, 1.5 mmol, 49%) was obtained from acid 61 

(1.0 g, 1.0 equiv., 3.0 mmol) and 3-

bromoprop-1-ene (550 mg, 1.5 equiv., 4.5 

mmol), following column chromatography (25 g Sfär cartridge; 80 mL/min; initially 

100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 CV): 0-40% (v/v) 

ethyl acetate in cyclohexane). Reported structure did not have reported 

characterization data.189 

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.39 – 7.26 (m, 5H, H16, 

H17, H18, H19, H20), 6.07 (d, J = 9.0 Hz, 1H, H11), 5.94 (ddt, J = 17.1, 10.4, 5.9 Hz, 

1H, H25), 5.77 (dd, J = 9.0, 4.7 Hz, 1H, H7), 5.36 (dd, J = 17.2, 1.5 Hz, 1H, H26), 

5.26 (dd, J = 10.4, 1.2 Hz, 1H, H26), 4.94 (d, J = 4.7 Hz, 1H, H6), 4.72 (qdt, J = 13.1, 

6.0, 1.3 Hz, 2H, H24), 3.70 – 3.59 (m, 2H, H14), 3.50 – 3.43 (m, 1H, H2), 3.18 – 3.11 

(m, 1H, H2), 2.11 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, CDCl3): δ = 171.3, 

164.5, 161.9, 133.9, 131.7, 131.5, 129.6, 129.3, 127.9, 122.7, 119.2, 66.4, 59.2, 57.3, 

43.6, 30.2, 20.2 ppm. HRMS (ESI): m/z calculated for C19H19N2O4S (M-H)- = 

371.1071, found 371.1078. IR (film): ṽ = 3339, 3029, 2946, 1780, 1729, 1704, 1674, 

1519, 1498, 1454, 1383, 1321, 1278, 1251, 1228, 1193, 1157, 1069 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 

118.6 (c = 0.17, CHCl3). 

Allyl (5S,6R,7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-thia-1-

azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide (72).  

 Following General Procedure B, sulfoxide 72 

(273 mg, 0.70 mmol, 49%) was obtained from 

ester 71 (540 mg, 1.5 mmol), following 

column chromatography (25 g Sfär cartridge; 
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80 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear gradient (15 

CV): 0-100% (v/v) ethyl acetate in cyclohexane).  

Amorphous solid. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.38 – 7.27 (m, 5H, H16, 

H17, H18, H19, H20), 6.70 (d, J = 10.0 Hz, 1H, H11), 6.04 (dd, J = 10.0, 4.6 Hz, 1H, 

H7), 5.96 (ddt, J = 17.1, 10.3, 5.9 Hz, 1H, H25), 5.38 (dq, J = 17.2, 1.5 Hz, 1H, H24), 

5.28 (dq, J = 10.4, 1.2 Hz, 1H, H24), 4.82 – 4.71 (m, 2H, H26), 4.45 (dd, J = 4.7, 1.6 

Hz, 1H, H6), 3.68 – 3.56 (m, 3H, H2, H14), 3.24 – 3.17 (m, 1H, H2), 2.15 ppm (s, 3H, 

H10). 13C NMR (151 MHz, 300 K, CDCl3): δ = 171.3, 163.9, 160.8, 133.8, 131.5, 

129.5, 129.2, 127.7, 123.9, 123.0, 119.5, 66.9, 66.8, 59.2, 49.5, 43.6, 20.4 ppm. HRMS 

(ESI): m/z calculated for C19H19N2O5S (M-H)- = 387.1020, found 387.1016. IR (film): 

ṽ = 3694, 3284, 3020, 2928, 2856, 1770, 1729, 1704, 1676, 1656, 1519, 1499, 1466, 

1380, 1320, 1280, 1251, 1190, 1158, 1068 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 31.8 (c = 0.47, CHCl3). 

(9H-Fluoren-9-yl)methyl (6R,7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-thia-

1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate (74). 

To a solution of acid 61 (1.5 g, 1.0 

equiv., 4.5 mmol) in anhydrous 

dichloromethane (22 mL) was added 4-

dimethylaminopyridine (55 mg, 0.1 

equiv., 0.45 mmol) and EDC (1.3 g, 1.5 

equiv., 6.8 mmol) at 0 °C. The reaction was stirred for 5 min and (9H-fluoren-9-

yl)methanol (1.1 g, 1.2 equiv., 5.4 mmol) was added. The reaction mixture was allowed 

to slowly warm up to ambient temperature before being evaporated in vacuo and 

partitioned between ethyl acetate and water. The organic phase was sequentially 

washed with water and brine, dried over anhydrous Na2SO4, and evaporated in vacuo. 

The crude material was purified using silica column chromatography (25 g Sfär 
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cartridge; 80 mL/min; initially 100% (v/v) cyclohexane (3 CV), followed by a linear 

gradient (15 CV): 0-60% (v/v) ethyl acetate in cyclohexane) ester 74 (1.88 g, 3.7 mmol, 

82%).  

White solid. MP: 200 – 204 °C. 1H NMR (600 MHz, 300 K, CDCl3): δ = 7.75 (d, J = 

7.6 Hz, 2H, H30, H33), 7.59 – 7.54 (m, 2H, H27, H36), 7.39 (m, 2H, H29, H34), 7.37 

– 7.32 (m, 2H, H28, H35), 7.32 – 7.25 (m, 5H, H16, H17, H18, H19, H20), 6.14 (d, J 

= 8.9 Hz, 1H, H11), 5.77 (dd, J = 8.9, 4.6 Hz, 1H, H7), 4.95 (d, J = 4.6 Hz, 1H, H6), 

4.68 (dd, J = 10.9, 6.0 Hz, 1H, H24), 4.53 (dd, J = 10.9, 6.9 Hz, 1H, H24), 4.26 (t, J = 

6.5 Hz, 1H, H25), 3.67 (d, J = 16.1 Hz, 1H, H14), 3.61 (d, J = 16.0 Hz, 1H, H14), 3.43 

– 3.37 (m, 1H, H2), 3.15 – 3.02 (m, 1H, H2), 1.90 ppm (s, 3H, H10). 13C NMR (151 

MHz, 300 K, CDCl3): δ = 171.3, 164.7, 162.2, 144.0, 143.5, 141.5, 141.4, 133.9, 132.6, 

129.6, 129.3, 128.0, 127.9, 127.8, 127.3, 127.2, 125.2, 125.1, 122.7, 120.1, 120.1, 67.4, 

59.2, 57.5, 46.9, 43.5, 30.3, 20.0 ppm. HRMS (ESI): m/z calculated for C30H25N2O4S 

(M-H)- = 509.1540, found 509.1521. IR (film): ṽ = 3694, 3339, 3029, 2929, 1778, 

1676, 1536, 1497, 1478, 1452, 1390, 1320, 1225, 1195, 1159 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 211.8 (c 

= 0.67, CHCl3). 

(9H-Fluoren-9-yl)methyl (5S,6R,7R)-3-methyl-8-oxo-7-(2-phenylacetamido)-5-

thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-oxide (75). 

Following General Procedure B, 

sulfoxide 75 (600 mg, 1.1 mmol, 31%) 

was obtained from ester 74 (1.88 g, 3.7 

mmol), following column 

chromatography (25 g Sfär cartridge; 

80 mL/min; initially 100% (v/v) dichloromethane (3 CV), followed by a linear gradient 

(15 CV): 0-4% (v/v) acetone in dichloromethane).  
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Amorphous solid. 1H NMR (600 MHz, 300 K, DMSO-d6): δ = 8.33 (d, J = 8.4 Hz, 

1H, H11), 7.89 (d, J = 7.6 Hz, 2H, H30, H33), 7.75 – 7.63 (m, 2H, H27, H36), 7.41 

(tdt, J = 7.5, 2.0, 0.9 Hz, 2H, H29, H34), 7.33 (tt, J = 7.4, 1.4 Hz, 2H, H28, H35), 7.31 

– 7.20 (m, 5H, H16, H17, H18, H19, H20), 5.76 (dd, J = 8.4, 4.6 Hz, 1H, H7), 4.84 

(dd, J = 4.6, 1.5 Hz, 1H, H6), 4.73 (dd, J = 10.9, 5.9 Hz, 1H, H24), 4.65 (dd, J = 10.9, 

5.9 Hz, 1H, H24), 4.33 (t, J = 5.9 Hz, 1H, H25), 3.74 – 3.65 (m, 2H, H2, H14), 3.59 – 

3.50 (m, 2H, H2, H14), 1.66 ppm (s, 3H, H10). 13C NMR (151 MHz, 300 K, DMSO-

d6): δ = 171.5, 164.5, 161.7, 144.1, 143.9, 141.3, 141.2, 136.3, 129.6, 128.7, 128.2, 

128.1, 127.7, 127.6, 127.0, 125.6, 125.5, 125.4, 121.8, 120.6, 120.5, 67.0, 66.7, 58.4, 

49.0, 46.8, 42.0, 19.8 ppm. HRMS (ESI): m/z calculated for C30H25N2O5S (M-H)- = 

525.1494, found 525.1490. IR (film): ṽ = 3322, 3028, 2931, 1777, 1745, 1678, 1535, 

1497, 1479, 1452, 1391, 1331, 1277, 1221, 1198 cm-1. [𝛼]𝟐𝟓
𝑫

 = + 224.4 (c = 0.57, 

CHCl3). 

4-Methoxybenzyl (2S,3S,5R)-3-((1H-1,2,3-triazol-1-yl)methyl)-3-methyl-7-oxo-4-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate (78).  

To a solution of 19 (500 mg, 1.48 mmol) in 

anhydrous acetonitrile (7.4 mL) was added 2-

(trimethylsilyl)-2H-1,2,3-triazole (522 mg, 3.7 

mmol). The reaction mixture was stirred at 115 °C 

for 5 h in a sealed tube. The crude material was used in the subsequent step without 

further purification due to product instability.  

4-Methoxybenzyl (2S,3S,5R)-3-((1H-1,2,3-triazol-1-yl)methyl)-3-methyl-7-oxo-4-

thia-1-azabicyclo[3.2.0]heptane-2-carboxylate 4-oxide (79).  
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Following General Procedure B, sulfoxide 79 (120 mg, 0.30 mmol, 75%) was obtained 

from sulfide 78 (150 mg, 0.40 mmol), following column chromatography (25 g Sfär 

cartridge; 80 mL/min; initially 100% (v/v) cyclohexane with 0.1% (v/v) triethylamine 

(3 CV), followed by a linear gradient (15 CV): 0–100% (v/v) ethyl acetate with 0.1% 

(v/v) triethylamine in cyclohexane with 0.1% (v/v) triethylamine). 

1H NMR (500 MHz, 300 K, CDCl3): δ = 7.75 (s, 1H, H26), 7.70 (s, 1H, H27), 7.40 – 

7.35 (m, 2H, H16, H17), 6.97 – 6.91 (m, 2H, H18, H19), 5.27 (d, J = 11.7 Hz, 1H, 

H14), 5.19 (d, J = 11.6 Hz, 1H, H14), 5.06 (d, J = 14.8 Hz, 1H, H10), 4.97 (d, J = 14.7 

Hz, 1H, H10), 4.94 – 4.90 (m, 1H, H5), 4.62 (s, 1H, H3), 3.82 (s, 3H, H22), 3.44 (dd, 

J = 16.0, 4.2 Hz, 1H, H6), 3.38 (dd, J = 15.8, 1.8 Hz, 1H, H6), 0.96 ppm (s, 3H, H9). 

13C NMR (126 MHz, 300K, CDCl3): δ = 170.1, 167.3, 160.4, 134.5, 131.1, 126.5, 

125.1, 114.5, 78.5, 71.5, 68.6, 63.6, 55.5, 49.9, 36.7, 13.9 ppm. HRMS (ESI): m/z 

calculated for C18H19N4O5S (M-H)- = 403.1082, found 403.1098. 
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Appendix 7.1 Selected crystallographic data for penam (S)- and (R)-

sulfoximines 32 and 48  

Compound 32  48 

Empirical Formula C16 H20 N2 O5 S C16 H20 N2 O5 S 

Formula weight 352.41 352.41 

Crystal system Orthorhombic Monoclinic 

Space group P 21 21 21 P 1 21 1 

Unit cell dimensions a = 7.15180(10) Å    α = 90° a = 11.63590(10) Å    α = 90° 

 b = 7.86090(10) Å     = 90° b = 6.08650(10) Å       = 108.6110(10)° 

 c = 29.7867(3) Å        = 90° c = 12.50120(10) Å      = 90° 

Volume 1674.60(4) Å3 839.061(18) Å3 

Z 4 2 

Density (calculated) 1.398 Mg/m3 1.395 Mg/m3 

F(000) 744 372 

Reflections collected 35223 32026 

Independent reflections 3489 [R(int) = 0.042] 3339 [R(int) = 0.034] 

Data / restraints / 

parameters 
3489 / 0 / 218 3339 / 4 / 222 

Goodness-of-fit on F2 0.9946 1.0034 

Final R indices [I>2σ(I)] R1 = 0.0230, wR2 = 0.0596 R1 = 0.0275, wR2 = 0.0763 

R indices (all data) R1 = 0.0242, wR2 = 0.0603 R1 = 0.0277, wR2 = 0.0767 

Absolute structure 

parameter 

(Flack parameter)126 
–0.003(5) –0.006(5) 
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Appendix 7.2 Selected crystallographic data for (S)-cephem sulfoxide 54  

Compound 54 

Empirical Formula C 16 H17 N O5 S 

Formula weight 335.38 

Crystal system Monoclinic 

Space group P 21 

Unit cell dimensions a = 11.1894(2) Å     α = 90° 

 b = 5.83630(10) Å    = 105.1994(17)°. 

 c = 12.3264(2) Å       = 90° 

Volume 776.81(2) Å3 

Z 2 

Density (calculated) 1.434 Mg/m3 

F(000) 352 

Reflections collected 12191 

Independent reflections 3150 [R(int) = 0.025] 

Data / restraints / parameters 3150 / 1 / 210 

Goodness-of-fit on F2 1.0027 

Final R indices [I>2σ(I)] R1 = 0.0311, wR2 = 0.0869 

R indices (all data) R1 = 0.0320, wR2 = 0.0875 

Absolute structure parameter 

(Flack parameter)126 
0.000(6) 
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Appendix 7.3 Mass spectrometric investigations on the covalent reaction of 

sulbactam sulfoximine derivatives with AmpC. Sulbactam or a sulbactam 

sulfoximine derivative (10 μM) was added to isolated recombinant AmpC (1 μM) in 

buffer (50 mM Tris, pH 7.5). After the indicated time, 50 μL of the solution was 

injected onto a C4 Solid-Phase Extraction cartridge, washed, and eluted into an iFunnel 

Agilent 6550 accurate mass quadrupole time-of-flight (Q-TOF) mass spectrometer 

operated in the positive ionization mode, as reported.39 Data were analyzed using 

MassHunter Qualitative Analysis software (Agilent Technologies) using the maximum 

entropy deconvolution algorithm. See the Methods Section for assay details. 
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Appendix 7.4 Mass spectrometric investigations on the covalent reaction of 

sulbactam sulfoximine derivatives with OXA-10. Sulbactam or a sulbactam 

sulfoximine derivative (10 μM) was added to isolated recombinant OXA-10 (1 μM) in 

buffer (50 mM Tris, pH 7.5). After the indicated time, 50 μL of the solution was 

injected onto a C4 Solid-Phase Extraction cartridge, washed, and eluted into an iFunnel 

Agilent 6550 accurate mass quadrupole time-of-flight (Q-TOF) mass spectrometer 

operated in the positive ionization mode, as reported.39 Data were analyzed using 

MassHunter Qualitative Analysis software (Agilent Technologies) using the maximum 

entropy deconvolution algorithm. 
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Appendix 7.5 Crystallization conditions, data collection, and refinement statistics 

for the AmpCEC: 37a complex crystal structure. 

 AmpCEC: 37a 

PDB ID 9I5D 

Crystallization  

Precipitation 

conditions[a] 

AmpCEC (25 mg/mL in: 50 nM Tris, pH 7.5), 

1.6 M K3PO4, pH 8.8, 

10 mM 37a, 

20%w/v glycerol 

Data collection  

Space group C 1 2 1 

Cell dimensions:  

a, b, c (Å) 118.11, 77.31, 97.67 

α, β, γ () 90.00, 116.79, 90.00 

X-Ray source[b] Breamline i03 

Resolution (Å)[c] 45.32 – 1.43 (1.45 – 1.43) 

Rmerge 0.08594 (1.373) 

Rmeas 0.09267 (1.497) 

Rpim 0.0344 (0.5838) 

I / σI 10.69 (0.92) 

CC (1/2) 0.999 (0.437) 

CC* 1 (0.78) 

Total number of 

reflections 
1036854 (28893) 

Total number 

unique reflections 
144090 (4636) 

Completeness (%) 99.69 (96.22) 

Multiplicity 7.2 (6.2) 

Wilson B-factor 17.58 

Refinement  

Rwork / Rfree 0.1595 / 0.1746 

No. atoms: 6411 

B-factors: 23.85 

R.m.s. deviations:  

Bond lengths (Å) 0.018 

Bond angles () 1.12 

 

[a] Experimental details are described in the Experimental Section. [b] DLS: Diamond Light 

Source. [c] Values in parentheses are for the highest-resolution shell. 
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