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Chapter Ⅰ General Introduction 

 

Ⅰ-1. Antimicrobial Agents and Antimicrobial Resistance (AMR) 

Since the discovery of penicillin by Alexander Fleming, numerous antibiotics have been 

developed and have contributed to therapy for infectious diseases. Among them, β-lactam 

antibiotics, which have various skeletons such as penam, cephem, carbapenem, and 

monobactam, are clinically used as very effective and safe antibiotics (Figure 1-1).  

 

 

 

Figure 1-1. Series of β-lactam Antibiotics 

 

Behind the development of many β-lactam antibiotics in this way is the fact that many 

studies have been conducted aiming at expanding the antibacterial spectrum, changing 

the administration route, the half-life in blood associating with releasing stress of frequent 

use for patients and medical workers, and overcoming antimicrobial resistance. However, 

while new therapeutic options with enhanced antibacterial activities and/or expanded 

antibacterial spectrum, including β-lactam antibiotics with different skeletons such as 

carbapenem and monobactam, become available, the battle against antimicrobial resistant 

bacteria repeats the development of new drugs and the emergence of resistant bacteria 

such as “cat-and-mouse game” (Figure 1-2).1 In particular, carbapenem antibiotics are 
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effective against antimicrobial resistant bacteria to other antibiotics and are currently used 

as a "Last resort" against resistant bacteria.2 

 

 

 

Figure 1-2. Battle against Antimicrobial Resistance1 

 

On the other hand, the problem of multidrug-resistant bacteria caused by excessive or 

inappropriate use of those antibiotics is becoming much more serious against our 

expectation. According to the “Global priority list of antibiotic-resistant bacteria to guide 

research, discovery, and development of new antibiotics.” published by the World Health 

Organization (WHO) in 2017,3 carbapenem-resistant Acinetobacter baumannii (CRAB), 

carbapenem-resistant Pseudomonas aeruginosa (CRPA), and carbapenem-resistant 

Enterobacterales (CRE) are positioned as “Priority 1: Critical”. (Table 1-1). Also, in 2019, 

the United States Centers for Disease Control and Prevention (CDC) had sent out urgent 

threats about CRAB and CRE, and reported that CRE has a higher estimated number of 
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infections and deaths than CRAB.1 CRE organisms are multidrug-resistance, and almost 

all antibiotics, not just β-lactam antibiotics, are ineffective, therefore new treatment 

options are urgently needed.4 Therefore, the author set the goal of this thesis to identify 

new treatment options for infections caused by CREs. 

 

Table 1-1. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, 

Discovery, and Development of New Antibiotics3 

Priority 1 : 

CRITICAL 

Acinetobacter baumannii, 

carbapenem-resistant 

Pseudomonas aeruginosa, 

carbapenem-resistant 

Enterobacterales*, 

carbapenem-resistant, 3rd 

generation cephalosporin-

resistant 

Priority 2: 

HIGH 

Enterococcus faecium, 

vancomycin-resistant 

Staphylococcus aureus, 

methicillin-resistant, vancomycin 

intermediate and resistant 

Helicobacter pylori, 

clarithromycin-resistant 

Campylobacter, 

fluoroquinolone-resistant 

Salmonella spp., 

fluoroquinolone-resistant 

Neisseria gonorrhoeae, 

3rd generation 

cephalosporin-resistant, 

fluoroquinolone-resistant 

Priority 3: 

MEDIUM 

Streptococcuc pneumoniae, 

penicillin-non-susceptible 

Haemophilus influenzae, 

ampicillin-resistant 

Shigella spp., 

fluoroquinolone-resistant 

*Enterobacterales include: Klebsiella pneumoniae, Escherichia coli, Enterobacter spp., 

and Serratia spp. 

 

Ⅰ-2. Bacterial Structure  

Bacteria are roughly divided into two types, Gram-positive and Gram-negative, 

according to the Gram stain method devised by Hans Gram. Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacterales mentioned in the previous section as 

problematic bacteria are Gram-negative. Gram-negative bacteria have a characteristic 

membrane structure called the outer membrane on the outside of the cell wall (Figure 1-

3). 
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Figure 1-3. Structures of Gram-Negative Bacteria 

 

The outer membrane is formed of a lipid bilayer such as the cell membrane, but the sugar 

chain of lipopolysaccharide extends outward. Considering drug permeability, adequate 

lipophilicity is required to permeate the lipid bilayer membrane, whereas it should be a 

hydrophilic molecule to permeate the outer lipopolysaccharide. In other words, the outer 

membrane has a structure that neither hydrophobic molecules nor hydrophilic molecules 

pass through. On the other hand, in order to take up nutrients (hydrophilic substances), 

the outer membrane has a protein structure called porin, and it is said that hydrophilic 

antibiotics such as β-lactam antibiotics enter the cells of Gram-negative bacteria via 

porin.5 

 

 



   Chapter Ⅰ 

5 
 

Ⅰ-3 Drug Resistance Mechanism 

The resistance mechanisms that bacteria acquire at the cellular level can be broadly 

divided into three categories: 1) production of enzymes that inactivate antibiotics (e.g. β-

lactamase which degrades β-lactam antibiotics and aminoglycoside modifying enzymes 

that inactivate aminoglycoside antibiotics), 2) mutation of target molecules and/or 

acquisition of alternative routes (e.g. mutations of β-lactam antibiotics target molecule 

PBP2 (penicillin-binding protein 2) to PBP2'), and 3) changes in membrane permeability 

of drugs (e.g. development of drug efflux pumps that expel the drug extracellularly and 

deficiency of porin that antibiotics use to permeate the outer membrane) (Figure 1-4).6 

Among these resistance mechanisms, the most important determinant of resistance in 

Gram-negative bacteria, including CRE, is the production of β-lactamase which degrades 

β-lactam antibiotics. 

 

 

 

Figure 1-4. Major Mechanisms of Antimicrobial Resistance 
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β-lactamase is an enzyme that inactivates β-lactam antibiotics by hydrolyzing them. 

These are a series of enzymes with diverse substrate specificities and are classified from 

various points of view.7 The most commonly used classification is the method by Ambler 

based on the homology of amino acid sequences.8 According to this classification, β-

lactamase can be classified into four classes (classes A, B, C, D). β-lactamase belonging 

to classes A, C and D is a serine-β-lactamase having a serine residue in the active center, 

and class B is a metallo-β-lactamase having a zinc ion in the active center.9 

The mechanism of β-lactam antibiotics hydrolysis by serine-β-lactamase (classes A, C 

and D) is shown below (Figure 1-5A). The hydroxyl group of a serine residue in the active 

center is activated by a basic residue such as lysine to attack the carbonyl carbon of β-

lactam ring and generates the acylenzyme intermediate. The acylenzyme intermediate is 

then hydrolyzed by a water molecule activated by a basic residue to regenerate β-

lactamase and yield the hydrolyzed product. 

Next, the reaction mechanism of metallo-β-lactamase (class B) is exhibited (Figure 1-

5B). A zinc ion in the active center is coordinated to the carboxylic acid group, then the 

hydroxyl anion nucleophilically attacks the carbonyl carbon of β-lactam ring and forms 

an anionic intermediate. This intermediate is then protonated to regenerate β-lactamase 

and yield the hydrolyzed product. 
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Figure 1-5. Hydrolysis Mechanism of β-lactams by Serine-β-Lactamase (A) and Metallo-

β-Lactamase (B) 

 

The substrate scopes in each class of β-lactamase and typical enzymes are shown (Table 

1-2).10  In particular, carbapenem-hydrolyzing β-lactamases ‘carbapenemases’, which 

degrade almost all approved β-lactam antibiotics including carbapenems, are one of the 

major resistance mechanisms of carbapenem resistance that have become a significant 

worldwide public health issue in recent years. Among serine-β-lactamase, class A β-

lactamase such as KPC (K. pneumoniae carbapenemase)11 and class D β-lactamase such 

as OXA-23, 24/40, and 4812 are known as carbapenemases. Class B β-lactamases, which 

are metallo-β-lactamases (MBLs), also possess carbapenemase activity as they could 

degrade all classes of β-lactam antibiotics except monobactams.13 

 

 

 

 



   Chapter Ⅰ 

8 
 

Table 1-2. Substrate Scope and Relevant Examples of β-Lactamases 

Class Type 
Substrates Most relevant examples 

Penicillins Cephalosporins Carbapenems Monobactams  

A Serine- 〇 × × × 
Penicillinases from Gram-

positive bacteria 

  〇 △ × × TEM-1, TEM-2, SHV-1 

 (ESBL) 〇 〇 × △ 
SHV-2, TEM-10, CTX-M, 

GES-1 

 (Serin carbapenemase) 〇 〇 〇 △ 
KPC, SME, NMC-A, 

GES-2 

B Metallo- 〇 〇 〇 × IMP, VIM, NDM 

C Serine- 〇 〇 × 〇 
AmpC, CMY, ACT-1, 

DHA 

D Serine- 〇 〇 △ 〇 
OXA-23, OXA-24/40, 

OXA-48 

 

Ⅰ-4. Combination of β-lactam and β-lactamase Inhibitor 

For β-lactamase-producing strains, the combination of β-lactamase inhibitor (BLI) and 

a β-lactam antibiotic (BL) is one of the treatment options. Since the clinical use of 

clavulanic acid in combination with amoxicillin in the United States in 1982, some BLIs 

exert still important role in clinical. On the other hand, these classical BLIs cannot inhibit 

β-lactamases produced by carbapenem-resistant Enterobacterales (CRE). Developing a 

new BLI being effective against CRE under these circumstances,, and avibactam (AVI) 

with a 1,6-diazabicyclo[3.2.1]octane (DBO) skeleton was approved by the FDA in 

2015.14 Since then, new BLIs such as relebactam15 and durlobactam,16 having DBO-

based BLIs, and vaborbactam,17 being a boronic acid analogue, have appeared one after 

another, and research on new BLIs has been actively conducted centering on these two 

skeletons (Figure 1-6).6  
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Figure 1-6. New β-lactamase Inhibitors 

 

 In these combinations, the BLI hinders hydrolysis and inactivation by β-lactamases to 

restore the activity of the β-lactam antibiotic. The BL/BLI strategy should be one of the 

therapeutic options for infections caused by CREs; however, they do not offer sufficient 

antibacterial activities against MBL-producing strains and these activities would be lost 

against clinical isolates with resistance mechanisms other than β-lactamase production. 

Examples include reduction of the outer membrane permeability caused by porin 

deficiency with β-lactamase production18 and degradation of target affinity by mutations 

in penicillin-binding proteins (PBPs)19. 

 

Ⅰ-5. Overview of This Thesis 

The author would like to resolve the problem of CRE by using a single molecule of β-

lactam, without the β-lactamase inhibitor, as a different from using the BL/BLI strategy. 

To achieve this goal, it is necessary to discover a new β-lactam agent, which is not easily 

recognized and hydrolyzed by various classes of β-lactamases and can provide sufficient 
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antibacterial activities against CREs without a BLI. 

Chapter Ⅱ describes the details the identification of the tricyclic β-lactam sulfoxide 3 

with potent antibacterial activities against CREs. 

The author was interested in the antibacterial activities of the lactivicin (LTV) analog 

120, which have a unique ring structure consisting of a cycloserine linked to a γ-lactone 

ring, and tricyclic β-lactam analog 221, in which cycloserine had been converted to a β-

lactam ring, especially those acting against β-lactamase producers. And as a result of 

some modifications to 2, the author have discovered tricyclic β-lactam sulfoxide 3 which 

exhibited potent antibacterial activities against all tested β-lactamase producers including 

CRE (Figure 1-7). 

 

 

 

Figure 1-7. Overview of Chapter Ⅱ 

 

Chapter Ⅲ details the discovery of compound 4 that overcome resistance mechanisms 

other than β-lactamase production. These mechanisms are the reduction of outer 

membrane permeability with the production of β-lactamases18 and the insertion mutation 

of four amino acids into penicillin-binding protein 3 (PBP 3).19 The author identified a 

potent compound 4 that overcomes these resistance mechanisms by converting the 

alkoxyimino moiety of the aminothiazole side chain (Figure 1-8). 
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Figure 1-8. Overview of Chapter Ⅲ 

 

Chapter Ⅳ described the development of a new synthetic method for tricyclic β-lactam 

antibiotic found in Chapters Ⅲ. In the 1980s, the synthesis of a key intermediate 5 from 

penicillin leading to tricyclic β-lactam sulfoxide 4 was reported.21 But this synthesis route 

requires eight steps from Penicillin G (6) with a low total yield of 3% via non-

stereoselective lactone formation. Thus, the author had developed second generation 

diastereoselective synthetic route of the unique tricyclic β-lactam core 10 by sulfoxide-

directed oxidative lactonization (Figure 1-9). 

 

 

 

Figure 1-9. Overview of Chapter Ⅳ 
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Chapter Ⅴ summarizes this thesis. 
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Chapter Ⅱ Discovery of a Tricyclic β-lactam Sulfoxide Core 

 

Ⅱ-1. Introduction 

Antimicrobial resistance (AMR) has become a significant worldwide public health issue. 

The United States CDC and the WHO have sent out alerts about the urgent need for new 

treatment options for infection due to carbapenem-resistant Enterobacterales (CREs).1 

One of the key resistant mechanisms is the production of carbapenem-hydrolyzing 

enzymes, carbapenemases, which include serine-type β-lactamase (Class A and D based 

on the Ambler classification2), such as KPC and OXA-48, and metallo-type β-lactamase 

(MBL; Class B), such as NDM and VIM. The risk of mortality due to carbapenemase-

producing CRE infections is higher than that due to non-carbapenemase-producing CRE 

infections. 3  Since 2015, some combinations of β-lactam and β-lactamase inhibitor 

(BL/BLI) such as AVYCAZ® (ceftazidime, CAZ, 3/avibactam, AVI, 4 4  and 

VABOMERE® (meropenem, MER, 5/vaborbactam, VAB, 6)5 have been approved by 

authorities of some countries. In these combinations, the β-lactamase inhibitor hinders 

hydrolysis and inactivation by β-lactamases to rescue the activity of the β-lactam 

antibiotic. The BL/BLI strategy is one way of responding to the need of finding effective 

treatments, however, it does not offer sufficient antibacterial activities against MBL-

producing strains and may offer only limited coverage against CREs in the future if the 

pathogens develop an excess of β-lactamases and/or inhibitor-resistant-phenotype β-

lactamases.6 

Therefore, the author would like to resolve the problem of CREs by using a single 

molecule of β-lactam, without the β-lactamase inhibitor, as a different from using the 

BL/BLI strategy. And to reach this goal, he needed to discover a new β-lactam agent, 
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which is not easily recognized and hydrolyzed by various classes of β-lactamases and can 

provide sufficient antibacterial activities against CREs without a BLI. Lactivicins (LTVs), 

which have a unique ring structure consisting of a cycloserine linked to a γ-lactone ring, 

were reported by Takeda Pharmaceutical Company in the 1980’s.7 They also reported on 

tricyclic β-lactam analogues, in which cycloserine had been converted to a β-lactam ring. 

Since the late 2000’s, the antibacterial activities of LTVs against various β-lactamase 

producers have been reported,8 however, further research was not conducted on these 

tricyclic β-lactam analogues. Since he was interested in the antibacterial activities of the 

LTVs and the tricyclic β-lactam analogues, especially those acting against β-lactamase 

producers, the reported compound 17,8 and 2a9 were evaluated the antibacterial activities, 

and started exploratory research of compounds with potent activities against several 

problematic β-lactamase producers (Figure 2-1). 

 

 

 

Figure 2-1. Structures of Compounds 1, 2a and Approved BL/BLIs 
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Ⅱ-2. Synthesis of Tricyclic β-lactams 

Scheme 2-1 shows the synthesis of compound 2a and its derivatives. 

 

 

 

Scheme 2-1. Synthesis of Tricyclic β-lactams 2a–g 
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An exomethylene group was introduced to the protected keto-acid intermediate 8 to give 

compound 9, which was then coupled with compound 10 and cyclized to make the key 

intermediate 11. The structure of 11 was confirmed by single crystal X-ray 

crystallography (Figure 2-2). The phenylacetyl group was removed from the amino group 

followed by introduction of several aminothiazole side chains 12a–h and removal of all 

protective groups to create target compounds 2a–g. 

The sulfur of compounds 13b–e, g and h was oxidized to obtain sulfoxides 14b–e, g, h 

and 14d’ and sulfone 15d. The stereochemistry of the sulfoxides was determined based 

on single crystal X-ray crystallography of 16d’ (Figure 2-2) and the reported ratio of two 

isomeric sulfoxides (9:1).10 Removal of all protective groups created target compounds 

16b–e, g, h, 16d’ and 17d (Scheme 2-2). 

 

 

 

Figure 2-2. Molecular Structure of 11 and 16d’; Thermal ellipsoids are set at 30% 

probability 



   Chapter Ⅱ 

20 
 

 

 

Scheme 2-2. Synthesis of Tricyclic β-lactams 16b–e, g, h, 16d’ and 17d 

 

Ⅱ-3. Identification of Sulfoxide-Introduced Tricyclic β-lactam 

Lactivicins (LTVs) have demonstrated their potent antibacterial activities against 

various kinds of β-lactamase-producing Escherichia coli recombinant strains over the 
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past decade.8 LTV lead optimization studies reported by Takeda Pharmaceutical Company 

described several potent compounds, including compound 1.7 Some potent analogues of 

LTV had also been reported9,11  and tricyclic β-lactam derivatives exhibited the most 

potent activities among them, but there were no further reports on these derivatives. 

Consequently, the author first evaluated the potent LTV derivative 1 and the tricyclic β-

lactam derivative 2a9 with the same aminothiazole side chain as 1 for antibacterial 

activities against various kinds of β-lactamase producers. First, to assess the relative β-

lactamase susceptibility of these lactivicin analogs, the minimum inhibitory 

concentrations (MICs) of compound 1, 2a and Ceftazidime 3 against various kinds of β-

lactamase-producing E. coli recombinant strains were determined (Table 2-1). 

 

Table 2-1. In Vitro Antibacterial Activities (MIC, μg/mL) of Isogenic Libraries of E. coli 

BL21(DE3) Expressing β-lactamases 

 

 

E. coli BL21(DE3) was used as a host strain and the strains transformed by each of the 

seven β-lactamases carrying pET9a plasmids were used. 12  Ceftazidime 3 as a 

cephalosporin control was susceptible to the recombinant strains producing CTX-M-15 

(class A β-lactamase), NDM-1 (class B β-lactamase) and AmpC (class C β-lactamase). 

The ratios of MIC values against the β-lactamase-producing strain/host strain for LTV 
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derivative 1 was 4-fold for the NDM-1 producer and 32-fold for the AmpC producer. On 

the other hand, the ratios of MIC values for the tricyclic β-lactam derivative 2a was less 

than 2-fold for all the tested strains. These results suggest that this tricyclic β-lactam 

derivative 2a has an advantage over the LTV derivative 1 regarding class B and C β-

lactamase susceptibility in this panel. 

Next, the antibacterial activities of these compounds against clinical isolates were 

evaluated to investigate how the antibacterial activities against β-lactamase-producing E. 

coli recombinant strains were transferred to the clinical isolates (Table 2-2). 

 

Table 2-2. In Vitro Antibacterial Activities (MIC, μg/mL) of Clinical Isolates 

 

 

Although compound 1 showed potent activity against the CTX-M-15 producer in the 

evaluation of E. coli recombinant strains, it showed a high MIC value for the clinically 

isolated E. coli SR34100 (CTX-M-15 producer). 

In contrast, compound 2a exhibited moderate activity against E. coli SR34100 reflecting 

the result of the susceptibility to the recombinant strain. However, compound 2a did not 

show potent activity against Enterobacter cloacae SR36276 (AmpC producer), although 

it had been shown to have potent activity against an AmpC producer in the evaluation of 

E. coli recombinant strains. These results might have occurred because the transformants 
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were not developed to match the wild type expression levels of β-lactamases, but they do 

indicate that the tricyclic β-lactam derivative 2a has good activity against class A, B and 

D β-lactamase producers but not the class C β-lactamase producer. As there are multiple 

β-lactamase producers, including class C β-lactamase in CRE, this prompted the pursuit 

of the search for a novel tricyclic β-lactam that could overcome class C β-lactamase 

producers while maintaining activities against other classes of β-lactamase producers. 

First, the aminothiazole side chains were converted to improve antibacterial activity 

against class C β-lactamase producers, because aminothiazole side chains have been 

reported to affect antibacterial activities against class C β-lactamase producers in 

cephalosporins.13 

 

Table 2-3. In Vitro Antibacterial Activities (MIC, μg/mL) of Compounds 2a–g 
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Table 2-3 shows the effect of various aminothiazole side chains on MICs of tricyclic β-

lactam derivatives. The antibacterial activities of mono-methyl substituted 2b and 2c 

against all tested strains, except E. cloacae SR36276 (AmpC producer), were better than 

those of 2a. The antibacterial activities of 2d, which has no substituents at the α-position 

of the carboxyl group, were tested against several strains and found to be superior to 2a–

c, but the activity against E. cloacae SR36276 was only slightly improved. A cyclopropyl 

group was introduced at the α-position (2e) in anticipation of a further improvement of 

the antibacterial activity against E. cloacae SR36276, but unfortunately none was noted. 

Compound 2f substituted with chloroaminothiazole unexpectedly did not show 

improvement in antibacterial activity against E. cloacae SR36276 although this 

modification had been reported to be effective in improving activity against class C β-

lactamase producers in the case of cephalosporins. Comparing 2g with 2d, which was 

converted from aminothiazole to aminothiadiazole, showed that the antibacterial activity 

against E. cloacae SR36276 (AmpC producer) was slightly improved, but the 

antibacterial activity against E. cloacae SR01875 (NDM-1 producer) was significantly 

decreased. By converting the aminothiazole side chains, compound 2d was found to 

exhibit potent antibacterial activities against the tested strains except for E. cloacae 

SR36276 (AmpC producer). However, unlike the case of cephalosporins, the antibacterial 

activity against AmpC (class C β-lactamase) producer could not be improved. 

Next, conversions of the cepham ring, a characteristic of tricyclic β-lactams were tried. 

Oxidation of the sulfur at the C-1 position, a transformation known for cephalosporins 

was attempted (Table 2-4). Fortunately, stereoselective oxidation of sulfur to sulfoxide 

greatly improved the activity against E. cloacae SR36276 (AmpC producer) (16d). 

Compound 16d overcame the AmpC producer while maintaining activities against class 
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A, B and D β-lactamase producers and had the desired properties. Further oxidation of 

the sulfoxide to sulfone resulted in a slight loss of antibacterial activities (17d), but 

compound 17d still retained better antibacterial activity against E. cloacae SR36276 than 

compound 2d. 

 

Table 2-4. In Vitro Antibacterial Activities (MIC, μg/mL) of Compounds 2d and 16d–

17d 

 

 

Ⅱ-4. Molecular Modelling for Tricyclic β-lactam 

He considered that the improvement of antibacterial activities by conversion of sulfide 

to sulfoxide 16d and sulfone 17d might be associated with interactions between the 

tricyclic β-lactams and AmpC.14 The carboxylic acid and the amide moiety are known to 

interact with key amino acids located at the surface of the active site for β-lactamase 

protein, such as an interaction between Cephalothin and AmpC (Figure 2-3).15  
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Figure 2-3. Key Interactions Observed between Cephalothin and AmpC(S64G)  

from X-ray Crystal Structure (1KVL)15 

 

Therefore, in order to verify the effect of these conversions on the amide moiety and 

carboxylic acid, the respective energetically stable conformations of these compounds 

were calculated. The calculation for the aminothiazole side chain was performed for a 

simple acetyl group in order to focus on the conformational difference around the 

scaffolds. Conformational searches were carried out using the standard conditions of the 

Schrödinger Macromodel version 12.1. 16  The calculation results showed that an 

intramolecular hydrogen bond was formed between the amide moiety and the sulfoxide 

(16d-Ac) or sulfone (17d-Ac), whereas the orientation of the amide moiety was 

significantly different from the others (Figure 2-4).  
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Figure 2-4. Most Stable Conformations and Intramolecular Hydrogen Bonds of the 

Sulfide, Sulfoxide, and Sulfone Skeletons 

 

These results suggest that the formation of an intramolecular hydrogen bond could 

prevent the interaction of the amide moiety with Gln 120, Asn 152, and Ala 318, 

consequently reducing the affinity between 16d or 17d and AmpC and thus improving 

the activity against E. cloacae SR36276. 

 

Ⅱ-5. Affinity of Tricyclic β-lactam to Class C β-lactamase 

To verify this hypothesis that the formation of the intramolecular hydrogen bond caused 

by oxidation to sulfoxide reduced the affinity for AmpC, an enzymatic assay was 

performed on compound 16d which showed very potent antibacterial activity against 
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AmpC producers, and compound 2d for comparison (Table 2-5). 

 

Table 2-5. Affinity for CMY-2 and In Vitro Antibacterial Activities (MIC, μg/mL) of 

Compounds 2d and 16d 

 

 

The affinity of compounds 2d and 16d for CMY-2 (Class C β-lactamase)17 is estimated 

from the apparent inhibition constant (Ki) of nitrocefin hydrolysis.18 Since the Ki of 16d 

is much larger than that of 2d, 16d is less readily recognized by CMY-2 than 2d and thus 

escapes hydrolysis by CMY-2. While 16d avoids hydrolysis by CMY-2, 16d still has a 

potent antibacterial activity with the MIC of 0.125 μg/mL against Klebsiella pneumoniae 

ATCC13883, which is almost the same MICs of 2d and CAZ 3 (0.125 and 0.25 μg/mL, 

respectively). These results suggest that the avoidance of hydrolysis by Class C β-

lactamase while maintaining potent antibacterial activity is the main reason for the 

improved antibacterial activity of 16d against E. cloacae SR36276 (Class C β-lactamase 

producer). 

 

Ⅱ-6. Structure-Activity Relationship of Sulfoxide-Introduced Tricyclic β-lactam 

Since the antibacterial activity against class C β-lactamase producers was improved by 

introducing a sulfoxide, he applied a sulfoxide to compounds 2b–e, g, which exhibited 
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antibacterial activities similar to those of 2d against four β-lactamase-producers except 

the class C β-lactamase producer in Table 2-3. This was done in order to identify the best 

molecule in the series (Table 2-6). 

 

Table 2-6. In Vitro Antibacterial Activities (MIC, μg/mL) of Compounds 16b–e, g, and h 

 

 

Among the compounds 16b–e, compound 16d still showed the most potent activities 

transferred after the boost by the sulfoxide. Unfortunately, the antibacterial activities of 

compound 16 g, which was converted from an aminothiazole to an aminothiadiazole, 

were significantly decreased. Cephalosporins having an aminothiazole side chain without 

a carboxylic acid in the oxime moiety are commonly well known,13 but this time the 

antibacterial activity of the corresponding sulfoxide derivative (16 h) was not very potent. 

These results indicate that the effect on antibacterial activities by introduction of a 

sulfoxide depends on the side chains, with the carboxyl group being significant. 

 

Ⅱ-7. Evaluation of In vitro Antibacterial Activity 

As compound 16d exhibited potent antibacterial activities against all tested β-lactamase 

producers without BLI, its antibacterial activities were compared with those of known 
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BL/BLI (Table 2-7). 

 

Table 2-7. In Vitro Antibacterial Activities (MIC, μg/mL) of Compounds 16d and Known 

BL/BLIs 

 

 

Among them, AVYCAZ® (3 and 4) and VABOMERE® (5 and 6) showed insufficient 

activities against PER-2 and NDM-1 producers. Aztreonam/avibactam (ATM 18 and 4) 

showed potent activity against the NDM-1 producer but insufficient activity against the 

PER-2 producer. However, compound 16d showed potent activities against all tested 

strains including carbapenemase-producers, indicating that it has potent activities against 

strains resistant to recently marketed compounds or those under development. To further 

verify the potential of compound 16d, expanded panels of clinically isolated 

carbapenemase-producing strains were tested to compare the antibacterial activities of 

compound 16d against KPC-, NDM-, VIM-, and OXA-48-like-producing 

Enterobacterales to those of BL/BLIs (Table 2-8). 
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Table 2-8. In Vitro Activity Against Various Carbapenemase-Producing Enterobacterales 

Enterobacterales organism 

(Number of strains) 

Test compound MIC (μg/mL) 

 Range MIC50 MIC90 

KPC-producing strains (14) a Compound 16d 0.25–0.5 0.25 0.5 

CAZ 3/AVI 4 0.5–>64 4 >64 

ATM 18/AVI 4 0.25–1 0.5 1 

NDM-producing strains (22) b Compound 16d 0.125–1 0.25 1 

CAZ 3/AVI 4 >64 >64 >64 

ATM 18/AVI 4 ≤0.031–1 0.25 1 

VIM-producing strains (25) c Compound 16d 0.125–1 0.25 1 

CAZ 3/AVI 4 16–>64 >64 >64 

ATM 18/AVI 4 0.063–2 0.25 2 

OXA-48-like-producing strains (12) d Compound 16d 0.063–1 0.125 0.25 

CAZ 3/AVI 4 0.063–16 0.125 4 

ATM 18/AVI 4 ≤0.031–1 0.063 0.25 

a: 12 strains of K. pneumoniae and 2 strains of E. aerogenes (9 strains of KPC-2 

producer and 5 strains of KPC-3 producer). 

b: 12 strains of K. pneumoniae and 10 strains of E. cloacae (19 strains of NDM-1 

producer, 2 strains of NDM-6 producer and 1 strain of NDM-7 producer). 

c: 10 strains of E. cloacae, 5 strains of K. pneumoniae, 4 strains of C. freundii, 3 

strains of S. marcescens, 1 strain of K. oxytoca, 1 strain of E. coli, and 1 strain of C. 

amalonaticus (23 strains of VIM-1 producer, 1 strain of VIM-5 producer, and 1 strain 

of VIM-19 producer). 

d: 12 strains of K. pneumoniae. 
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Against all four types of carbapenemase-producing Enterobacterales tested, compound 

16d inhibited the bacterial growth at ≤ 1 μg/mL with the range of MIC90s being from 

0.125 to 0.25 μg/mL, while MIC90s of AVYCAZ® (3 and 4) were > 64 μg/mL against 

KPC, NDM and VIM producers and 4 μg/mL against OXA-48-like producers. The range 

of MIC90s for ATM/AVI (18 and 4) was from 0.25 to 2 μg/mL against those four sets of 

carbapenemase-producers, being comparable or slightly inferior to compound 16d. These 

results indicate that compound 16d would offer a superior clinical outcome to those 

competitors against problematic pathogens such as CRE.  

 

Ⅱ-8. Evaluation of Therapeutic Efficacy 

To verify that 16d exerts a therapeutic effect that reflects its potent in vitro antibacterial 

activities in clinical use, the therapeutic efficacy of compound 16d and CAZ 3 as a clinical 

standard was examined using cyclophosphamide-induced neutropenic mouse model of 

lung infections (Figure 2-5). 

The change in bacterial density was calculated as the difference in log10 CFU from the 

antibiotic-treated mice after 10 h from the level in the 0 h control animals. The bacterial 

density increased by 2.44-log10 CFU in control animals at 10 h. Compound 16d produced 

a 2.46-log10 CFU reduction at 10 mg/kg and a 2.11-log10 CFU reduction at 3 mg/kg. These 

results are similar to that of CAZ 3 with 3.05-log10 CFU reduction at 10 mg/kg and 2.67-

log10 CFU reduction at 3 mg/kg. This finding indicates that 16d shows a strong 

bactericidal effect reflected by its in vitro antibacterial activity similar to that of CAZ 3 

and consequently 16d will show sufficient exposure and therapeutic performance in 

clinical use. 
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Figure 2-5. Therapeutic Efficacy in Neutropenic Mouse Lung Infection Model 

 

Ⅱ-9. Conclusion  

 

Starting from a reported tricyclic β-lactam including a γ-lactone ring (2a), the author 

succeeded in obtaining a novel scaffold which shows potent antibacterial activity against 

class C β-lactamase producers while maintaining antibacterial activities against class A, 

B and D β-lactamase producers. Introduction of a sulfoxide to the core structure 

containing a γ-lactone ring was the key to obtaining potent antibacterial activities against 
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several problematic β-lactamase producers without BLI. He identified the novel tricyclic 

β-lactam 16d that shows potent activities against Enterobacterales including CREs as well 

as strains resistant to BL/BLIs on the market or under development. Evaluation of 

antibacterial activities against clinical isolates shows that 16d exhibited lower MIC90 

values than those of the already approved BL/BLI and also shows a potent therapeutic 

efficacy in the neutropenic mouse lung infection model. These results demonstrate that 

the reported tricyclic β-lactam scaffold deserves further study in the search for new 

antimicrobial agents against CREs. 

 

Experimental 

Unless otherwise noted, reactions were performed under a nitrogen atmosphere. 

Solvents and commercial reagents were used without purification. Ceftazidime 3, 

Aztreonam 18 and compound 7 were purchased from Tokyo Chemical Industry Co., Ltd. 

Avibactam 4 was purchased from Shanghai Haoyuan Chemexpress Co., Ltd. Meropenem 

5 was purchased from FUJIFILM Wako Pure Chemical Corporation. Vaborbactam 6 was 

purchased from MedChemExpress LLC. The synthesis of compound 12a, 12b, and 12f 

has been already reported.13 Compound 1,7 10,9,19  12c,20  12d,21  12e,22  12g,23  and 

12h24 were synthesized by the reported method. 1H and 13C NMR spectra were recorded 

on a Bruker AV400 spectrometer. Chemical shifts (δ) are reported in parts per million 

(ppm) from tetramethylsilane (in CDCl3 and DMSO-d6), sodium 2,2-dimethyl-2-

silapentane-5-sulfonate (in D2O) or the solvent residual peak (in DMSO-d6 δ 2.50 and 

D2O δ 4.79) as an internal reference. Analytical thin-layer chromatography was run on 

silica gel F254 precoated plates. Visualization of the developed chromatogram was done 

using fluorescence quenching or Vaughn’s reagent. Flash column chromatography was 
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carried out on an automated purification system using Yamazen or Fuji Silysia prepacked 

silica gel columns. Reverse phase column chromatography was performed using HP20SS 

and octadecylsilyl silica gel (Yamazen Ultra Pack). High-resolution mass spectral data 

were acquired on Orbitrap Q Exactive Plus (ESI). Low-resolution mass spectral data were 

collected on a Waters ZQ mass detector (ESI), a Shimadzu LCMS-8030 (ESI), or a 

Shimadzu LCMS-2020 (ESI). Elemental analysis was performed using a Micro Corder 

JM11 (J-Science Lab Co., Ltd.) analyzer. 

All studies with animals were approved by the Institutional Animal Care and Use 

Committee of Shionogi & Co., Ltd. 

 

Synthesis of key intermediate 11 

 

Step1. Synthesis of 5-benzhydryl 1-(3-methylbut-2-en-1-yl) 2-oxopentanedioate (8) 

A solution of compound 7 (43.8 g, 300 mmol) in DMF (307 mL) was warmed to 60 °C. 

Dicyclohexylamine (59.6 mL, 300 mmol) and 1-bromo-3-methyl-2-butene (38.1 mL, 300 

mmol) were added to the solution. The mixture was stirred at 60 °C for 1 h. The 

precipitates were removed by filtration. Water was added to the filtrate, followed by 

extraction with ethyl acetate. The organic layer was washed with water and brine in this 

order and then dried over anhydrous magnesium sulfate. The solvent was evaporated 
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under reduced pressure. Under ice cooling, diphenyldiazomethane (64.1 g, 330 mmol) 

was added to a solution of the obtained residue in tetrahydrofuran (321 mL). The mixture 

was stirred at room temperature for 7 h. The mixture was left standing at room 

temperature for 2 days. Next, the solvent was evaporated under reduced pressure. The 

obtained crude product was purified by silica gel column chromatography (hexane–ethyl 

acetate) to afford compound 8 (104 g, yield 91%). 

 

1H NMR (400 MHz, CDCl3): δ7.33–7.27 (10H, m), 6.87 (1H, s), 5.40–5.35 (1H, m), 4.73 

(2H, d, J = 7.5 Hz), 3.18 (2H, t, J = 6.5 Hz), 2.78 (2H, t, J = 6.5 Hz), 1.76 (3H, s), 1.73 

(3H, d, J = 0.6 Hz). 

 

13C NMR{1H} (100 MHz, CDCl3): δ 192.5, 171.1, 160.5, 141.0, 139.9, 128.5, 128.0, 

127.1, 117.3, 77.5, 63.3, 34.3, 27.8, 25.8, 18.1. 

 

MS (ESI) m/z: [M + H2O + H]+ calcd for C23H27O6 399; found 399. 

 

Step 2. Synthesis of 5-benzhydryl 1-(3-methylbut-2-en-1-yl) 3-methylene-2-

oxopentanedioate (9) 

To a solution of compound 8 (104 g, 273 mmol) in dichloromethane (520 mL), 

N,N,N',N'-tetramethyldiaminomethane (149 mL, 1093 mmol) was added. Under ice 

cooling, acetic anhydride (129 mL, 1367 mL) and acetic acid (109 mL, 1914 mmol) were 

added to the mixture, which was stirred at room temperature for 1 h. Next, the solvent 

was evaporated under reduced pressure and water was added to the residue, followed by 

extraction with ethyl acetate. The organic layer was washed with water and then dried 
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over anhydrous magnesium sulfate. The solvent was evaporated under reduced pressure. 

The obtained residue was purified by column chromatography (hexane–ethyl acetate) to 

afford compound 9 (79 g, 74%). as a crude mixture. 9 was used in the next step without 

further purification. 

 

MS (ESI) m/z: [M + H2O + H]+ calcd for C24H27O6 411; found 411. 

 

Step 3. Synthesis of 3-methylbut-2-en-1-yl (3aR,5aR,6R,8aR)-2,7-dioxo-6-(2-

phenylacetamido)hexahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-

carboxylate (11) 

To a solution of compound 9 (10.0 g, 25.5 mmol) in acetone (100 mL), compound 10 

(6.02 g, 25.5 mmol) and hexamethylphosphoric triamide (15.5 mL, 89 mmol) were added. 

The mixture was stirred at room temperature for 1 h. Water was added to the mixture, 

followed by extraction with ethyl acetate. The organic layer was washed with water and 

brine in this order and then dried over anhydrous magnesium sulfate. The solvent was 

evaporated under reduced pressure. The obtained residue was purified by column 

chromatography (hexane–ethyl acetate) to afford the crude intermediate (2.1 g). 

Under nitrogen atmosphere, a solution of the crude intermediate (6.80 g, 10.8 mmol) in 

dichloromethane (34 mL) was cooled to −10 °C. A solution of TFA (34 mL, 441 mmol) 

in dichloromethane (34 mL) was added dropwise to the solution. The mixture was stirred 

at −10 °C for 30 min. Water was added to the reaction mixture, followed by extraction 

with dichloromethane. The organic layer was washed with water and brine in this order 

and then dried over anhydrous magnesium sulfate. The solvent was evaporated. A solution 

of the obtained residue in dichloromethane (50 mL) was cooled to 0 °C. EDC 
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hydrochloride (4.15 g, 21.6 mmol) was added to the solution. The mixture was stirred at 

room temperature for 1 h. Water was added to the mixture, followed by extraction with 

dichloromethane. The organic layer was washed with dilute hydrochloric acid and brine 

in this order and then dried over anhydrous magnesium sulfate. The solvent was 

evaporated under reduced pressure. The obtained residue was purified by column 

chromatography (hexane–ethyl acetate) to afford compound 11 (4.0 g, 83%). 

 

1H NMR (400 MHz, CDCl3): δ 7.39–7.26 (5H, m), 6.20 (1H, d, J = 8.8 Hz), 5.53 (1H, dd, 

J = 8.8, 4.7 Hz), 5.36 (1H, t, J = 7.4 Hz), 4.97 (1H, d, J = 4.7 Hz), 4.83–4.73 (2H, m), 

3.67 (1H, d, J = 16.2 Hz), 3.62 (1H, d, J = 16.2 Hz), 3.25–3.19 (1H, m), 2.95 (1H, dd, J 

= 14.4, 4.4 Hz), 2.75 (1H, dd, J = 18.1, 8.3 Hz), 2.67–2.60 (2H, m), 1.77 (3H, s), 1.71 

(3H, s). 

 

13C NMR{1H} (100 MHz, CDCl3): δ 171.5, 171.0, 164.7, 163.8, 141.3, 133.7, 129.5, 

129.2, 127.7, 116.9, 86.9, 64.8, 60.2, 55.9, 43.3, 35.3, 33.0, 26.9, 25.8, 18.1. 

 

MS (ESI) m/z: [M + H]+ calcd for C22H25N2O6S 445; found 445. 

 

Synthesis of compound 2d 
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Step 1. Synthesis of 3-methylbut-2-en-1-yl (3aR,5aR,6R,8aR)-6-((Z)-2-((2-(tert-

butoxy)-2-oxoethoxy)imino)-2-(2-((tert-butoxycarbonyl)amino)thiazol-4-

yl)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-

carboxylate (13d) 

A suspension of phosphorus pentachloride (1.25 g, 6.00 mmol) in dichloromethane (13.3 

mL) was cooled to −40 °C. Next, pyridine (0.969 mL, 12.0 mmol) was added, and 

subsequently, compound 11 (1.33 g, 3.00 mmol) was added to the suspension. Under ice 

cooling, the mixture was stirred for 1 h. This mixture was then cooled to −78 °C and 

ethanol (13.3 mL) was added. After stirring at −30 °C for 30 min, an aqueous solution of 

sodium hydrogen carbonate was added to the reaction mixture, followed by extraction 

with dichloromethane. The organic layer was washed with water and brine in this order 

and dried over magnesium sulfate. Inorganic matter was removed by filtration. Next, the 

filtrate was concentrated to approximately 10 mL under reduced pressure to afford a 

dichloromethane solution (solution A). A solution of compound 12d (682 mg, 1.70 mmol) 

in DMA (4.9 mL) was cooled to −20 °C. Next, triethylamine (0.291 mL, 2.10 mmol) and 

methanesulfonyl chloride (0.148 mL, 1.90 mmol) were added to the solution. The mixture 

was stirred at −20 °C for 1 h to afford solution B. 

Dichloromethane (5 mL) was added to half the amount of solution A (approximately 5 

mL, corresponding to 1.50 mmol). Under ice cooling, pyridine (0.121 mL, 1.50 mmol) 

and solution B were added to the mixture. Under ice cooling, the mixture was stirred for 

1 h. Next, an aqueous solution of dilute hydrochloric acid was added to the mixture, 

followed by extraction with ethyl acetate. The organic layer was washed with a saturated 

aqueous solution of sodium bicarbonate, water, and brine in this order and dried over 

anhydrous magnesium sulfate, which was subsequently filtered off. The filtrate was 
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concentrated under reduced pressure, and the residue was subjected to silica gel column 

chromatography, followed by elution with hexane–ethyl acetate. Fractions containing the 

desired compound were concentrated under reduced pressure to afford compound 13d 

(0.44 g, yield 41%) as a crude mixture. 13d was used in the next step without further 

purification. 

 

MS (ESI) m/z: [M + H]+ calcd for C30H40N5O11S2 710; found 710. 

 

Step 2. Synthesis of (3aR,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-

((carboxymethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid (2d) 

Compound 13d (0.24 g, 0.298 mmol) was dissolved in dichloromethane (2.4 mL) 

followed by cooling to −40 °C. Next, anisole (0.26 mL, 2.39 mmol) and a 2 mol/L solution 

of aluminum chloride in nitromethane (1.19 mL, 2.39 mmol) were added in this order to 

the solution. The mixture was stirred at 0 °C for 20 min. The reaction mixture was 

dissolved in water, 2 mol/L hydrochloric acid, and acetonitrile. This solution was washed 

with diisopropyl ether. HP20SS resin was added to the aqueous layer. Acetonitrile was 

evaporated under reduced pressure. The obtained mixed solution was subjected to 

HP20SS column chromatography, followed by elution with water–acetonitrile. Fractions 

containing the desired compounds were concentrated under reduced pressure. The residue 

was freeze-dried to afford compound 2d (0.05 g, yield 35%) as a white powder. 

 

1H NMR (400 MHz, D2O): δ 7.22 (1H, s), 5.57 (1H, d, J = 4.5 Hz), 5.27 (1H, d, J = 4.5 

Hz), 3.18–3.11 (2H, m), 2.94–2.80 (2H, m), 2.72 (1H, d, J = 18.4 Hz). 
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13C NMR{1H} (100 MHz, D2O): δ 179.8, 177.7, 173.7, 172.4, 166.4, 164.9, 147.6, 135.3, 

115.5, 91.7, 75.2, 62.9, 59.2, 39.6, 36.2, 29.8. 

 

Anal.: C16H15N5O9S2(H2O)2.6. 

Calc.: C, 36.1; H, 3.8; N, 13.2; S, 12.05 (%). 

Found: C, 36.0; H, 3.8; N, 13.4; S, 11.9 (%). 

 

Compounds 2a–c, e–g were prepared from compound 11 and compounds 12a–c, e–g by 

a similar procedure as that described for 2d. 

 

 

(3aR,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-(((2-carboxypropan-2-

yl)oxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-

d][1,3]thiazine-8a-carboxylic acid (2a) 

1H NMR (400 MHz, D2O): δ 7.04 (1H, s), 5.60 (1H, d, J = 4.5Ηz), 5.28 (1Η, d, J = 4.5 

Hz), 3.19–3.15 (2Η, m), 2.95–2.84 (2Η, m), 2,69 (1Η, d, J = 17.7 Hz), 1.51 (3H, s), 1.49 

(3H, s). 

 

13C NMR{1H} (100 MHz, DMSO-d6): δ 174.8, 173.0, 168.4, 166.1, 162.8, 162.7, 149.3, 

142.6, 109.7, 86.1, 81.6, 59.6, 55.9, 35.6, 32.6, 26.5, 24.1, 23.8. 
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Anal.: C18H19N5O9S2(H2O)4.2. 

Calc.: C, 36.7; H, 4.7; N, 11.9; S, 10.9 (%). 

Found: C, 36.6; H, 4.4; N, 12.1; S, 10.6 (%). 

 

 

(3aR,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-(((S)-1-

carboxyethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid (2b) 

1H NMR (400 MHz, D2O): δ 7.18 (1H, s), 5.59 (1H, d, J = 4.5 Hz), 5.28 (1H, d, J = 4.5 

Hz), 4.82 (1H, d, J = 6.8 Hz), 3.19–3.10 (2H, m), 2.94–2.81 (2H, m), 2.71 (1H, d, J = 

18.7 Hz), 1.51 (3H, d, J = 7.1 Hz). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 183.3, 179.8, 173.7, 172.3, 167.7, 166.6, 

150.6, 143.5, 116.2, 91.8, 84.1, 62.5, 59.3, 39.4, 36.3, 29.8, 19.6. 

 

Anal.: C17H17N5O9S2(H2O)3.1. 

Calc.: C, 36.8; H, 4.2; N, 12.6; S, 11.55 (%). 

Found: C, 36.65; H, 4.1; N, 12.9; S, 11.4 (%). 
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(3aR,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-(((R)-1-

carboxyethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid (2c) 

1H NMR (400 MHz, D2O): δ 7.18 (1H, s), 5.57 (1H, d, J = 4.5 Hz), 5.27 (1H, d, J = 4.5 

Hz), 3.19–3.12 (2H, m), 2.94–2.80 (2H, m), 2.71 (1H, d, J = 18.4 Hz), 1.51 (3H, d, J = 

7.1 Hz). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 183.2, 179.8, 173.7, 172.3, 167.7, 166.6, 

150.6, 143.3, 116.2, 91.8, 84.1, 62.7, 59.5, 39.4, 36.3, 29.8, 19.7. 

 

Anal.: C17H17N5O9S2(H2O)3. 

Calc.: C, 36.9; H, 4.2; N, 12.65; S, 11.6 (%). 

Found: C, 36.8; H, 4.0; N, 12.7; S, 11.5 (%). 

 

 

(3aR,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-((1-

carboxycyclopropoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid (2e) 
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1H NMR (Na salt) (400 MHz, D2O): δ 7.11 (1H, s), 5.58 (1H, d, J = 4.6 Hz), 5.27 (1H, d, 

J = 4.6 Hz), 3.19–3.12 (2H, m), 2.96–2.80 (2H, m), 2.70 (1H, d, J = 18.8 Hz), 1.41–1.26 

(4H, m). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 182.6, 179.7, 173.7, 172.4, 167.5, 166.6, 

151.7, 143.1, 116.7, 91.8, 68.1, 62.5, 59.5, 39.4, 36.4, 29.8, 18.0. 

 

Anal.: C18H15N5Na2O9S2(H2O)2. 

Calc.: C, 36.55; H, 3.2; N, 11.8; Na, 7.8; S, 10.8 (%). 

Found: C, 36.4; H, 3.3; N, 12.1; Na, 7.95; S, 10.6 (%). 

 

 

(3aR,5aR,6R,8aR)-6-((Z)-2-(2-amino-5-chlorothiazol-4-yl)-2-

((carboxymethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid (2f) 

1H NMR (400 MHz, D2O): δ 5.63 (1H, d, J = 4.3 Hz), 5.27 (1H, d, J = 4.3 Hz), 4.66 (2H, 

s), 3.15–3.07 (2H, m), 2.94–2.79 (2H, m), 2.62 (1H, d, J = 18.7 Hz). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 179.8, 179.7, 172.4, 169.8, 166.9, 166.8, 

149.7, 137.9, 118.9, 91.7, 76.0, 62.2, 59.6, 39.5, 36.6, 30.0. 
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Anal.: C16H14ClN5O9S2(H2O)3.3. 

Calc.: C, 33.2; H, 3.6; Cl, 6.1; N, 12.1; S, 11.1 (%). 

Found: C, 33.2; H, 3.4; Cl, 6.1; N, 12.2; S, 11.0 (%). 

 

 

(3aR,5aR,6R,8aR)-6-((Z)-2-(5-amino-1,2,4-thiadiazol-3-yl)-2-

((carboxymethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid (2g) 

1H NMR (400 MHz, D2O): δ 5.64 (1H, d, J = 4.5 Hz), 5.28 (1H, d, J = 4.5 Hz), 4.88 (2H, 

s), 3.19–3.05 (2H, m), 2.94–2.79 (2H, m), 2.64 (1H, d, J = 18.2 Hz). 

 

13C NMR{1H} (100 MHz, D2O): δ 187.5, 179.7, 172.4, 166.7, 166.1, 163.4, 150.7, 119.3, 

91.6, 74.5, 62.4, 59.8, 39.6, 36.6, 30.0. 

 

Anal.: C15H14N6O9S2(H2O)4.4. 

Calc.: C, 32.2; H, 4.0; N, 15.0; S, 11.4 (%). 

Found: C, 32.25; H, 3.8; N, 14.9; S, 11.2 (%). 
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Synthesis of compounds 16d and 16d’ 

 

Step 1. Synthesis of a mixture of 3-methylbut-2-en-1-yl (3aR,5S,5aR,6R,8aR)-6-((Z)-

2-((2-(tert-butoxy)-2-oxoethoxy)imino)-2-(2-((tert-butoxycarbonyl)amino)thiazol-4-

yl)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-

carboxylate 5-oxide (14d) and 3-methylbut-2-en-1-yl (3aR,5R,5aR,6R,8aR)-6-((Z)-2-

((2-(tert-butoxy)-2-oxoethoxy)imino)-2-(2-((tert-butoxycarbonyl)amino)thiazol-4-

yl)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-

carboxylate 5-oxide (14d’) 

Compound 13d (0.75 g, 1.06 mmol) was dissolved in acetonitrile (4 mL) and DMA (4 

mL). The solution was cooled to −20 °C. Next, 37% peracetic acid solution (0.20 mL, 

1.11 mmol) was added to the solution. Under ice cooling, the mixture was stirred for 1 h. 

The reaction mixture was then separated into aqueous and organic layers by the addition 

of 10% aqueous solution of sodium sulfite and ethyl acetate. The organic layer was 

washed with water, a saturated aqueous solution of sodium bicarbonate and brine in this 

order, and then dried over magnesium sulfate, which was subsequently filtered off. Next, 

the filtrate was concentrated under reduced pressure. The residue was subjected to silica 

gel column chromatography, followed by elution with hexane–ethyl acetate. Fractions 
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containing the desired compound were concentrated under reduced pressure to afford a 

mixture of compound 14d + 14d’ (0.64 g, yield 84%) as an isomeric mixture of sulfoxide 

(5:1). 

 

1H NMR (400 MHz, CDCl3): δ 9.18 (0.2H, d, J = 7.0 Hz), 8.41 (1.0H, d, J = 9.3 Hz), 8.12 

(1.0H, s), 7.34 (0.8H, s), 7.32 (0.2H, s), 5.97 (1.0H, dd, J = 9.2, 4.8 Hz), 5.39 (1.2H, t, J 

= 7.3 Hz), 5.23–5.20 (0.2H, m), 4.91–4.62 (6.0H, m), 3.81–3.72 (1.0H, m), 3.64 (0.2H, 

dd, J = 14.7, 3.6 Hz), 3.57–3.51 (0.2H, m), 3.42 (1.0H, dd, J = 14.5, 5.0 Hz), 3.20 (0.2H, 

dd, J = 14.7, 5.8 Hz), 2.96 (1.0H, dd, J = 17.8, 7.7 Hz), 2.86 (0.2H, dd, J = 18.5, 9.3 Hz), 

2.47–2.38 (2.0H, m), 1.74 (7.2H, t, J = 10.0 Hz), 1.54 (10.8H, s), 1.48–1.45 (10.8H, m). 

 

MS (ESI) m/z: [M + H]+ calcd for C30H40N5O12S2 726; found 726. 

 

Step 2. Synthesis of compounds (3aR,5S,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-

yl)-2-((carboxymethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid 5-oxide (16d) and 

(3aR,5R,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-

((carboxymethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid 5-oxide (16d’) 

A mixture of compound 14d + 14d’ (0.64 g, 0.882 mmol) was dissolved in 

dichloromethane (10 mL). The solution was cooled to −40 °C, then anisole (1.16 mL, 

10.6 mmol) and a 2 mol/L solution of aluminum chloride in nitromethane (5.29 mL, 10.6 

mmol) were added in this order. The mixture was stirred at −30 °C for 30 min. The 

reaction mixture was dissolved in water, 2 mol/L hydrochloric acid, and acetonitrile. This 
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solution was washed with diisopropyl ether. HP20SS resin was added to the aqueous layer. 

Acetonitrile was evaporated under reduced pressure. The obtained mixed solution was 

subjected to HP20SS column chromatography, followed by elution with water–

acetonitrile. Fractions containing the desired compounds were concentrated under 

reduced pressure. The residue was freeze-dried to afford compound 16d and compound 

16d’ as white powders. 

 

Yield amount: compound 16d: 273 mg (yield 57%). 

compound 16d’: 57.6 mg (yield 12%). 

 

Compound 16d 

1H NMR (Na salt) (400 MHz, D2O): δ 7.07 (1H, s), 5.89 (1H, d, J = 4.8 Hz), 5.01 (1H, d, 

J = 4.8 Hz), 4.59 (2H, d, J = 1.1 Hz), 3.66–3.52 (2H, m), 3.07 (1H, dd, J = 18.4, 7.8 Hz), 

2.82 (1H, dd, J = 14.6, 12.6 Hz), 2.57 (1H, d, J = 18.4 Hz). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 179.9, 178.5, 173.8, 171.1, 167.5, 166.2, 

150.9, 143.1, 116.2, 90.7, 76.0, 68.3, 62.0, 46.1, 36.7, 32.0. 

 

Anal.: C16H15N5O10S2(H2O)2.3. 

Calc.: C, 35.4; H, 3.6; N, 12.9; S, 11.8 (%). 

Found: C, 35.4; H, 3.6; N, 13.1; S, 11.8 (%). 

 

Compound 16d’ 

1H NMR (400 MHz, DMSO‑d6): δ 9.87 (1H, d, J = 7.9 Hz), 7.27 (2H, s), 6.85 (1H, s), 



   Chapter Ⅱ 

49 
 

5.59 (1H, dd, J = 7.9, 4.6 Hz), 4.90 (1H, d, J = 4.6 Hz), 4.58 (2H, s), 3.02–2.87 (2H, m). 

 

13C NMR{1H} (100 MHz, DMSO): δ 172.7, 170.7, 168.4, 165.4, 162.7, 161.9, 149.1, 

142.2, 110.9, 84.4, 73.6, 70.7, 60.5, 46.7, 37.3, 32.5. 

 

Anal.: C16H15N5O10S2(H2O)2.1. 

Calc.: C, 35.6; H, 3.6; N, 13.0; S, 11.9 (%). 

Found: C, 35.7; H, 3.7; N, 13.2; S, 11.7 (%). 

 

Compounds 16b, c, e, g, h were prepared from compound 13b, c, e, g, h by a procedure 

similar to that described for 16d. 

 

 

(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-(((S)-1-

carboxyethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid 5-oxide (16b) 

1H NMR (400 MHz, D2O): δ 7.24 (1H, s), 5.92 (1H, d, J = 4.8 Hz), 5.02 (1H, d, J = 4.8 

Hz), 4.96 (1H, q, J = 7.2 Hz), 3.63 (1H, dd, J = 14.7, 5.2 Hz), 3.57–3.51 (1H, m), 3.07 

(1H, dd, J = 18.3, 7.8 Hz), 2.83 (1H, dd, J = 14.7, 12.5 Hz), 2.56 (1H, d, J = 18.3 Hz), 

1.58 (3H, d, J = 7.2 Hz). 

 

13C NMR{1H} (100 MHz, D2O): δ 179.7, 178.5, 173.7, 171.1, 166.2, 164.6, 146.6, 134.2, 
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115.1, 90.6, 83.1, 68.3, 62.1, 46.1, 36.8, 32.1, 18.9. 

 

Anal.: C17H17N5O10S2(H2O)2.5. 

Calc.: C, 36.4; H, 4.0; N, 12.5; S, 11.4 (%). 

Found: C, 36.3; H, 3.9; N, 12.6; S, 11.6 (%). 

 

 

(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-(((R)-1-

carboxyethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid 5-oxide (16c) 

1H NMR (Na salt) (400 MHz, D2O): δ 7.05 (1H, s), 5.88 (1H, d, J = 4.7 Hz), 5.01 (1H, d, 

J = 4.7 Hz), 4.62 (1H, q, J = 6.8 Hz), 3.66–3.53 (2H, m), 3.07 (1H, dd, J = 18.3, 7.5 Hz), 

2.82 (1H, t, J = 13.6 Hz), 2.57 (1H, d, J = 18.3 Hz), 1.47 (3H, d, J = 6.8 Hz). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 183.0, 178.5, 173.8, 171.2, 167.6, 166.2, 

150.3, 142.8, 115.9, 90.7, 84.0, 68.4, 62.0, 46.1, 36.8, 32.1, 19.5. 

 

Anal.: C17H15N5O10S2Na1.8(H2O)4.9. 

Calc.: C, 31.75; H, 3.9; N, 10.9; Na, 6.4; S, 10.0 (%). 

Found: C, 31.7; H, 3.8; N, 11.1; Na, 6.3; S, 9.9 (%). 
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(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-((1-

carboxycyclopropoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid 5-oxide (16e) 

1H NMR (Na salt) (400 MHz, D2O): δ 7.08 (1H, s), 5.86 (1H, d, J = 4.8 Hz), 5.00 (1H, d, 

J = 4.8 Hz), 3.66–3.52 (2H, m), 3.07 (1H, dd, J = 18.4, 7.6 Hz), 2.82 (1H, t, J = 13.4 Hz), 

2.57 (1H, d, J = 18.4 Hz), 1.42–1.26 (4H, m). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 182.4, 178.5, 173.7, 171.1, 167.5, 166.2, 

151.5, 143.1, 116.3, 90.7, 68.4, 68.3, 61.9, 46.1, 36.7, 32.0, 17.94, 17.86. 

 

Anal.: C18H15N5Na2O10S2(H2O)5.1. 

Calc.: C, 32.6; H, 3.8; N, 10.6; Na, 6.9; S, 9.7 (%). 

Found: C, 32.5; H, 3.8; N, 10.7; Na, 7.1; S, 9.6 (%). 

 

 

(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(5-amino-1,2,4-thiadiazol-3-yl)-2-

((carboxymethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid 5-oxide (16g) 
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1H NMR (Na salt) (400 MHz, D2O): δ 5.93 (1H, d, J = 4.5 Hz), 5.01 (1H, d, J = 4.5 Hz), 

4.67 (2H, t, J = 16.3 Hz), 3.65–3.52 (2H, m), 3.07 (1H, dd, J = 18.4, 7.5 Hz), 2.81 (1H, t, 

J = 13.4 Hz), 2.57 (1H, d, J = 18.4 Hz). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 187.4, 179.4, 178.5, 171.2, 166.5, 166.3, 

163.7, 149.6, 90.7, 76.5, 68.5, 61.7, 46.0, 36.7, 32.1. 

 

Anal.: C15H12N6O10Na2S2(H2O)3.1. 

Calc.: C, 29.9; H, 3.05; N, 13.95; Na, 7.6; S, 10.65 (%). 

Found: C, 29.9; H, 3.0; N, 14.1; Na, 7.6; S, 10.5 (%). 

 

 

(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-(ethoxyimino)acetamido)-

2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid 

5-oxide (16h) 

1H NMR (Na salt) (400 MHz, D2O): δ 7.03 (1H, s), 5.88 (1H, d, J = 4.8 Hz), 5.01 (1H, d, 

J = 4.8 Hz), 4.33–4.25 (2H, m), 3.64 (1H, dd, J = 14.7, 5.3 Hz), 3.59–3.52 (1H, m), 3.07 

(1H, dd, J = 18.3, 7.8 Hz), 2.83 (1H, dd, J = 14.7, 12.5 Hz), 2.57 (1H, d, J = 18.3 Hz), 

1.33 (3H, t, J = 7.1 Hz). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 178.5, 173.8, 171.1, 167.8, 166.1, 150.6, 

143.3, 115.8, 90.7, 74.3, 68.3, 62.0, 46.1, 36.7, 32.0, 16.7. 
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Anal.: C16H16N5O8NaS2(H2O)4. 

Calc.: C, 34.0; H, 4.3; N, 12.4; Na, 4.1; S, 11.3 (%). 

Found: C, 34.0; H, 4.2; N, 12.5; Na, 4.2; S, 11.5 (%). 

 

Synthesis of compound 17d 

 

Step 1. Synthesis of 3-methylbut-2-en-1-yl (3aR,5aR,6R,8aR)-6-((Z)-2-((2-(tert-

butoxy)-2-oxoethoxy)imino)-2-(2-((tert-butoxycarbonyl)amino)thiazol-4-

yl)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-

carboxylate 5,5-dioxide (15d) 

Compound 13d (0.75 g, 1.06 mmol) was dissolved in dichloromethane (10 mL). Under 

ice cooling, 70 % m-CPBA (0.52 g, 2.11 mmol) was added to the solution with stirring 

for 1 h. This reaction mixture was then separated into aqueous and organic layers by the 

addition of a saturated aqueous solution of sodium bicarbonate. The organic layer was 

washed with water, a saturated aqueous solution of sodium bicarbonate and brine in this 

order and dried over magnesium sulfate, which was subsequently removed by filtration. 

Next, the filtrate was concentrated under reduced pressure. The residue was subjected to 

silica gel column chromatography, followed by elution with hexane–ethyl acetate. 

Fractions containing the desired compound were concentrated under reduced pressure to 

afford compound 15d (0.09 g, yield 12%) as a crude mixture. 15d was used in the next 

step without further purification. 
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MS (ESI) m/z: [M + H]+ calcd for C30H40N5O13S2 742; found 742. 

 

Step 2. Synthesis of (3aR,5aR,6R,8aR)-6-((Z)-2-(2-aminothiazol-4-yl)-2-

((carboxymethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic acid 5,5-dioxide (17d) 

Compound 17d was obtained from compound 15d (0.09 g, 0.121 mmol) by a procedure 

similar to that described for 2d. 

 

Yield amount: 20.2 mg (yield 32%) 

 

1H NMR (Na salt) (400 MHz, DMSO‑d6): δ 7.03 (1H, s), 5.93 (1H, d, J = 4.7 Hz), 5.39 

(1H, d, J = 4.7 Hz), 3.91–3.85 (1H, m), 4.55 (2H, s), 3.64 (1H, dd, J = 15.4, 5.6 Hz), 

3.56–3.49 (1H, m), 3.01 (1H, dd, J = 18.4, 7.6 Hz), 2.56 (1H, d, J = 18.4 Hz). 

 

13C NMR{1H} (Na salt) (100 MHz, D2O): δ 180.1, 177.6, 173.8, 170.6, 167.3, 165.6, 

150.5, 142.6, 116.6, 89.7, 75.9, 68.5, 61.7, 52.6, 45.1, 37.2. 

 

Anal.: C16H13N5O11S2Na2(H2O)4. 

Calc.: C, 30.3; H, 3.3; N, 11.1; S, 10.1; Na, 7.3 (%). 

Found: C, 30.6; H, 3.5; N, 11.0; S, 9.8; Na, 7.0 (%). 
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MS (ESI) Data of 13a–c, e–h, 14b, c, e, g and h 
 

compound [M + H]+ m/z: calcd m/z: found 

 

C32H44N5O11S2 738 738 

 

C40H44N5O11S2 834 834 

 

C40H44N5O11S2 834 834 

 

C41H44N5O11S2 846 846 

 

C30H39ClN5O11S2 744 744 
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C29H39N6O11S2 711 711 

 

C26H34N5O9S2 624 624 

 

C40H44N5O12S2 850 850 

 

C40H44N5O12S2 850 850 

 

C41H44N5O12S2 862 862 

 

C29H39N6O12S2 727 727 
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C26H34N5O10S2 640 640 

 

X-ray crystallographic data of compound 11 and 16d’ 

X-ray Crystallography: The diffraction data of 11 and 16d’ were collected on an 

XtaLAB AFC10 (RCD3): quarter-chi single diffractometer. The crystal was kept at 100.0 

K during data collection. Using Olex2,1 the structure was solved with the ShelXT2 

structure solution program using Intrinsic Phasing and refined with the ShelXL3 

refinement package using Least Squares minimization. 

 

Sample Preparation: X-ray quality crystal was prepared by vapor diffusion method 

using ethanol–water for 11 and acetonitrile–water for 16d’ at room temperature. 
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Compound 11  

CCDC Deposition Number; 2043449 

 

Identification code; X4230r3 

Empirical formula; C66H72N6O18S3 

Formula weight; 1333.47 

Temperature; 100 K 

Crystal system; orthorhombic 

Space group; P212121 

Unit cell dimension; 

α = 4.96740(10) Å   α = 90 ° 

β = 31.4762(9) Å    β = 90 ° 

γ = 41.1495(7) Å    γ = 90 ° 
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Volume; 6433.9(3) Å3 

Z; 4 

Density (calculated) 1.377 g/cm3 

Absorption coefficient; 1.704 μ/mm–1 

F(000); 2808.0 

Crystal size; 0.19 × 0.06 × 0.01 mm 

Radiation; CuKα (λ = 1.54184 Å) 

2Θ range for data collection; 5.132 to 148.062 ° 

Index ranges; –6 ≤ h ≤ 5, –34 ≤ k ≤ 38, –37 ≤ l ≤ 50 

Reflections collected; 39918 

Independent reflections; 12635 [Rint = 0.0805, Rsigma = 0.0840] 

Data / restraints / parameters; 12635 / 6 / 891 

Goodness-of-fit on F2; 1.052 

Final R indexes [I>=2σ (I)]; R1 = 0.0594, wR2 = 0.1456 

Final R indexes [all data]; R1 = 0.0851, wR2 = 0.1656 

Largest diff. peak / hole; 0.41 / –0.57 eÅ–3 

Flack parameter; 0.002(14) 
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Compound 16d’  

CCDC Deposition Number; 2052400 

 

Identification code; X4267 

Empirical formula; C16H21N5O13S2 

Formula weight; 555.50 

Temperature; 100 K 

Crystal system; orthorhombic 

Space group; P212121 

Unit cell dimension; 

α = 7.62170(10) Å   α = 90 ° 

β = 14.3620(2) Å    β = 90 ° 

γ = 20.5427(3) Å    γ = 90 ° 



   Chapter Ⅱ 

61 
 

Volume; 2248.66(5) Å3 

Z; 4 

Density (calculated) 1.641 g/cm3 

Absorption coefficient; 2.883 μ/mm–1 

F(000); 1152.0 

Crystal size; 0.13 × 0.07 × 0.02 mm 

Radiation; CuKα (λ = 1.54184 Å) 

2Θ range for data collection; 7.51 to 147.86 ° 

Index ranges; –8 ≤ h ≤ 9, –17 ≤ k ≤ 17, –24 ≤ l ≤ 25 

Reflections collected; 14908 

Independent reflections; 4453 [Rint = 0.0423, Rsigma = 0.0395] 

Data / restraints / parameters; 4453 / 2 / 349 

Goodness-of-fit on F2; 1.046 

Final R indexes [I>=2σ (I)]; R1 = 0.0333, wR2 = 0.0842 

Final R indexes [all data]; R1 = 0.0356, wR2 = 0.0854 

Largest diff. peak / hole; 0.37 / –0.35 eÅ–3 

Flack parameter; 0.005(8) 

 

Evaluation of in vitro antibacterial activity 

The minimum inhibitory concentrations (MICs) were determined using the broth 

microdilution method in accordance with Clinical Laboratory Standards Institute (CLSI) 

guidelines. Briefly, two-fold serial dilutions of the test compounds were prepared and 

transferred to a 96-well plate containing Cation-Adjusted Mueller-Hinton broth 

(CAMHB). The bacterial suspension for the inoculum was prepared based on an optical 
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density of 625 nm for a final inoculum size of approximately 5 × 104 CFU/well. The 96- 

well plates were incubated at 35 °C for 16 to 20 h. The MIC endpoint was defined as the 

lowest concentration of the compound that inhibited bacterial growth as detected by the 

naked eye. 

 

Conformational analysis 

The Macromodel module of the Schrödinger Maestro version 12.1.16 was used for 

conformational analysis. OPLS3e was used as a force field for calculation. We carried out 

the conformational search using mixed torsional/low-mode sampling. The number of 

separate conformers generated was 1000, with a maximum of 100 unique structures to be 

saved for each rotatable bond. A 21 kJ/mol energy cutoff was used to remove the higher 

energy conformers. A conformer was considered redundant and subsequently eliminated 

if its maximum atom deviation from an already-identified conformer was less than 0.5 Å. 

All conformers were subjected to further minimization using the Powell − Reeves 

conjugate gradient (PRCG) method for a maximum of 2500 steps, and because some 

conformers could not be easily minimized, we used a second minimization step and 

increased the number of iterations to 2500 to ensure that all conformers were minimized. 

 

Determination of the competitive inhibition constant (Ki) 

CMY-2 was prepared as the native form without any affinity tags from E. coli BL21-

derived strains with the expression vector of pET9a. The concentration of crude enzyme 

used was determined by the measurement of hydrolysis of nitrocefin (150 μM), where the 

change of the absorbance was linearly approximately 0.2 to 0.7 over the 20 min. The 

competitive inhibition constant (Ki) was determined in the presence of 100 μM nitrocefin 
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(Δε 492 nm = 17400 M–1 cm–1) in reaction buffer (50 mM MOPS (pH 7.0), 50 mM NaCl) 

at 25 °C with a final substrate concentration of 20 μM to 2.6 mM and the absorbance of 

nitrocefin was monitored at 492 nm every 3 min for 15 min with a UV-2550 

spectrophotometer 93 (Shimadzu, Japan) or U-3010 (Hitachi, Japan). Ki values were 

calculated by method of Waley S.G.18 

 

Evaluation of therapeutic efficacy in cyclophosphamide-induced neutropenic mouse 

model of lung infections 

The neutropenic mouse lung infections outlined by Koomanachai et al.25 and Drusano 

et al.26 were tested. Five-week-old, specific-pathogen-free, male Jcl:ICR mice (weight, 

17 to 20 g) were obtained from CLEA Japan, Inc. (Tokyo, Japan). Mice were anesthetized 

by intramuscular injection of a mixture of tiletamine, zolazepam, and xylazine. The mice 

were infected by intranasal instillation of 0.07 mL of bacterial suspension. The challenge 

doses ranged from approximately 105 to 106 CFU/lung. 
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Chapter Ⅲ Optimization of Aminothiazole Side Chain 

 

Ⅲ-1. Introduction 

Carbapenem-resistant Enterobacterales (CREs) are a worldwide clinical and public 

health problem.1 Carbapenem resistance is usually caused by production of carbapenem-

hydrolyzing enzymes, carbapenemases, which include serine-type β-lactamases (classes 

A and D based on Ambler classification2) such as KPC and OXA-48 and metallo-type β-

lactamases (class B) such as NDM and VIM.3 Since 2015, some combinations of β-

lactam and β-lactamase inhibitor (BL/BLI) such as AVYCAZ® (ceftazidime, CAZ, 2 and 

avibactam, AVI, 3) and VABOMERE® (meropenem, MER, 4 and vaborbactam, VAB, 

5) have been approved in some countries. Furthermore, new BL/BLI combinations 

currently under clinical development, such as monobactam aztreonam (ATM, 6) and AVI 

3, have potent activities against class B β-lactamase producing Enterobacterales, where 

therapeutic options are currently very limited. In these combinations, the BLI hinders 

hydrolysis and inactivation by β-lactamases to restore the activity of the β-lactam 

antibiotic. The BL/BLI strategy should be one of the therapeutic options for infections 

caused by CREs; however, these activities would be lost against clinical isolates with 

resistance mechanisms other than β-lactamase production. Examples include reduction of 

the outer membrane permeability caused by porin deficiency with β-lactamase 

production4 and degradation of target affinity by mutations in penicillin-binding proteins 

(PBPs), such as the insertion of four amino acids into PBP3 (encoded by ftsI).5 

Regarding the relationship between outer membrane permeability and antibacterial 

activity, it has been reported that β-lactams use porin channels to permeate the outer 

membrane, and their antibacterial activities are strongly influenced by the rate of 
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penetration of the outer membrane because β-lactams need to access their target PBPs by 

crossing the outer membrane of Gram-negative bacteria to enter the periplasmic space. 

Therefore, the lack of major porins due to mutations or downregulation of the 

corresponding genes is believed to reduce the permeability of the outer membrane and to 

affect the antibacterial activities.6 Furthermore, it has been reported that reduced outer 

membrane permeability combined with the production of extended-spectrum β-

lactamases (class A) and/or AmpC β-lactamase (class C) can reduce the susceptibility to 

carbapenems in the clinical isolates of Enterobacterales without carbapenemases.7 The 

insertion of four amino acids (YRIN or YRIK) into PBP3 has been reported to affect the 

susceptibility of several β-lactams, especially monobactam and cephalosporins,5 because 

they have the highest affinity for PBP3 among the PBPs8 and are reported to be enriched 

among NDM-type carbapenemase (class B) producing strains, especially in India.5 

Therefore, this four-amino acid insertion in combination with the NDM-type 

considerably elevates the minimum inhibitory concentrations (MICs) of BL/BLIs. These 

findings indicate a critical need for new therapeutic options against CREs that have 

overcome these two resistance mechanisms. In Chapter Ⅱ, the author identified the novel 

tricyclic β-lactam 1a which has a γ-lactone ring and a sulfoxide of the tricyclic core as 

key structures for exhibiting potent antibacterial activities against several problematic β-

lactamase-producing CREs without a BLI (Figure 3-1). During the evaluation of 1a, two 

strains with increased MICs were found, and their characterization revealed that they are 

a porin-deficient strain and a four-amino acid inserted strain. Further modifications of 

compound 1a were started with the aim overcoming these resistant mechanisms and 

improving its antibacterial activities. 
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Figure 3-1. Structures of Compounds 1a and BL/BLIs 

 

Ⅲ-2. Synthesis of Tricyclic β-lactams 

Scheme 3-1 shows the synthesis of compound 1a and its derivatives. 

N-hydroxyphthalimide was alkylated with compounds 7a−i under the conditions of 

alkylation or Mitsunobu reaction to afford the corresponding compounds 8a−i. Treatment 

of 8a−i with N-methylhydrazine in dichloromethane gave alkoxyamines 9a−i, which 

were immediately reacted with α-keto carboxylic acid 10 to afford aminothiazole side 

chains 11a−i. Compound 12′ was prepared from compound 12 by hydrogenation 

followed by protection with the diphenylmethyl group. The aminothiazole side chains 

11a−i were introduced after removing the phenylacetyl group of compounds 12 or 12′ 

from the amino group and removal of all protective groups to afford target compounds 

1a−i. The structure of the target compounds was confirmed by single crystal X-ray 

crystallography of 1i (Figure 3-2). 
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Scheme 3-1. Synthesis of Tricyclic β-lactams 1a–i 
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Figure 3-2. Molecular Structure of 1i; Thermal ellipsoids are set at 30% probability 

 

Ⅲ-3. Structure-Activity Relationship of Aminothiazole Side Chain 

The structure-activity relationships for several analogues with modified alkoxyimino 

moieties of the aminothiazole side chain are summarized in Table 2-1 by the MICs of six 

strains including two low susceptible strains described below. 

During the evaluation of 1a, two strains with increased MICs were identified. One was 

Klebsiella pneumoniae NCTC13443 (NDM-1 producer), which is deficient in porin 

OmpK35, and the other was Escherichia coli SR08587 (NDM-1 producer), which has a 

four-amino acid (YRIN) insertion into PBP3. E. coli SR08587 shows an increased MIC 

of 1a; however, it has only been found in E. coli clinical isolates, and their spread in the 

future is still unknown.5 

The author therefore decided to prioritize the improvement of activities against porin-

deficient strains. The antibacterial activities of β-lactams have been reported to be 

strongly influenced by the rate of penetration through the outer membrane.9 Therefore, 

he hypothesized that the high MIC of 1a against K. pneumoniae NCTC13443 is due to a 
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decrease in the outer membrane permeability caused by a deficiency in porin OmpK35.  

 

Table 3-1. In Vitro Antibacterial Activities (MIC, μg/mL) of Compounds 1a–i 

 

 

Studies on porin channels have shown that β-lactams with two negative charges 

penetrate more slowly than β-lactams with one negative charge and that β-lactams with 

exceptionally bulky side chains show much slower penetration rates than expected from 

their hydrophobicity.10 Hence, he proposed that converting the carboxylic acid group on 

the alkoxyimino moiety of compound 1a into a non-anionic group and/or introducing a 

non-bulky hydrophilic functional group should improve the permeability of porin and 

consequently its antibacterial activities against the porin-deficient strains. This strategy 
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for improving porin permeability should simultaneously improve the antibacterial 

activities against the four-amino acid inserted strains because it has been reported that the 

binding of β-lactams, which have a large substituent at the position of the aminothiazole 

side chain, to PBP3 is hindered by the four-amino acid insertion.8 

First, the carboxylic acid group at the alkoxyimino moiety of the aminothiazole side 

chain was converted to amide group 1b, hydroxy group 1c, and amino group 1d to reduce 

the negative charge of the whole molecule from 2 to1. Contrary to his expectations, the 

antibacterial activities of 1b and 1c against the two target strains (K. pneumoniae 

NCTC13443 and E. coli SR08587) did not improve, and 1d showed significant reduction 

of the activities. In addition, the reduced activities of 1e having an extended carbon chain 

suggests that carbon chain extension is not suitable for potent antibacterial activities. The 

combined results indicate that the conversion of the carboxylic acid at the alkoxyimino 

moiety of the aminothiazole side chain alone would not achieve improved antibacterial 

activities against the porin-deficient strains. Thus, additional non-bulky hydrophilic 

functional groups were introduced into the alkoxyimino moiety of 1a to improve the 

activities in the next attempt. Introductions of another carboxylic acid group 1f and an 

amide group 1g significantly decreased the antibacterial activities, and introduction of a 

hydroxy group 1h did not significantly improve the activities against the two target strains 

as compared with 1a. These results indicate that the introduction of additional hydrophilic 

functional groups alone could not improve the activities. Therefore, the reduction of the 

negative charge was combined with the introduction of additional hydrophilic functional 

groups. Comparison of the antibacterial activities of 1f−h showed that 1h displayed 

activities superior to the others. This led to convert the carboxylic acid group of 1h to a 

hydroxy group. As expected, compound 1i showed improved activities against K. 
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pneumoniae NCTC13443 (porin-deficient strain) and, fortunately, against E. coli 

SR08587 (YRIN inserted strain). In addition, the activities of 1i against Enterobacter 

cloacae SR36276 (class C producer) and K. pneumoniae SR08787(class D producer) 

were slightly lower than those of 1h, but 1i exhibited potent antibacterial activities against 

the other four strains. Therefore, 1i was the most well-balanced compound with improved 

activities against the two target strains. 

 

Ⅲ-4. Assessment of Impact of Porin Deficiency on Antibacterial Activity 

To assess the impact of porin deficiency, the MICs of compound 1a, 1i, CAZ 2/AVI 3, 

and ATM 6/AVI 3 against K. pneumoniae NVT2001S and its recombinant derivative 

strains were determined (Table 3-2).9 

 

Table 3-2. Antibacterial Activities Against K. pneumoniae NVT2001S and Its 

OmpK35/36-Deletion Strains with or without Carrying β-lactamase 

 

 

The single deletion of either OmpK35 or OmpK36 had no significant impact on the 

MICs of 1i. However, double deletion of both genes increased the MICs by 8-fold for 1i, 

with an 8-fold increase for CAZ 2/AVI 3, 16-fold for ATM 6/AVI 3, and 32-fold for 1a. 
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When the OmpK35/36-deficient strain produces KPC-2, no significant MIC increase for 

1a or 1i was exhibited compared to the OmpK35/36-deficient strain without KPC-2 

production. On the other hand, the MICs of CAZ 2/AVI 3 and ATM 6/AVI 3 were affected 

by the KPC-2 production, irrespective of OmpK35/36-deficiency. Significant MIC shifts 

from 0.5 to 8 μg/mL for CAZ 2/AVI 3 and from 0.25 to 2 μg/mL for ATM 6/AVI 3 were 

observed against the OmpK35/36-deficient strain when combined with KPC-2 production. 

These results suggest that the antibacterial activities of 1i against CREs are less affected 

by porin deficiency and hydrolysis by β-lactamases than BL/BLIs such as CAZ 2/AVI 3 

and ATM 6/AVI 3. 

 

Table 3-3. In Vitro Activity against Porin-Deficient Enterobacterales 

 

Next, to investigate how the antibacterial activities against K. pneumoniae NVT2001S 

recombinant strains are transferred to the clinical isolates, the antibacterial activities of 1i 

and BL/BLIs against clinically isolated strains with the porin deficiency where the MICs 

of CAZ 2/AVI 3 were greater than or equal to 16 μg/mL were evaluated (Table 3-3). 

Strain  Characteristics 

MIC (μg/mL) 

1i 
CAZ (2) 
/AVI (3) 

ATM (6) 
/AVI (3) 

K. pneumoniae NCTC13443 NDM-1, CMY-2 type, 
CTX-M-15, ΔOmpK35 

0.5 >32 >32 

K. pneumoniae SR08786 OXA-48, ΔOmpK35 0.25 >32   1 

K. pneumoniae SR200062 PER-4, SHV-1, OXA-1, 
ΔOmpK35 

≤0.031 >32 >32 

K. pneumoniae SR200071 KPC-3, SHV-OSBL,  
TEM-OSBL, ΔOmpK35 

0.125  16   1 

E. cloacae SR200030 PER-2, ΔOmpF 0.5 >32  32 

C. freundii SR200027 VEB-5, CTX-M-15, TEM-1, 
SHV-1, CMY-98-like, ΔOmpF 

0.063 >32  16 
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ATM 6/AVI 3 also showed high MIC values (≥16 μg/mL) except K. pneumoniae 

SR08786 and SR200071 (MICs = 1 μg/mL). However, 1i showed potent activities against 

all porin-deficient strains (MICs ≤ 0.5 μg/mL). As these results show that 1i has an 

advantage in antibacterial activities against clinical isolates with the porin deficiency. 

 

Ⅲ-5. Verification of Antibacterial Activity against Four-Amino-Acid Inserted 

Strains 

To verify the antibacterial activities of 1i against clinical isolates with a four-amino acid 

insertion, another resistance mechanism, the antibacterial activities of 1i and ATM 6/AVI 

3 were evaluated against clinically isolated strains with the four-amino acid insertion and 

NDM-1 production (Table 3-4). 

 

Table 3-4. In Vitro Activity against Four-Amino-Acid Inserted E. coli 

Strain  Characteristics 

MIC (μg/mL) 

1i ATM (6)/AVI (3) 

E. coli SR08587 NDM-1, YRIN-inserted in PBP3 2  4 

E. coli SR01463 NDM-1, YRIN-inserted in PBP3 2  8 

E. coli SR08586 NDM-1, YRIK-inserted in PBP3 4 16 

E. coli SR01442 NDM-1, ΔOmpF, YRIK-inserted in PBP3 4 16 

E. coli SR200040 NDM-1, YRIK-inserted in PBP3 4 32 

 

ATM 6/AVI 3 showed high MIC values (≥16 μg/mL) except E. coli SR08587 and 

SR01463 (4 and 8 μg/mL, respectively). However, 1i showed 2−8 fold improved 

activities over ATM 6/AVI 3 against all four-amino acid inserted strains which include E. 
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coli SR01442 with both porin deficiency and four-amino acid insertion. These results 

indicate that 1i has an advantage in antibacterial activities against clinical isolates with 

the four-amino acid insertion in addition to the porin deficiency. 

 

Ⅲ-6. Evaluation of In Vitro Antibacterial Activity 

To further verify the potential of compound 1i, expanded panels of clinically isolated 

carbapenemase-producing strains collected between 2014 and 2016 from various 

countries11 were tested and the antibacterial activities of 1i were compared with those of 

BL/BLIs (Table 3-5). 

Against all four types (KPC, NDM, VIM, and OXA-48-like) of CREs tested, 1i inhibited 

bacterial growth at ≤ 1 μg/mL with the range of MIC90s being from 0.125 to 0.5 μg/mL, 

while MIC90s of CAZ 2/AVI 3 were >64 μg/mL against KPC, NDM, and VIM producers 

and 4 μg/mL against OXA-48-like producers. The range of MIC90s for ATM 6/AVI 3 was 

from 0.25 to 1 μg/mL against KPC-, NDM-, and OXA-48-like producers, being 

comparable or slightly inferior to compound 1i. However, the MIC90 of ATM 6/AVI 3 was 

2 μg/mL against VIM producers, which was 4-fold that of 1i. These results demonstrate 

that compound 1i could be expected to exhibit more potent antibacterial activity against 

CREs than BL/BLIs. 
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Table 3-5. In Vitro Activity against Various Carbapenemase-Producing Enterobacterales 

Enterobacterales 

(Number of strains) 
Test compound 

MIC (μg/mL) 

Range MIC90 

KPC-producing strains (49) a 

Compound 1i ≤0.031–1 0.5 

CAZ (2)/AVI (3) 0.125–>64 >64 

ATM (6)/AVI (3) ≤0.031–2 1 

NDM-producing strains (22) b 

Compound 1i 0.063–1 0.5 

CAZ (2)/AVI (3) >64 >64 

ATM (6)/AVI (3) ≤0.031–1 1 

VIM-producing strains (25) c 

Compound 1i 0.125–0.5 0.5 

CAZ (2)/AVI (3) 16–>64 >64 

ATM (6)/AVI (3) 0.063–2 2 

OXA-48-like-producing strains (12) d 

Compound 1i 0.063–1 0.125 

CAZ (2)/AVI (3) 0.063–16 4 

ATM (6)/AVI (3) ≤0.031–1 0.25 

a: 33 strains of K. pneumoniae, 5 strains of Klebsiella oxytoca, 5 strains of Serratia 

marcescens, 2 strains of E. coli, 2 strains of Enterobacter aerogenes, 1 strain of E. 

cloacae, and 1 strain of Citrobacter freundii, (29 strains of KPC-2 producer, 13 

strains of KPC-3 producer, 1 strain of KPC-6 producer, 1 strain of KPC-18 producer, 

and 5 subtype unidentified strains).  

b: 12 strains of K. pneumoniae and 10 strains of E. cloacae (19 strains of NDM-1 

producer, 2 strains of NDM-6 producer, and 1 strain of NDM-7 producer). 

c: 10 strains of E. cloacae, 5 strains of K. pneumoniae, 4 strains of Citrobacter 

freundii, 3 strains of Serratia marcescens, 1 strain of Klebsiella oxytoca, 1 strain of 

E. coli, and 1 strain of C. amalonaticus (23 strains of VIM-1 producer, 1 strain of 

VIM-5 producer, and 1 strain of VIM-19 producer). 

d: 12 strains of K. pneumoniae. 
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Ⅲ-7. Evaluation of Therapeutic Efficacy 

To verify that compound 1i exerts a therapeutic effect that reflects its potent in vitro 

antibacterial activities in clinical use, the therapeutic efficacies of 1i, CAZ 2/AVI 3, and 

ATM 6/ AVI 3 were examined using a cyclophosphamide-induced neutropenic mouse 

model of lung infections caused by KPC producing K. pneumoniae VA-391 (Figure 3-3).  

 

 

 

Figure 3-3. Therapeutic Efficacy in Neutropenic Mouse Lung Infection Model 

 

The change in bacterial density was calculated as the difference in log10 CFU from the 

antibiotic-treated mice after 24 h from the level in the 0 h control animals. 1i showed 
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dose-dependent bactericidal efficacy with the reflection of its low MIC and achieved 2-

log10 CFU reductions from the initial counts at 100 mg/kg/dose, which is significantly 

superior to BL/BLIs at the same doses (p < 0.05). These results indicate that 1i shows a 

strong bactericidal effect reflected by its in vitro antibacterial activity and consequently 

should offer a superior clinical outcome to BL/BLIs against problematic pathogens such 

as CRE.  

 

Ⅲ-8. Validation of Frequency of Spontaneously Resistant Mutants 

Because 1i showed strong therapeutic efficacy in the neutropenic mouse lung infection 

model, the frequency of spontaneous resistant mutants was validated to predict the 

possibility of resistant strains emerging during therapy (Table 3-6).12  

 

Table 3-6. Frequency of Resistant Mutants against Six Enterobacterales a 

Test strain 
Frequency of resistant mutants (MIC, μg/mL) 

Compound 1i CAZ (2)/AVI (3) 

E. coli NIHJ JC-2 1.21×10–9 (0.031) < 9.39×10–10 (0.125) 

K. pneumoniae ATCC13883 < 5.99×10–10 (0.031) < 9.43×10–10 (0.25) 

E. cloacae SR36271 (AmpC) < 5.01×10–10 (0.031) NT 

E. coli SR21266 (CTX-M-14) < 8.55×10–10 (0.063) < 8.55×10–10 (0.125) 

K. pneumoniae SR01343 (KPC-2) < 1.05×10–9 (0.125) 4.76×10–9 (1) 

K. pneumoniae SR01453 (NDM-1) < 1.45×10–9 (0.125) < 1.45×10–9 b (0.125) 

a: The bacterial inoculum was approximately 109 CFU. The number of mutant 

strains on MHA containing 10-fold MIC of each compound was counted. AVI 

3, fixed concentration of 4 μg/mL. NT, not tested. 

b: ATM 6 was used instead of CAZ 2. 
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The frequencies for 1i against these test strains were <1.05 × 10–9, which are similar to 

those of the already approved CAZ 2/AVI 3 or ATM 6/AVI 3 under development. These 

results obviate the concern of spontaneous resistance mutations in the clinical use of 1i. 

 

Ⅲ-9. Conclusion  

 

This chapter describes the discovery of compound 1i that overcomes the reduction of 

outer membrane permeability caused by porin deficiency with β-lactamase production 

and the insertion of four amino acids into PBP3, which significantly increases the MICs 

of BL/BLIs. Introduction of a hydrophilic functional group, a hydroxyl group, into the 

alkoxyimino moiety of the aminothiazole side chain and conversion of the carboxylic acid 

into another hydroxyl group to reduce the negative charge of the whole molecule from 2 

to 1 are the keys to overcoming the porin deficiency. In addition, 1i shows 2- to 8-fold 

improved antibacterial activities over ATM 6/AVI 3 against clinical isolates with four-

amino acid insertion and NDM-1 production. Therefore, this conversion is also effective 

for overcoming the four-amino acid insertion into PBP3. 1i also shows strong therapeutic 

efficacy that is significantly superior to BL/BLIs in the neutropenic mouse lung infection 

model and a low frequency of the production of spontaneous resistant mutants, which is 

similar to the already approved CAZ 2/AVI 3 (AVYCAZ®). These results demonstrate 

that 1i is a promising drug candidate for infections caused by CREs including those with 
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reduced outer membrane permeability and the four-amino acid insertion into PBP3, in 

addition to β-lactamase production. 

 

Experimental 

Unless otherwise noted, reactions were performed under a nitrogen atmosphere. 

Solvents and commercial reagents were used without purification. Ceftazidime 2 and 

aztreonam 6 were purchased from Tokyo Chemical Industry Co., Ltd. Avibactam 3 was 

purchased from Shanghai Haoyuan Chemexpress Co., Ltd. Meropenem 4 was purchased 

from FUJIFILM Wako Pure Chemical Corporation. Vaborbactam 5 was purchased from 

MedChemExpress LLC. All of these purchased antibiotics had a purity >98%. 

Compounds 7i,13 8b,14 8c,15 8d,16 8e,17 8f,18 8h,19 and 11g20 were synthesized by the 

reported methods. 1H and 13C NMR spectra were recorded on a Bruker AV400 

spectrometer. Chemical shifts (δ) are reported in parts per million (ppm) from 

tetramethylsilane (in CDCl3 and DMSO-d6), sodium 2,2-dimethyl-2-silapentane-5-

sulfonate (in D2O) or the solvent residual peak (in DMSO-d6 δ 2.50 and D2O δ 4.79) as 

an internal reference. Analytical thin-layer chromatography was run on silica gel F254 

precoated plates. Visualization of the developed chromatogram was done using 

fluorescence quenching or Vaughn’s reagent. Flash column chromatography was carried 

out on an automated purification system using Yamazen or Fuji Silysia prepacked silica 

gel columns. Reverse phase column chromatography was performed using HP20SS and 

octadecylsilyl silica gel (Yamazen Ultra Pack). High-resolution mass spectral data were 

acquired on Orbitrap Q Exactive Plus (ESI). Low-resolution mass spectral data were 

collected on a Waters ZQ mass detector (ESI), a Shimadzu LCMS-8030 (ESI), or a 

Shimadzu LCMS-2020 (ESI). Elemental analysis was performed using a Micro Corder 
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JM11 (J-Science Lab Co., Ltd.) analyzer. 

Strains were obtained from the American Type Culture Collection (Manassa, VA) and 

the National Collection of Type Cultures (Salisbury, United Kingdom). Clinical strains 

were kindly provided by the Bicêtre Hospital (Le Kremlin-Bicêtre, France), Dr. Koh Tse 

Hsien in Singapore General Hospital (Singapore), International Health Management 

Associates (Schaumburg, USA), and Dr. Robert A. Bonomo in Case Western Reserve 

University (Ohio, USA). Other test strains were obtained from various hospitals, mainly 

in Japan. K. pneumoniae NVT2001S and its OmpK35 and/or OmpK36 deletion mutants 

were kindly provided by the National Health Research Institutes of Taiwan. 

All studies with animals were approved by the Institutional Animal Care and Use 

Committee of Shionogi & Co., Ltd. 

 

Synthesis of Aminothiazole Side Chain 11i 

 

Step 1. Synthesis of 2-((2,2,3,3,9,9,10,10-octamethyl-4,8-dioxa-3,9-disilaundecan-6-

yl)oxy)isoindoline-1,3-dione (8i) 

To a solution of compound 7i (3.13 g, 9.8 mmol) in tetrahydrofuran (31 mL), N-

hydroxyphthalimide (1.91 g, 11.7 mmol) and triphenylphosphine (3.07 g, 11.7 mmol) 

were added. Next, 1.9 mol/L solution of DIAD in toluene was added dropwise under ice 

cooling. The mixture was stirred at room temperature for 1 h and then concentrated under 

reduced pressure. Methanol was added to the residue. The resulting solid was collected 

by filtration and dried under reduced pressure to afford 8i (3.07 g, yield 67%) as a white 
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solid. 

1H NMR (400 MHz, CDCl3): δ 7.81 (2H, dd, J = 5.5, 3.1 Hz), 7.72 (2H, dd, J = 5.5, 3.1 

Hz), 4.38–4.33 (1H, m), 3.93 (4H, ddd, J = 14.6, 9.5, 3.3 Hz), 0.81 (18H, s), 0.02 (6H, s), 

0.00 (6H, s). 

 

13C NMR{1H} (100 MHz, CDCl3): δ 163.67, 134.20, 129.21, 123.35, 88.20, 61.76, 25.75, 

18.21, −5.55, −5.58. 

 

HRMS (ESI) m/z: [M + H]+ calcd for C23H39NO5Si2, 466.2440; found, 466.2437. 

 

Step 2. Synthesis of (Z)-2-(2-((tert-Butoxycarbonyl)amino)thiazol-4-yl)-5-(((tert-

Butyldimethylsilyl)oxy)methyl)-8,8,9,9-tetramethyl-4,7-dioxa-3-aza-8-siladec-2-

enoic Acid (11i) 

To a solution of compound 8i (3.07 g, 6.6 mmol) in dichloromethane (30 mL), 

methylhydrazine (0.383 mL, 7.2 mmol) was added at −30 °C. Under ice cooling, the 

mixture was stirred for 30 min. The resulting insoluble material was removed by filtration. 

Compound 10 (1.79 g, 6.6 mmol) was added to the filtrate. The mixture was stirred at 

room temperature for 2 h and then concentrated under reduced pressure. Dilute 

hydrochloric acid was added to the residue, followed by extraction with ethyl acetate. The 

organic layer was washed with water and brine in this order and dried over anhydrous 

magnesium sulfate. After filtration, the filtrate was concentrated under reduced pressure. 

The residue was dissolved in diisopropyl ether. Next, triethylamine (1.1 mL, 7.9 mmol) 

was added to the solution. The resulting solid was collected by filtration and dried under 

reduced pressure to afford 11i (1.79 g, yield 39%) as a white solid. 11i was used in the 
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next step without further purification. 

MS (ESI) m/z: [M + H]+ calcd for C25H47N3O7SSi2, 590; found, 590. 

 

Aminothiazole side chains 11b–f, h were prepared from compounds 8b–f, h by a 

procedure similar to that described for 11i. 

 

 

(Z)-2-((2-Amino-2-oxoethoxy)imino)-2-(2-((tert-butoxycarbonyl)amino)thiazol-4-

yl)acetic Acid (11b) 

MS (ESI) m/z: [M + H]+ calcd for C12H16N4O6S, 345; found, 345. 

 

 

(Z)-2-(2-((tert-Butoxycarbonyl)amino)thiazol-4-yl)-2-((2-

hydroxyethoxy)imino)acetic Acid (11c) 

MS (ESI) m/z: [M + H]+ calcd for C12H17N3O6S, 332; found, 332. 
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(Z)-2-(2-((tert-Butoxycarbonyl)amino)thiazol-4-yl)-10,10-dimethyl-8-oxo-4,9-dioxa-

3,7-diazaundec-2-enoic Acid (11d) 

MS (ESI) m/z: [M + H]+ calcd for C17H26N4O7S, 431; found, 431. 

 

 

(Z)-2-((3-(tert-Butoxy)-3-oxopropoxy)imino)-2-(2-((tert-

butoxycarbonyl)amino)thiazol-4-yl)acetic Acid (11e) 

MS (ESI) m/z: [M + H]+ calcd for C17H25N3O7S, 416; found, 416. 

 

 

(S,Z)-2-(((4-(tert-Butoxy)-1-((4-methoxybenzyl)oxy)-1,4-dioxobutan-2-

yl)oxy)imino)-2-(2-((tert-butoxycarbonyl)amino)thiazol-4-yl)acetic Acid (11f) 

MS (ESI) m/z: [M + H]+ calcd for C26H33N3O10S, 580; found, 580. 
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(S,Z)-5-((Benzhydryloxy)carbonyl)-2-(2-((tert-butoxycarbonyl)amino)thiazol-4-yl)-

8,8,9,9-tetramethyl-4,7-dioxa-3-aza-8-siladec-2-enoic Acid (11h) 

MS (ESI) m/z: [M + H]+ calcd for C32H41N3O8SSi, 656; found, 656. 

 

Synthesis of Compound 12′ 

 

Compound 12 (31.5 g, 70.9 mmol) was dissolved in tetrahydrofuran (320 mL), and then 

5% palladium carbon (15.1 g, 7.09 mmol) was added to the solution. Under a hydrogen 

atmosphere, the mixture was stirred at room temperature for 4 h and 30 min. The catalyst 

was removed by filtration through Celite. Next, 5% palladium carbon (15.1 g, 7.09 mmol) 

was added again to the filtrate. Under a hydrogen atmosphere, the mixture was stirred at 

room temperature for 1 h. The catalyst was removed by filtration through Celite. 

Diphenyldiazomethane (15.1 g, 78.0 mmol) was added to the filtrate. The mixture was 

stirred at room temperature for 1 h. The solvent was evaporated. Ethyl acetate and 

diisopropyl ether were added to the residue. The resulting solid was collected by filtration 

and dried to afford 12′ (27.5 g, yield 71%) as a white solid. 

1H NMR (400 MHz, CDCl3): δ 7.38–7.26 (14H, m), 7.25 (1H, s), 6.93 (1H, s), 6.21 (1H, 

d, J = 8.7 Hz), 5.52 (1H, dd, J = 8.7, 4.8 Hz), 4.98 (1H, d, J = 4.8 Hz), 3.63 (2H, dd, J = 
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20.7, 16.1 Hz), 3.13–3.08 (1H, m), 2.90 (1H, dd, J = 14.5, 4.5 Hz), 2.60 (1H, dd, J = 14.5, 

9.6 Hz), 2.52 (2H, t, J = 3.1 Hz). 

 

13C NMR{1H} (100 MHz, CDCl3): δ 171.43, 170.97, 164.13, 163.69, 138.76, 138.18, 

133.70, 129.48, 129.17, 128.75, 128.55, 128.51, 128.45, 127.74, 127.62, 127.01, 86.89, 

80.88, 60.23, 56.29, 43.32, 35.63, 33.17, 27.01. 

 

HRMS (ESI) m/z: [M + H]+ calcd for C30H27N2O6S, 543.1584; found, 543.1581. 

 

Synthesis of Compounds 1b–i 

Compounds 1b–i were synthesized using compound 12 or 12′ and aminothiazole side 

chain 11b–i in the same manner as already reported in Chapter Ⅱ. 

 

 

(3aR,5S,5aR,6R,8aR)-6-((Z)-2-((2-Amino-2-oxoethoxy)imino)-2-(2-aminothiazol-4-

yl)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-

carboxylic Acid 5-Oxide (1b) 

1H NMR (Na salt) (400 MHz, D2O): δ 7.13 (1H, s), 5.88 (1H, d, J = 4.8 Hz), 5.02 (1H, 

d, J = 4.8 Hz), 4.76–4.70 (2H, m), 3.66–3.52 (2H, m), 3.07 (1H, dd, J = 18.3, 7.8 Hz), 

2.83 (1H, dd, J = 14.5, 12.6 Hz), 2.57 (1H, d, J = 18.3 Hz). 

 

13C NMR{1H}(Na salt) (100 MHz, D2O): δ 178.46, 177.46, 173.91, 171.08, 167.02, 
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165.91, 152.55, 142.60, 117.42, 90.62, 75.61, 68.17, 62.12, 46.12, 36.70, 32.00. 

 

Anal.: C16H15N6O9S2Na(H2O)3.8. 

Calcd: C, 32.52; H, 3.86; N, 14.22; S, 10.85; Na, 3.89 (%). 

Found: C, 32.57; H, 3.92; N, 14.35; S, 10.65; Na, 3.94 (%). 

 

 

(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(2-Aminothiazol-4-yl)-2-((2-

hydroxyethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic Acid 5-Oxide (1c) 

1H NMR (Na salt) (400 MHz, D2O): δ 7.04 (1H, s), 5.88 (1H, d, J = 4.6 Hz), 5.01 (1H, 

d, J = 4.6 Hz), 4.35–4.33 (2H, m), 3.90–3.88 (2H, m), 3.64 (1H, dd, J = 14.7, 5.1 Hz), 

3.58–3.52 (1H, m), 3.07 (1H, dd, J = 18.4, 7.7 Hz), 2.85–2.78 (1H, m), 2.56 (1H, d, J = 

18.4 Hz). 

 

13C NMR{1H}(Na salt) (100 MHz, D2O): δ 178.48, 173.84, 171.09, 167.60, 166.09, 

150.84, 143.14, 116.09, 90.64, 79.29, 68.29, 62.94, 62.08, 46.13, 36.72, 32.02. 

 

Anal.: C16H16N5O9S2Na(H2O)4.3. 

Calcd: C, 32.74; H, 4.23; N, 11.93; S, 10.93; Na, 3.92 (%). 

Found: C, 32.90; H, 4.16; N, 12.09; S, 10.75; Na, 3.92 (%). 
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(3aR,5S,5aR,6R,8aR)-6-((Z)-2-((2-Aminoethoxy)imino)-2-(2-aminothiazol-4-

yl)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-

carboxylic Acid 5-Oxide (1d) 

1H NMR (400 MHz, D2O): δ 7.08 (1H, s), 5.87 (1H, d, J = 4.8 Hz), 5.02 (1H, d, J = 4.8 

Hz), 4.53–4.45 (2H, m), 3.65 (1H, dd, J = 14.8, 5.1 Hz), 3.58–3.52 (1H, m), 3.47–3.36 

(2H, m), 3.07 (1H, dd, J = 18.3, 7.8 Hz), 2.84 (1H, dd, J = 14.8, 12.9 Hz), 2.57 (1H, d, J = 

18.3 Hz). 

 

13C NMR{1H} (100 MHz, D2O): δ 178.43, 174.00, 171.12, 167.15, 166.10, 151.75, 

142.84, 117.08, 90.57, 73.91, 68.22, 62.20, 46.13, 41.68, 36.68, 32.03. 

 

Anal.: C16H18N6O8S2(H2O)3.4. 

Calcd: C, 35.09; H, 4.56; N, 15.34; S, 11.71 (%). 

Found: C, 35.06; H, 4.51; N, 15.46; S, 11.79 (%). 

 

 

(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(2-Aminothiazol-4-yl)-2-((2-

carboxyethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-
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b]furo[2,3-d][1,3]thiazine-8a-carboxylic Acid 5-Oxide (1e) 

1H NMR (Na salt) (400 MHz, D2O): δ 7.03 (1H, s), 5.86 (1H, d, J = 4.8 Hz), 5.00 (1H, 

d, J = 4.8 Hz), 4.47–4.43 (2H, m), 3.64 (1H, dd, J = 14.7, 5.3 Hz), 3.58–3.52 (1H, m), 

3.07 (1H, dd, J = 18.3, 7.8 Hz), 2.82 (1H, dd, J = 14.7, 12.5 Hz), 2.68 (2H, t, J = 6.5 Hz), 

2.57 (1H, d, J = 18.3 Hz). 

 

13C NMR{1H}(Na salt) (100 MHz, D2O): δ 181.87, 178.52, 173.80, 171.13, 167.61, 

166.15, 150.65, 143.06, 115.91, 90.70, 75.01, 68.31, 61.94, 46.08, 39.40, 36.73, 32.05. 

 

Anal.: C17H15.2N5O10S2Na1.8(H2O)3.9. 

Calcd: C, 32.65; H, 3.71; N, 11.20; S, 10.25; Na, 6.62 (%). 

Found: C, 32.61; H, 3.86; N, 11.44; S, 10.07; Na, 6.52 (%). 

 

 

(S)-2-((((Z)-1-(2-Aminothiazol-4-yl)-2-(((3aR,5S,5aR,6R,8aR)-8a-carboxy-5-oxido-

2,7-dioxohexahydro-4H,7H-azeto[2,1-b]furo[2,3-d][1,3]thiazin-6-yl)amino)-2-

oxoethylidene)amino)oxy)succinic Acid (1f) 

1H NMR (Na salt) (400 MHz, D2O): δ 7.05 (1H, s), 5.89 (1H, d, J = 4.8 Hz), 5.00 (1H, 

d, J = 4.8 Hz), 4.96 (1H, dd, J = 10.0, 3.6 Hz), 3.63 (1H, dd, J = 14.6, 5.3 Hz), 3.58–3.52 

(1H, m), 3.06 (1H, dd, J = 18.3, 7.7 Hz), 2.84–2.74 (2H, m), 2.66 (1H, dd, J = 16.1, 9.9 

Hz), 2.57 (1H, d, J = 18.3 Hz). 
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13C NMR{1H}(Na salt) (100 MHz, D2O): δ 181.36, 180.60, 178.54, 173.75, 171.13, 

167.50, 166.32, 150.36, 143.11, 115.98, 90.75, 85.48, 68.25, 61.86, 45.98, 41.98, 36.75, 

32.06. 

 

Anal.: C18H14.3N5O12S2Na2.7(H2O)4.5. 

Calcd.: C, 30.89; H, 3.36; N, 10.01; S, 9.16; Na, 8.87 (%). 

Found: C, 30.77; H, 3.34; N, 10.20; S, 8.98; Na, 8.99 (%). 

 

 

(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(((S)-3-Amino-1-carboxy-3-oxopropoxy)imino)-2-(2-

aminothiazol-4-yl)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-

d][1,3]thiazine-8a-carboxylic Acid 5-Oxide (1g) 

1H NMR (400 MHz, D2O): δ 7.23 (1H, s), 5.88 (1H, d, J = 4.9 Hz), 5.08 (1H, t, J = 6.8 

Hz), 5.00 (1H, d, J = 4.9 Hz), 3.63 (1H, dd, J = 14.7, 5.1 Hz), 3.57–3.51 (1H, m), 3.06 

(1H, dd, J = 18.3, 7.9 Hz), 2.91 (2H, t, J = 8.3 Hz), 2.81 (1H, t, J = 13.6 Hz), 2.55 (1H, 

d, J = 18.3 Hz). 

 

13C NMR{1H} (100 MHz, D2O): δ 178.47, 177.57, 177.30, 173.65, 171.09, 166.10, 

164.20, 146.77, 133.96, 115.45, 90.59, 83.43, 68.14, 62.21, 46.14, 39.77, 36.78, 32.07. 
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Anal.: C18H18N6O11S2(H2O)3.5. 

Calcd: C, 34.78; H, 4.05; N, 13.52; S, 10.32 (%). 

Found: C, 34.91; H, 3.96; N, 13.73; S, 10.08 (%). 

 

 

(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(2-Aminothiazol-4-yl)-2-(((S)-1-carboxy-2-

hydroxyethoxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-

b]furo[2,3-d][1,3]thiazine-8a-carboxylic Acid 5-Oxide (1h) 

1H NMR (Na salt) (400 MHz, D2O): δ 7.06 (1H, s), 5.90 (1H, d, J = 4.6 Hz), 5.03 (1H, 

d, J = 4.6 Hz), 4.75–4.73 (1H, m), 4.02–3.94 (2H, m), 3.65 (1H, dd, J = 14.7, 5.1 Hz), 

3.59–3.52 (1H, m), 3.07 (1H, dd, J = 18.3, 7.7 Hz), 2.82 (1H, t, J = 13.7 Hz), 2.57 (1H, 

d, J = 18.3 Hz). 

 

13C NMR{1H}(Na salt) (100 MHz, D2O): δ 179.07, 178.48, 173.75, 171.07, 167.57, 

166.17, 150.62, 143.31, 116.06, 90.64, 89.47, 68.30, 64.70, 62.06, 46.07, 36.72, 32.01. 

 

Anal.: C17H15N5O11S2Na2(H2O)2.5. 

Calcd: C, 32.91; H, 3.25; N, 11.29; S, 10.33; Na, 7.41 (%). 

Found: C, 32.91; H, 3.30; N, 11.31; S, 10.19; Na, 7.39 (%). 
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(3aR,5S,5aR,6R,8aR)-6-((Z)-2-(2-Aminothiazol-4-yl)-2-(((1,3-dihydroxypropan-2-

yl)oxy)imino)acetamido)-2,7-dioxohexahydro-7H,8aH-azeto[2,1-b]furo[2,3-

d][1,3]thiazine-8a-carboxylic Acid 5-Oxide (1i) 

1H NMR (Na salt) (400 MHz, D2O): δ 7.05 (1H, s), 5.90 (1H, d, J = 4.8 Hz), 5.03 (1H, d, 

J = 4.8 Hz), 4.47-4.41 (1H, m), 3.86 (4H, t, J = 5.1 Hz), 3.65 (1H, dd, J = 14.8, 5.3 Hz), 

3.59–3.52 (1H, m), 3.07 (1H, dd, J = 18.3, 7.8 Hz), 2.84 (1H, dd, J = 14.6, 12.6 Hz), 2.57 

(1H, d, J = 18.3 Hz). 

 

13C NMR{1H}(Na salt) (100 MHz, D2O): δ 178.46, 173.87, 171.05, 167.67, 166.10, 

150.89, 143.23, 116.10, 90.62, 88.97, 68.33, 63.40, 63.30, 62.06, 46.10, 36.71, 32.01. 

 

Anal.: C17H18N5O10S2Na(H2O)1.8. 

Calcd: C, 35.70; H, 3.81; N, 12.25; S, 11.21; Na, 4.02 (%). 

Found: C, 35.55; H, 3.80; N, 12.40; S, 11.07; Na, 4.07 (%). 

 

X-ray crystallographic data of compound 1i 

X-ray Crystallography: The diffraction data of 1i were collected on an XtaLAB AFC10 

(RCD3): quarter-chi single diffractometer. The crystal was kept at 100.0 K during data 

collection. Using Olex2,1 the structure was solved with the ShelXT2 structure solution 

program using Intrinsic Phasing and refined with the ShelXL3 refinement package using 

Least Squares minimization.  
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Sample Preparation: X-ray quality crystal was prepared by vapor diffusion method 

using acetone–water at room temperature. 

 

Compound 1i 

CCDC Deposition Number; 2114100 

 

Identification code; X4121 

Empirical formula; C17H19N5O10S2 

Formula weight; 517.49 

Temperature; 100 K 

Crystal system; orthorhombic 

Space group; P212121 

Unit cell dimension; 
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α = 9.20570(10) Å   α = 90 ° 

β = 14.1061(2) Å    β = 90 ° 

γ = 16.0407(2) Å    γ = 90 ° 

Volume; 2082.99(5) Å3 

Z; 4 

Density (calculated) 1.650 g/cm3 

Absorption coefficient; 2.955 μ/mm–1 

F(000); 1072.0 

Crystal size; 0.12 × 0.03 × 0.02 mm 

Radiation; CuKα (λ = 1.54184 Å) 

2Θ range for data collection; 8.348 to 144.496 ° 

Index ranges; –11 ≤ h ≤ 10, –14 ≤ k ≤ 17, –19 ≤ l ≤ 18 

Reflections collected; 11262 

Independent reflections; 4012 [Rint = 0.0225, Rsigma = 0.0262] 

Data / restraints / parameters; 4012 / 0 / 310 

Goodness-of-fit on F2; 1.078 

Final R indexes [I>=2σ (I)]; R1 = 0.0335, wR2 = 0.0921 

Final R indexes [all data]; R1 = 0.0354, wR2 = 0.0931 

Largest diff. peak / hole; 1.06 / –0.30 eÅ–3 

Flack parameter; 0.003(7) 

 

 

Evaluation of In Vitro Antibacterial Activity 

The MICs were determined using the broth microdilution method in accordance with 
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Clinical Laboratory Standards Institute guidelines. Briefly, two-fold serial dilutions of the 

test compounds were prepared and transferred to a 96-well plate containing Cation-

Adjusted Mueller–Hinton broth. The bacterial suspension for the inoculum was prepared 

based on an optical density of 625 nm for a final inoculum size of approximately 5 × 

104 CFU/well. The 96-well plates were incubated at 35 °C for 16 to 20 h. The MIC 

endpoint was defined as the lowest concentration of the compound that inhibited bacterial 

growth as detected by the naked eye. 

 

Spontaneous Mutation Frequency Study 

The frequency of spontaneous resistant mutants following overnight culture on CAMHA 

containing 10-fold MIC of each compound was examined. The number of CFUs 

recovered was counted, and this value was compared to the parental bacterial density (6.9 

× 108 to 2.5 × 109 CFU) to generate the frequency of mutation. 

 

Evaluation of Therapeutic Efficacy in the Cyclophosphamide-Induced Neutropenic 

Mouse Model of Lung Infections 

The neutropenic mouse lung infections outlined by Koomanachai et al.21 and Drusano 

et al.22 were tested. Five-week-old, specific-pathogen-free, male Jcl:ICR mice (weight, 

17 to 20 g) were obtained from CLEA Japan, Inc. (Tokyo, Japan). The mice were 

anesthetized by intramuscular injection of a mixture of tiletamine, zolazepam, and 

xylazine. The mice were infected by intranasal instillation of 0.07 ml of bacterial 

suspension. The challenge doses ranged from approximately 105 to 106 CFU/lung. 
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Chapter Ⅳ Stereoselective Synthesis of Tricyclic β-lactam Core 

 

Ⅳ-1. Introduction 

β-Lactam antibiotics have released people from the threat of bacterial infections since 

the discovery of penicillin, but their use has also led to the emergence of serious resistant 

strains. The U.S. CDC and the WHO have sent out alerts about the urgent need for new 

treatment options for infections with carbapenem-resistant Enterobacterales (CREs), as 

cases of antimicrobial resistance (AMR) has become a significant worldwide public 

health.1 

In Chapter Ⅲ, the author identified the novel identified tricyclic β-lactam 3 as a 

promising drug candidate for infectious diseases caused by CREs. The structure of 3 is a 

merger of the third-generation cephalosporin ceftazidime (1) and a cycloserine natural 

product named lactivicin (LTV, 2) (Figure 4-1).2 The unique tricyclic β-lactam exhibits 

potent antibacterial activities against several problematic β-lactamase-producing CREs 

without the use of β-lactamase inhibitors. 

 

 

Figure 4-1. Structure and Minimum Inhibitory Concentration (MIC) of Ceftazidime 1, 

Lactivicin 2 and 3 
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While 3 showed attractive in vitro and in vivo antibiological activity, the complexity of 

the tricyclic β-lactam structure had posed a challenge to the scale-up of materials. 3 has a 

tricyclic fused high-Fsp3 core, including consecutive N−S and N−O acetals. Five chiral 

stereocenters determined by the X-ray crystal structure are essential for both the 

recognition mimicking D-alanyl-D-alanine of substrates by penicillin-binding proteins 

(PBPs), which play an essential role in bacterial cell wall synthesis, and the escape from 

the recognition by β-lactamase. It has been reported that regioisomers of such tricyclic β-

lactams have significantly reduced antibacterial activities. 

Scientists at Takeda synthesized 8, an intermediate leading to 3, by two transformations 

from penicillin in the 1980s:3 (a) ring opening and removal of the penam structure of 4 

to form 5 and (b) reaction with 6 to construct the six-membered ring, which possesses 

functional groups enabling the third lactone cyclization (Scheme 4-1).  

 

 

 

Scheme 4-1. Known Synthetic Route for Tricyclic β-lactam Core 8 
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This route enabled to commence structure-activity relationship (SAR) effort, but 

challenges remained for scale-up of the synthesis and sufficient supply of the intermediate 

for further backup SAR. The issues related to the synthesis of the key intermediate 8 were 

(a) the long route (eight linear steps) from penicillin G, (b) the use of the labile enone 6, 

which easily isomerizes and polymerizes, and (c) the formation of undesired 

diastereomers of 7. He was also concerned from the viewpoint of atom economy that the 

four carbon atoms originally constituting the penicillin ring had not been used, requiring 

another unit of 6 in order to rebuild the second ring. Thus, a second-generation synthetic 

route of the unique tricyclic β-lactam core 8 was required.. 

Stereocontrol of the chiral center at the N−O acetal of 8 is the most important point. 

Epimerization of the hemiaminal of 7 was observed in the previous synthesis, which could 

be explained by the similar nature to 2 existing as epimers.4 In contrast, no epimerization 

was observed for cyclized lactone 8. Therefore, he considered stereoselective lactone 

formation. Initial attempts at nucleophilic addition of a carboxylic group to a cationic 

intermediate or direct lactonization failed (Scheme 4-2). 

 

 

 

Scheme 4-2. Failed Attempts at Cyclization 

 

He concluded that such a cationic intermediate might be disfavored and that direct 

lactonization might also be disfavored because the double bond is less reactive with 
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electrophiles as a result of the carboxyl group at C4. Indeed, Balsamo et al. reported that 

reduction of the carboxyl group to the alcohol influences the reactivity of the olefin.5 

In 1994, Alpegiani et al. reported that oxidation of 11 using cerium ammonium nitrate 

(CAN) in methanol gave alkoxylated compound 12 (Scheme 4-3).6 

 

 

 

Scheme 4-3. Stereo-Controlled Oxidative Alkoxylation of Sulfoxide Reported by  

Alpegiani et al. 

 

Interestingly, the alkoxylation proceeded in a stereoselective manner, and they assumed 

that the reaction would proceed via a sulfonium intermediate followed by stereoselective 

addition of alcohol. Inspired by their work, he envisioned that the tricyclic β-lactam core 

would be constructed by sulfoxide-directed7 oxidative intramolecular lactonization from 

cephem sulfoxide 13 (Scheme 4-4). To access the cyclization precursor 13, the author 

focused on readily available cephem compound 15, which can be converted to cephem 

antibiotics such as ceftaroline,8 ceftibuten,9 cefixime,9 and cefaclor.10 Therefore, 15 

serves as an inexpensive intermediate and is commercially available in large quantities. 

Unlike the previous synthetic route of 8 via a single β-lactam ring 5, 15 can be synthesized 

from penicillin G with its carbon atoms being maintained.11 
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Scheme 4-4. Sulfoxide-Directed Intramolecular Lactonization 

 

Scheme 4-5 shows an overview of the second-generation synthetic route of key 

intermediate 8.  

 

 

 

Scheme 4-5. Synthesis of Tricyclic β-lactam Core 8 from 15 
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The key precursor 13 for lactonization was synthesized from 15 in three steps in 84% 

yield without purification with silica gel column chromatography. Wittig reaction of 15 

afforded 16 as a mixture of olefin regioisomers. He found that the subsequent sulfide 

oxidation with m-CPBA converged to a single isomer 17, the structure of which was 

confirmed by single-crystal X-ray analysis (Figure 4-2). Deprotection of the allyl group 

gave the cyclization precursor 13. 

 

 

 

Figure 4-2. Molecular Structure of 17; Thermal ellipsoids are set at 30% probability 

 

Ⅳ-2. Sulfoxide-Directed Oxidative Intramolecular Cyclization 

Investigation of the key sulfoxide-directed oxidative intramolecular cyclization is 

described in Table 4-1. According to precedent, he conducted the reaction with CAN in 
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methanol as the initial trial, but neither the desired product 14 nor the corresponding 

alkoxylation product (e.g., 12) was observed under the conditions, and 13 remained 

(Table 4-1, entry 1).  

 

Table 4-1. Results of Sulfoxide-Directed Oxidative Intramolecular Lactonization 

 

 

He hypothesized that the nucleophilicity of the carboxylic acid might not be sufficient 

under acidic conditions because of the strong acidity of CAN.12 Therefore, he added 

pyridine to the reaction mixture in isopropyl alcohol (i-PrOH), and DMF, which increased 

the solubility of 13, was used as a cosolvent. As a result, 14 was obtained in a good yield 
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of 53% as a single desired stereoisomer (Table 1, entry 2). The position of the olefin of 

14 was determined by 2D 1H NMR analysis. Both pyridine and CAN are necessary for 

the reaction (Table 1, entries 3 and 4). In the absence of i-PrOH, the yield decreased to 

22%, probably because the active species would be produced by exchange of the alcohol 

and the nitrate anion of CAN (Table 1, entry 5).13 DMF and i-PrOH would be important 

to dissolve the starting materials (Table 1, entries 6 and 7). The reaction scale could be 

increased to 1 and 10 g, affording consistent yields of 49−52% (Table 1, entries 8−10). 

Reduction of sulfoxide 14 by phosphorus tribromide followed by convex-face-selective 

reduction by sodium borohydride afforded the key intermediate 8 in 41−56% yield in two 

steps on a gram scale. 

 

Ⅳ-3. Conclusion 

 

A highly stereoselective synthesis of the tricyclic β-lactam cepham core 8 has been 

developed as a key intermediate for preparation of 3. The known synthetic route consists 
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of two transformations for removal of the five membered ring of the penam nucleus and 

construction of the cepham ring utilizing labile intermediate 6, requiring eight steps 

(linear) in 3% yield and 11 steps (including synthesis of the labile compound 6) with 

formation of the undesired stereoisomer of 7. To resolve these issues, he developed a 

sulfoxide-directed oxidative intramolecular lactonization that enabled the synthesis of 8 

in six steps from inexpensive and readily available cephem intermediate 13 in 18−23% 

overall yield on a gram scale. This methodology provided enough intermediate for further 

studies on the SAR of tricyclic β-lactams to combat clinically challenging CREs and 

allow scaleup synthesis. 

 

Experimental 

Unless otherwise noted, reactions were performed under a nitrogen atmosphere. All 

commercial reagents and solvents were used as purchased without further purification. 

Compound 15 was purchased from Shanghai iChemical Technology. 1H and 13C NMR 

spectra were recorded on Bruker Avance 400 and 100 MHz spectrometers, respectively. 

Spectral data are reported as follows: chemical shift (integration, multiplicity, coupling 

constant). Chemical shifts (δ) are in parts per million from tetramethylsilane (in 

CDCl3 and DMSO-d6) or sodium 2,2-dimethyl-2-silapentane-5-sulfonate (in D2O). 

Multiplicities are reported as s = singlet, d = doublet, dd = doublet of doublets, dt = 

doublet of triplets, t = triplet, q = quartet, m = multiplet, br = broad. Analytical thin-layer 

chromatography was run on silica gel F254 precoated plates. Visualization of the 

developed chromatograms was done using fluorescence quenching or Vaughn’s reagent. 

Flash column chromatography was carried out on an automated purification system using 

Yamazen or Fuji Silysia prepacked silica gel columns. High-resolution mass spectral data 
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were acquired with an Orbitrap Q Exactive Plus (ESI). 

 

 

Synthesis of Benzhydryl (5S,6R,7R)-3-(2-(Allyloxy)-2-oxoethyl)-8-oxo-7-(2-

phenylacetamido)-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylate 5-Oxide (17) 

To a solution of allyl (triphenylphosphoranylidene)acetate (6.92 g, 15.7 mmol) in THF 

(37 mL) was added compound 15 (6.12 g, 12.1 mmol). The mixture was stirred at 50 °C 

with a heating block for 8 h. Water was added to the reaction mixture, followed by 

extraction with ethyl acetate. The organic layer was washed with a saturated aqueous 

solution of sodium bicarbonate, water, and brine in that order and dried over anhydrous 

magnesium sulfate. After filtration, the filtrate was concentrated under reduced pressure 

to afford crude 16 (13.4 g). 1H NMR analysis of crude 16 showed that the main impurity 

was consistent with triphenylphosphine oxide (theoretically 4.37 g). 16 was used in the 

next step without further purification. 

To a solution of crude 16 (13.4 g) in dichloromethane (DCM) (35 mL) was added m-

CPBA (3.15 g, 12.7 mmol) in DCM (36 mL) at −50 °C, and the resulting mixture was 

stirred at the same temperature for 30 min. Further m-CPBA (1.04 g, 4.2 mmol) in DCM 

(12 mL) was added twice (8.4 mmol in total) at −50 °C followed by stirring at the same 

temperature for 30 min. Next, a 15% aqueous solution of sodium thiosulfate was added 

to the reaction mixture, followed by extraction with DCM. The organic layer was washed 

with a 5% aqueous solution of sodium bicarbonate and water in that order and then dried 

over anhydrous magnesium sulfate. After filtration, the filtrate was concentrated under 
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reduced pressure. The residue was precipitated with ethyl acetate–diisopropyl ether 

(50:50) to obtain compound 17 (6.07 g, 84%) as a white solid. 

1H NMR (400 MHz, CDCl3): δ 7.46–7.43 (2H, m), 7.38–7.26 (13H, m), 6.90 (1H, s), 6.73 

(1H, d, J = 9.9 Hz), 6.07 (1H, dd, J = 9.9, 4.8 Hz), 5.82 (1H, ddt, J = 17.2, 10.4, 5.8 Hz), 

5.30–5.21 (2H, m), 4.52–4.49 (3H, m), 4.25 (1H, d, J = 17.4 Hz), 3.68–3.59 (3H, m), 3.42 

(1H, d, J = 18.6 Hz), 3.16 (1H, d, J = 17.4 Hz). 

 

 13C{1H} NMR (100 MHz, CDCl3): δ 171.2, 169.1, 164.0, 160.0, 139.15, 139.07, 133.6, 

131.5, 129.4, 129.1, 128.6, 128.5, 128.18, 128.15, 127.6, 127.5, 127.1, 125.4, 120.6, 

118.9, 80.2, 67.0, 66.0, 58.9, 48.9, 43.5, 38.2. 

 

HRMS (ESI) m/z: [M + H]+ calcd for C33H31O7N2S, 599.1846; found, 599.1845.  

 

N
O

H
N S+

OO
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Synthesis of 2-((5S,6R,7R)-2-((Benzhydryloxy)carbonyl)-5-oxido-8-oxo-7-(2-

phenylacetamido)-5-thia-1-azabicyclo[4.2.0]oct-2-en-3-yl)acetic Acid (13) 

To a solution of 17 (2.00 g, 3.34 mmol) in tetrahydrofuran (20 mL) were added aniline 

(1.22 mL, 13.36 mmol) and tetrakis(triphenylphosphine)palladium (0.386 g, 0.334 mmol). 

The mixture was stirred at room temperature for 2 h. Next, the solvent was evaporated 

under reduced pressure, and isopropyl acetate, water, and 2 mol/L hydrochloric acid (7 

mL, 14 mmol) were added, followed by filtration and washing with water and isopropyl 

acetate to afford compound 13 (1.85 g, 99%) as a cream-colored solid. 
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1H NMR (400 MHz, DMSO-d6): δ 12.54 (1H, br s), 8.34 (1H, d, J = 8.5 Hz), 7.64–7.22 

(15H, m), 6.89 (1H, s), 5.90 (1H, dd, J = 8.4, 4.6 Hz), 4.95 (1H, d, J = 4.6 Hz), 3.89 (1H, 

d, J = 18.8 Hz), 3.76–3.55 (4H, m), 3.28 (1H, d, J = 17.1 Hz). 

 

13C{1H} NMR (100 MHz, DMSO-d6): δ 171.0, 170.5, 164.3, 160.0, 140.0, 139.8, 135.7, 

134.4, 130.7, 129.0, 128.4, 128.3, 128.2, 127.7, 127.6, 126.6, 126.5, 126.4, 123.4, 123.3, 

78.7, 66.4, 57.6, 48.2, 41.4, 37.8. 

 

HRMS (ESI) m/z: [M + H]+ calcd for C30H27O7N2S, 559.1533; found, 559.1532.  

 

 

Synthesis of Benzhydryl (5S,5aR,6R,8aR)-2,7-Dioxo-6-(2-phenylacetamido)-

2,4,5a,6-tetrahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-carboxylate 5-

Oxide (14) 

To a suspension of 13 (1.00 g, 1.79 mmol) and pyridine (1.44 mL, 17.9 mmol) in i-PrOH 

(10 mL) and DMF (10 mL) was added CAN (4.91 g, 8.95 mmol) at 0 °C. The mixture 

was stirred at room temperature for 30 min. Next, a 10% aqueous solution of sodium 

hydrogen sulfite and ethyl acetate were added to the reaction mixture, followed by 

acidification with 2 mol/L hydrochloric acid and extraction with ethyl acetate. The 

organic layer was washed with water, a saturated aqueous solution of sodium bicarbonate, 

and brine in that order and dried over anhydrous magnesium sulfate. After filtration, the 

filtrate was concentrated under reduced pressure. The obtained residue was purified by 
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silica gel column chromatography (50–100% ethyl acetate–n-hexane) to afford 

compound 14 (0.495 g, 50%) as an orange foam. 

1H NMR (400 MHz, CDCl3): δ 7.69–7.65 (1H, m), 7.57–7.44 (2H, m), 7.37–7.24 (12H, 

m), 6.95 (1H, s), 6.83 (1H, d, J = 10.0 Hz), 6.13 (1H, d, J = 1.9 Hz), 6.00 (1H, dd, J = 

10.0, 4.8 Hz), 4.46 (1H, d, J = 15.4 Hz), 4.41 (1H, d, J = 4.8 Hz), 3.62 (1H, d, J = 15.6 

Hz), 3.58–3.54 (2H, m). 

 

13C{1H} NMR (100 MHz, CDCl3): δ 171.0, 167.2, 162.7, 160.6, 152.8, 138.4, 138.3, 

133.5, 132.2, 132.1, 132.0, 129.4, 129.1, 128.64, 128.61, 128.58, 128.5, 127.6, 127.4, 

127.2, 121.6, 87.0, 81.5, 68.7, 59.4, 50.4, 43.4. 

 

HRMS (ESI) m/z: [M – H]− calcd for C30H23O7N2S, 555.1220; found, 555.1233. 

 

 

Synthesis of Benzhydryl (5aR,6R,8aR)-2,7-Dioxo-6-(2-phenylacetamido)-2,4,5a,6-

tetrahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-carboxylate (18) 

To a solution of 14 (0.495 g, 0.889 mmol) in DMF (5 mL) was added phosphorus 

tribromide (0.126 mL, 1.334 mmol) at −40 °C. The mixture was stirred at −40 °C for 1 h. 

Water was added to the reaction mixture, followed by extraction with ethyl acetate. The 

organic layer was washed with water, a saturated aqueous solution of sodium bicarbonate, 

and brine in that order and dried over anhydrous magnesium sulfate. After filtration, the 

filtrate was concentrated under reduced pressure to afford crude 18 (0.526 g) as a brown 
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foam. 18 was used in the next step without further purification. 

1H NMR (400 MHz, CDCl3): δ 7.37–7.24 (15H, m), 6.92 (1H, s), 6.21–6.18 (2H, m), 5.66 

(1H, dd, J = 9.2, 4.5 Hz), 5.02 (1H, d, J = 4.5 Hz), 3.92 (1H, d, J = 13.3 Hz), 3.64 (1H, 

d, J = 15.8 Hz), 3.58 (1H, d, J = 15.8 Hz), 3.51 (1H, dd, J = 13.3, 2.3 Hz). 

 

13C{1H} NMR (100 MHz, CDCl3): δ 170.8, 167.7, 164.3, 161.3, 156.3, 138.5, 138.1, 

133.6, 129.4, 129.1, 128.7, 128.63, 128.58, 127.7, 127.3, 127.1, 120.7, 87.0, 81.2, 60.4, 

56.6, 43.3, 22.6. 

 

HRMS (ESI) m/z: [M – H]− calcd for C30H23O6N2S, 539.1271; found, 539.1288. 

 

 

Synthesis of Benzhydryl (3aR,5aR,6R,8aR)-2,7-Dioxo-6-(2-

phenylacetamido)hexahydro-7H,8aH-azeto[2,1-b]furo[2,3-d][1,3]thiazine-8a-

carboxylate (8) 

To a solution of 18 (0.53 g) in i-PrOH (5 mL) and N,N-dimethylacetamide (DMA) (5 

mL) was added 1 mol/L sodium borohydride in DMA (0.311 mL, 0.311 mmol) at −10 °C. 

The mixture was stirred at −10 to 0 °C for 1 h. Acetic acid (0.153 mL, 2.67 mmol) was 

added at −40 °C, and the mixture was stirred at −40 °C for 5 min. Next, 2 mol/L 

hydrochloric acid was added to the reaction mixture, followed by extraction with ethyl 

acetate. The organic layer was washed with water, a saturated aqueous solution of sodium 

bicarbonate, and brine in that order and then dried over anhydrous magnesium sulfate. 
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After filtration, the filtrate was concentrated under reduced pressure. The obtained residue 

was purified by silica gel column chromatography (20–60% ethyl acetate–n-hexane) to 

afford compound 8 (0.271 g, 56%) as a pale-yellow foam. 

1H NMR (400 MHz, CDCl3): δ 7.38–7.24 (15H, m), 6.93 (1H, s), 6.21 (1H, d, J = 8.7 Hz), 

5.52 (1H, dd, J = 8.7, 4.8 Hz), 4.98 (1H, d, J = 4.8 Hz), 3.65 (1H, d, J = 16.1 Hz), 3.60 

(1H, d, J = 16.1 Hz), 3.13–3.08 (1H, m), 2.90 (1H, dd, J = 14.5, 4.5 Hz), 2.60 (1H, dd, J = 

14.5, 9.6 Hz), 2.52 (1H, s), 2.51 (1H, d, J = 0.9 Hz). 

 

13C{1H} NMR (100 MHz, CDCl3): δ 171.4, 171.0, 164.1, 163.7, 138.8, 138.2, 133.7, 

129.5, 129.2, 128.7, 128.55, 128.51, 128.45, 127.7, 127.6, 127.0, 86.9, 80.9, 60.2, 56.3, 

43.3, 35.6, 33.2, 27.0. 

 

HRMS (ESI) m/z: [M + H]+ calcd for C30H27N2O6S, 543.1584; found, 543.1581. 

 

Gram-Scale Synthesis of 8 

From 13 (10.0 g, 17.9 mmol), 14 (5.20 g, 9.34 mmol, 52%) was obtained as an orange 

foam according to the same procedure, except that activated carbon (20 g) was added 

during drying with anhydrous magnesium sulfate, and the crude product was used for the 

next step without silica gel column chromatography. From 14 (5.20 g), 18 (3.82 g, 7.07 

mmol, 76%) was obtained as an orange foam according to the same procedure, except 

that the extraction was performed with n-hexane–ethyl acetate (1:1) and the filtration was 

performed through a 10 g silica gel pad with n-hexane–ethyl acetate (1:1). From 18 (3.82 

g), 8 (2.06 g, 3.80 mmol, 54%) was obtained as a pale-yellow foam according to the same 

procedure, except that activated carbon (8 g) was added during drying with anhydrous 
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magnesium sulfate. The NMR spectra were consistent with the data given above. 

 

HMBC and HSQC spectra of compound 14 

HMBC spectra of Compound 14 in CDCl3 
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HSQC spectra of compound 14 in CDCl3 
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Structural analysis of compound 14 
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X-ray crystallographic data of compound 17  

X-ray Crystallography: The diffraction data of 17 were collected on an XtaLAB 

AFC10 (RCD3): quarter-chi single diffractometer. The crystal was kept at 100.0 K 

during data collection. Using Olex2,1 the structure was solved with the ShelXT2 

structure solution program using Intrinsic Phasing and refined with the ShelXL3 

refinement package using Least Squares minimization. 

 

Sample Preparation: X-ray quality crystal was prepared by vapor diffusion method 

using dichloromethane–n-hexane at room temperature 

 

Compound 17 

CCDC Deposition Number; 2171963 
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Identification code; X4279r2 

Empirical formula; C33H30N2O7S 

Formula weight; 598.65 

Temperature; 100 K 

Crystal system; orthorhombic 

Space group; P212121 

Unit cell dimension; 

α = 4.7678(3) Å      α = 90 ° 

β = 23.2697(17) Å    β = 90 ° 

γ = 26.2723(16) Å    γ = 90 ° 

Volume; 2914.8(3) Å3 

Z; 4 

Density (calculated) 1.364 g/cm3 

Absorption coefficient; 1.431 μ/mm–1 

F(000); 1256.0 

Crystal size; 0.2 × 0.02 × 0.01 mm 

Radiation; CuKα (λ = 1.54184 Å) 

2Θ range for data collection; 6.728 to 147.598 ° 

Index ranges; –5 ≤ h ≤ 5, –27 ≤ k ≤ 24, –32 ≤ l ≤ 25 

Reflections collected; 16020 

Independent reflections; 5697 [Rint = 0.0930, Rsigma = 0.1056] 

Data / restraints / parameters; 5697 / 0 / 396 

Goodness-of-fit on F2; 0.976 

Final R indexes [I>=2σ (I)]; R1 = 0.0493, wR2 = 0.1025 
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Final R indexes [all data]; R1 = 0.0773, wR2 = 0.1134 

Largest diff. peak / hole; 0.41 / –0.37 eÅ–3 

Flack parameter; 0.00(3) 
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Chapter Ⅴ Conclusion 

 

This thesis summarizes the results of research on the pharmacological activity and new 

synthetic route of novel tricyclic β-lactam sulfoxides with the aim of discovery new 

treatment options for infections caused by carbapenem-resistant Enterobacterales (CREs), 

which become a worldwide clinical and public health problem in recent years. 

Chapter Ⅰ “Introduction” describes the problem of multidrug-resistant bacteria, 

especially CREs and the urgent need for new treatment options. 

Furthermore, the author describes the resistance mechanisms of CRE, and the 

combination of β-lactam and β-lactamase inhibitor (BL/BLI) currently developed against 

the production of β-lactamase, which is the major resistance mechanism of CRE. He notes 

that the BL/BLI strategy should be one of the therapeutic options for infections caused 

by CRE, however, they do not offer sufficient antibacterial activities against MBL-

producing strains and these activities would be lost against clinical isolates with resistance 

mechanisms other than β-lactamase production. 

Based on this background, he mentions the need to resolve the problem of CRE by using 

a single molecule of β-lactam without the β-lactamase inhibitor. To achieve this goal, the 

author believes that it is necessary to discover a new β-lactam agent which is not easily 

recognized and hydrolyzed by various classes of β-lactamases and can provide sufficient 

antibacterial activities against CREs without a BLI. The author was interested in lactivicin 

(LTV) 1 and its derivative, tricyclic β-lactam 2, and started exploratory research to 

discover a new β-lactam agent, because the antibacterial activities of LTVs against 

various β-lactamase producing strains have been reported from the late 2000’s (Figure 5-

1). 
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Figure 5-1. Lactivicin 1 and Tricyclic β-lactam 2 

 

In Chapter Ⅱ “Discovery of a tricyclic β-lactam sulfoxide core”, the antibacterial 

activities of lactivicin 1 and tricyclic β-lactam 2 against various kinds of β-lactamase 

producers were evaluated and the results show that tricyclic β-lactam 2 has potent 

activities against class A, B and D β-lactamase producers but not the class C β-lactamase 

producer. With these findings in mind, because there are multiple β-lactamase producers, 

including the class C β-lactamase among the clinical isolates, the author conducted 

exploratory research of compounds with potent activities against several problematic β-

lactamase producers by improving the activity against class C β-lactamase producers. 

By optimizing the aminothiazole side chain of tricyclic β-lactam 2 and introduction a 

sulfoxide to the tricyclic β-lactam core, the author succeeded to identify a novel scaffold 

which exerts potent antibacterial activities against class C β-lactamase producers while 

maintaining antibacterial activities against class A, B and D β-lactamase producers (Table 

5-1). 

 

 

 



   Chapter Ⅴ 

130 
 

Table 5-1. Antibacterial Activities of 1–3 against Clinical Isolates 

 

 

In addition, evaluation of antibacterial activities against clinical isolates shows that 3 

exhibited lower MIC90 values than those of the already approved BL/BLI and also shows 

a potent therapeutic efficacy in the neutropenic mouse lung infection model. These results 

demonstrate that this tricyclic β-lactam scaffold deserves further study in the search for 

new antimicrobial agents against CREs. 

 

Chapter Ⅲ “Optimization of the aminothiazole side chain” describes the discovery of a  

promising drug candidate 4 which has improved the antibacterial activities against CREs 

with reduced outer membrane permeability and the four-amino acid insertion into 

penicillin-binding protein 3 (PBP3) by optimizing the aminothiazole side chain of 

compound 3 which was identified in the previous chapter. 

It is first mentioned that the reduction of outer membrane permeability caused by porin 

deficiency with β-lactamase production or the insertion of four amino acids into PBP3 

are noticed as resistance mechanisms other than β-lactamase production, and these are 

also problems in BL/BLIs. The MICs of 3 also increased against the strains harboring 

them. Based on studies about porin permeability, he proposed that converting the 

carboxylic acid group on the alkoxyimino moiety of the aminothiazole side chain into a 
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non-anionic group and/or introducing a non-bulky hydrophilic functional group should 

improve the permeability of porin and consequently its antibacterial activities against the 

porin-deficient strains. This strategy should simultaneously improve the antibacterial 

activities against the four-amino acid inserted strains, because it has been reported that 

the binding of β-lactams, which have a large substituent at the position of the 

aminothiazole side chain, to PBP3 is hindered by the four-amino acid insertion. 

Based on this hypothesis, he identified potent compound 4 by converting the carboxylic 

acid group at the alkoxyimino moiety of the aminothiazole side chain to a non-anionic 

hydroxyl group and introduction another hydroxyl group as a non-bulky hydrophilic 

functional group. 4, as expected, overcomes the reduction of outer membrane 

permeability caused by porin deficiency with β-lactamase production (Table 5-2) and the 

insertion of four amino acids into PBP3, which significantly increases the MICs of new 

BL/BLI combinations currently under clinical development, such as monobactam 

aztreonam (ATM) and avibactam (AVI) (Table 5-3). 

 

Table 5-2. Antibacterial Activities against K. pneumoniae NVT2001S and Its 

OmpK35/36-Deletion Strains 
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Table 5-3. Antibacterial Activities of 3 and 4 against Porin-Deficient Enterobacterales 

Strain  Characteristics 
MIC (μg/mL) 

4 ATM /AVI 

E. coli SR08587 NDM-1, YRIN-inserted in PBP3 2  4 

E. coli SR01463 NDM-1, YRIN-inserted in PBP3 2  8 

E. coli SR08586 NDM-1, YRIK-inserted in PBP3 4 16 

E. coli SR01442 NDM-1, ΔOmpF, YRIK-inserted in PBP3 4 16 

E. coli SR200040 NDM-1, YRIK-inserted in PBP3 4 32 

 

4 also exerts strong therapeutic efficacy that is significantly superior to BL/BLIs in the 

neutropenic mouse lung infection model and a low frequency of the production of 

spontaneous resistant mutants, which is similar to the already approved BL/BLI. These 

results demonstrate that 4 is a promising drug candidate for infections caused by CREs 

including those with reduced outer membrane permeability and the four-amino acid 

insertion into PBP3, in addition to β-lactamase production. 

 

In Chapter Ⅳ “Stereoselective synthesis of a tricyclic β-lactam core”, the author notes 

that challenges remained for scale-up of the synthesis and sufficient supply of the 

intermediate for further backup SAR. 
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Scheme 5-1. Synthetic Routes for Tricyclic β-lactam Core 
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In known synthetic routes, compound 9, an intermediate leading to 3, is synthesized by 

two transformations from penicillin: (a) ring opening and removal of the penam structure 

of 5 to form 6 and (b) reaction with 7 to construct the six-membered ring, which possesses 

functional groups enabling the third lactone cyclization. This route required 11 steps 

(including synthesis of the labile compound 7) in 3% yield with formation of the 

undesired stereoisomer of 8. 

To resolve these issues, he developed a sulfoxide-directed oxidative intramolecular 

lactonization that takes advantage of sulfoxide stereochemistry. This enables the 

synthesis of 13 in six steps from inexpensive and readily available cephem intermediate 

10 in 23% overall yield on a gram scale. This methodology provided enough intermediate 

for further studies on the SAR of tricyclic β-lactams to combat clinically challenging 

CREs and allow scaleup synthesis (Scheme 5-1). 

 

In summary, this thesis describes exploratory research on novel tricyclic β-lactam 

sulfoxides. The author succeeded to identify a novel tricyclic β-lactam sulfoxide 4, which 

is not easily recognized and hydrolyzed by various classes of β-lactamases and can 

provide sufficient antibacterial activities against carbapenem-resistant Enterobacterales 

(CREs) without a β-lactamase inhibitor (BLI). 

Starting from a known tricyclic β-lactam 2, the author succeeded to obtain a tricyclic β-

lactam sulfoxide 3 which exerts potent antibacterial activities against several problematic 

β-lactamase producers without BLI by the introduction of a sulfoxide into the tricyclic β-

lactam core. By further optimizing the aminothiazole side chain, he has identified a 

promising drug candidate 4 for infectious diseases caused by CREs that exerts potent 

activities against clinical isolates with resistance mechanisms other than β-lactamase 
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production. Furthermore, he has developed a sulfoxide-directed oxidative intramolecular 

lactonization for second-generation synthetic route of the unique tricyclic β-lactam to 

provide enough intermediate for further studies on the SAR of tricyclic β-lactams to 

combat clinically challenging CREs and allow scaleup synthesis. 

The results of this thesis are expected to become a new treatment option for infections 

caused by CRE and contribute to future exploratory research on new tricyclic β-lactams 

to combat clinically challenging antimicrobial resistant bacteria such as CRE. 
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Appendix Ni-catalyzed Arylcyanation Reaction of Norbornene and 

Norbornadiene 

 

A-1. Introduction 

The author is interested in the introduction of functional groups to a carbon-carbon 

double bond as shown in Chapter Ⅳ. Although this reaction proceeds stereoselectively, 

it only introduces one functional group across a carbon–carbon double bond. Reactions 

that allow simultaneous formation of two carbon–carbon bonds in regio-, stereo-, and 

chemoselective manners should have innovative utility in organic synthesis. In this 

context, direct addition reactions of aryl and allyl cyanides across alkynes were reported 

to give variously functionalized nitriles in a single operation with perfect atom economy 

(Scheme A-1).1 

 

 

 

Scheme A-1. Nickel-Catalyzed Arylcyanation and Allylcyanation of Alkynes 

The author was intrigued by this reaction, which allows the introduction of two 

functional groups in one operation, therefore he started to investigate the application of 

the arylcyanation reaction to carbon–carbon double bonds.2 

 

A-2. Arylcyanation of Norbornene 

Initially, the reaction of 4-trifluoromethylbenzonitrile (1a: 1.0 mmol) with norbornene 

(2a: 1.2 mmol) in toluene at 100 °C for 20 h in the presence of Ni(cod)2 (5 mol %) and 
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PBu3 (10 mol %) was investigated and found to obtain (2R*,3S*)-2-cyano-3-[4-

(trifluoromethyl)phenyl]bicyclo[2.2.1]heptane (3aa) in 95% yield (Table A-1, Entry 1).  

 

Table A-1. Arylcyanation of Norbornene (2a) Catalyzed by Ni/PBu3
a 
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These conditions were found effective for the addition of various aryl cyanides across 

2a. A variety of electron-withdrawing functional groups including fluoro, keto, and ester 

were tolerated to give the corresponding adducts in good yields (Entries 2–4). In the case 

of the formyl group (1e), the use of PMe3 as a ligand was important due presumably to 

competitive C–H activation of the formyl group under the standard catalyst system (Entry 

5).3 The electronically neutral 4-phenylbenzonitrile (1f) required longer reaction times 

for the reaction completion (Entry 6). For electron-rich functional groups and ortho-

substitutions, 10 mol% of catalyst was required to afford the corresponding arylcyanation 

products in modest to good yields (Entries 7-11). This reaction is also adaptable to 

heteroaryl cyanides, giving various (2R*,3S*)-2-cyano-3-

heteroarylbicyclo[2.2.1]heptanes in good yields from heteroaryl cyanides such as 3- and 

4-pyridyl- and 2-furyl cyanides (Entries 13–15). Unfortunately, 2-cyanopyridine (11) did 

not react with 2a and was recovered (Entry 12). 2-Cyanothiophene (1p) and 1-Boc-3-

cyanoindole (1q) gave the adducts in good yields by using PMe2Ph as a ligand (Entries 

16 and 17). 

 

A-3. Arylcyanation of Norbornadiene 

The resulting (2R*,3S*)-2-cyano-3-organobicyclo[2.2.1]hept-5-enes would find further 

applications as precursors for functionalized cyclopentanes or monomers for ring-

opening metathesis polymerization 4 , therefore arylcyanation of norbornadiene (2b) 

would be also synthetically valuable. Although the standard conditions were not 

applicable to arylcyanation of 2b, the reaction of 1a with 2b in the presence of Ni(cod)2 

(5 mol %) and PMe3 (15 mol %) was yielded the expected arylcyanation product 3ab in 

77% yield (Table A-2, Entry 1). This catalyst system could be applied to the reactions of 
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electron-poor aryl cyanides and heteroaryl cyanides to give the corresponding adducts in 

modest to good yields (Entries 2–7). On the other hand, the sluggish reaction (<20%) of 

electron-neutral or rich aryl cyanides is presumably due to reluctant oxidative addition of 

unactivated aryl cyanides to Ni(0)/PMe3. None of double addition products were observed 

in all cases. 

 

Table A-2. Arylcyanation of Norbornadiene (2b) Catalyzed by Ni/PMe3
a 

 

Time / h Yield / %b

4-F3C-C6H4 (1a) 21

4-Me(O)C-C6H4 (1c)

Entry

1

2

4-MeO2C-C6H4 (1d) 24 52 (3db)

4-Pyridyl (1n) 20 60 (3nb)

2-Furyl (1o) 21 81 (3ob)

2-Thienyl (1p) 35 79 (3pb)

1-Boc-3-indolyl (1q) 35 34 (3qb)

3

4

5c

6

7

19 51 (3cb)

77 (3ab)

a Reactions were carried out in toluene (0.67 mL) using an aryl cyanide

(1.00 mmol) and 2b (1.50 mmol) in the presence of Ni(cod)2 (50 mol)

and PMe3 (0.150 mmol). b Isolated yields based on an aryl cyanide.
c Ni(cod)2 (0.100 mmo) and PMe3 (0.300 mmol) was used as a ligand.

Ar CN

1 2b

Ni/PMe3 cat.

3

Ar

NC

Ar

 

 

A-4. Transformation of Arylcyanation Product 

The retro–Diels–Alder reaction of the arylcyanation product 3ab proceeded at 190 °C 

in xylene to give (Z)-2-[4-(trifluoromethyl)-phenyl]acrylonitrile [(Z)-5] along with a 

small amount of (E)-5 that might be derived from thermal isomerization of (Z)-5.5 In 
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addition, the ruthenium-catalyzed oxidative cleavage of the remaining double bond in 

3ab followed by methyl esterification with Me3SiCHN2 afforded functionalized 

cyclopentane 6 in a stereospecific manner (Scheme A-2). 

 

 

 

Scheme A-2. Transformations of 3ab 

 

A-5. Heck-type Reaction 

Although other bicyclic alkenes such as N-Boc-7-azabicyclo[2.2.1]heptene and 

bicyclo[2.2.2]octene as well as simple alkenes such as styrene, 1-hexene, and 

cyclopentene were not amenable to this reaction and did not give the desired 

arylcyanation product, methyl 4-cyanobenzoate (1d) reacted with triethoxy(vinyl)silane 

under the standard conditions and gave (E)-alkenylsilane 7 in 34% yield (Scheme A-3).  

 

MeO2C

CN

1d

triethoxy(vinyl)silane (1.0 eq.)
Ni(cod)2 (10 mol%)
PBu3 (20 mol%)

toluene, 100 oC, 100 h

MeO2C

7, 34%
Si(OEt)3

 

 

Scheme A-2. Heck-type Reaction of Vinylsilane 
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This result indicates that the aryl cyanide acts as an arylating agent, presumably via the 

Heck-type reaction. 

 

A-6. Plausible Mechanism of Arylcyanation 

The formation of 7 clearly provides a mechanistic clue that arylnickelation should be 

involved in the catalytic cycle shown in Scheme A-3. Hence, it is reasonable to assume 

that the reaction should be initiated by the oxidative addition of an Ar–CN bond to Ni(0) 

to give trans-Ni(II) complex 9 via π-coordinating intermediate 8.6 The nickel center of 9 

would be coordinated by an alkene substrate to give four- or five-coordinated Ni(II) 

intermediate 10. Subsequent insertion of norbornene or norbornadiene into the Ni–Ar 

bond (arylnickelation) giving alkylnickel 11, which reductively eliminates an 

arylcyanation product and regenerates the Ni(0) (path A), whereas that of 

triethoxy(vinyl)silane followed by β-hydrogen elimination appears likely to give 

alkenylsilane 7 (path B).  

 

 
 

Scheme A-3. Plausible Mechanism 
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As already reported,7 the fact that an electron density of the exo-face of norbornene is 

higher than that of the endo-face should be responsible for the exclusive exo-selectivity 

observed in the present reaction. 

 

A-7. Conclusion 

The author demonstrated that arylcyanation, which can introduce two functional groups 

in one operation, can be applied to carbon–carbon double bonds. The arylcyanation 

reactions of norbornene and norbornadiene take place with a broad scope of substrates to 

allow a direct synthesis of (2R*3S*)-3-aryl-2-cyanobicyclo[2.2.1]heptanes and 

(2R*,3S*)-3-aryl-2-cyanobicyclo[2.2.1]hept-5-enes. Also demonstrated was the Heck-

type arylation of triethoxy(vinyl)silane using an aryl cyanide, suggesting that an 

arylnickelation pathway would be operative in the catalytic cycle. 

 

Experimental 

General. All manipulations of oxygen- and moisture-sensitive materials were conducted 

with a standard Schlenk technique under an argon atmosphere or in a dry box under a 

nitrogen atmosphere. Flash column chromatography was performed using Merck silica 

gel 60 (40–63 μm) or Kanto Chemical silica gel 60 (spherical, 40–50 μm). Analytical thin 

layer chromatography (TLC) was performed on Merck Kieselgel 60 F254 (0.25 mm) plates. 

Visualization was accomplished with UV light (254 nm) and/or an aqueous alkaline 

KMnO4 solution followed by heating. 

Apparatus. Proton and carbon nuclear magnetic resonance spectra (1H NMR and 13C 

NMR) were recorded on a Varian UNITY-INOVA 500 (1H NMR, 500 MHz; 13C NMR, 

126 MHz) spectrometer or Varian Mercury 400 (1H, 400 MHz; 13C, 101 MHz) 
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spectrometer with solvent resonance (1H NMR, CHCl3 at 7.26 ppm; 13C NMR, CDCl3 at 

77.0 ppm) or CFCl3 (19F NMR, 0 ppm) as the internal standard. 1H NMR data are reported 

as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m 

= multiplet, br m = broad multiplet), coupling constants (Hz), and integration. IR spectra 

recorded on a Shimadzu FT-IR 8400 spectrometer are reported in cm–1. Melting points 

(mp) were measured on a Yanaco Mp-500D and are uncorrected. Elemental analyses were 

performed by Elemental Analysis Center of Kyoto University. High-resolution mass 

spectra were obtained with a JEOL JMS-700 (EI) spectrometer. 

Chemicals. Unless otherwise noted, reagents were commercially available and were 

used without purification. Toluene was distilled from sodium/benzophenone ketyl. 1-

(tert-Butoxycarbonyl)-3-cyanoindole (from 3-cyanoindole)8 was prepared following the 

literature procedures. 

Arylcyanation of norbornene. A general procedure. To a mixture of an aryl cyanide 

(1.00 mmol) and norbornene (113 mg, 1.20 mmol) was added a solution of Ni(cod)2 (14.0 

mg, 50 μmol) and PBu3 (20 mg, 0.10 mmol) in toluene (0.60 mL) in a dry box. The vessel 

was taken outside the dry box and heated at 100 °C. After the time specified in Table A-

1, the mixture was filtered through a silica gel pad, concentrated in vacuo, and purified 

by flash chromatography on silica gel to give arylcyanation products. 

 

 

(2R*,3S*)-2-Cyano-3-[4-(trifluoromethyl)phenyl]bicyclo[2.2.1]heptane (3aa). 

A colorless solid (mp = 79.7–80.0 °C), Rf 0.47 (hexane–ethyl acetate = 4:1). 
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1H NMR (400 MHz, CDCl3): δ 7.60 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.2 Hz, 2H), 3.11 (d, 

J = 9.2 Hz, 1H), 3.03 (dd, J = 9.2, 1.3 Hz, 1H), 2.76 (br s, 1H), 2.69 (br s, 1H), 2.07 (d, J 

= 10.8 Hz, 1H), 1.80–1.37 (m, 5H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 145.0, 129.2 (q, J = 32.8 Hz), 128.1, 125.6 (q, J = 

3.6 Hz), 124.1 (q, J = 270.7 Hz), 119.9, 49.7, 42.6, 41.3, 40.9, 36.9, 30.4, 27.6. 

 

IR (KBr): 2966, 2876, 2235, 1618, 1423, 1329, 1298, 1165, 1124, 1111, 1069, 1016, 843, 

772, 601 cm–1. 

 

Anal.: C15H14F3N. 

Calcd: C, 67.91; H, 5.32 (%). 

Found: C, 67.88; H, 5.47 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(4-fluorophenyl)bicyclo[2.2.1]heptane (3ba). 

A colorless solid (mp = 67.5–67.8 °C), Rf 0.49 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): (br d, J = 1.7 Hz, 1H), 2.63 (br d, J = 1.5 Hz, 1H), 2.05 (dt, 

J = 10.8, 1.8 Hz, 1H), 1.78–1.51 (m, 3H), 1.43–1.32 (m, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 161.7 (d, J = 244.0 Hz), 136.8 (d, J = 3.6 Hz), 129.2 

(d, J = 8.4 Hz), 120.1, 115.4 (d, J = 21.3 Hz), 49.2, 42.6, 41.6, 41.1, 36.8, 30.4, 27.6. 
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IR (KBr): 2959, 2878, 2233, 1601, 1508, 1223, 1159, 1097, 839, 820, 758, 538 cm–1. 

 

Anal.: C14H14FN. 

Calcd: C, 78.11; H, 6.56 (%). 

Found: C, 77.84; H, 6.51 (%). 

 

 

(2R*,3S*)-3-(4-Acetylphenyl)-2-cyanobicyclo[2.2.1]heptane (3ca). 

A colorless solid (mp = 89.6–89.9 °C), Rf 0.26 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 3.11 (d, 

J = 9.3 Hz, 1H), 3.02 (dd, J = 9.3, 1.8 Hz, 1H), 2.75 (br d, J = 2.6 Hz, 1H), 2.70 (br d, J 

= 1.3 Hz, 1H), 2.58 (s, 3H), 2.07 (dt, J = 10.6, 1.8 Hz, 1H), 1.79–1.68 (m, 2H), 1.59 (dt, 

J = 10.8, 1.6 Hz, 1H), 1.44–1.35 (m, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 197.6, 146.4, 135.8, 128.7, 128.0, 119.9, 49.8, 42.6, 

41.3, 40.7, 36.9, 30.3, 27.6, 26.5. 

 

IR (KBr): 2957, 2876, 2232, 1682, 1607, 1570, 1420, 1362, 1263, 1184, 962, 860, 835, 

766, 598 cm–1. 
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Anal.: C16H17NO. 

Calcd: C, 80.30; H, 7.16 (%). 

Found: C, 80.27; H, 7.25 (%). 

 

 

(2R*,3S*)-2-Cyano-3-[4-(methoxycarbonyl)phenyl]bicyclo[2.2.1]heptane (3da). 

A colorless solid (mp = 130.4–130.9 °C), Rf 0.25 (hexane–ethyl acetate = 2:1). 

 

1H NMR (500 MHz, CDCl3): δ 8.01 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H), 3.90 (s, 

3H), 3.09 (d, J = 9.3 Hz, 1H), 3.00 (dd, J = 9.3, 1.3 Hz, 1H), 2.73 (br d, J = 2.2 Hz, 1H), 

2.68 (br s, 1H), 2.05 (d, J = 10.7 Hz, 1H), 1.77–1.63 (m, 2H), 1.56 (d, J = 10.7 Hz, 1H), 

1.42–1.33 (m, 2H). 

 

13C NMR{1H} (126 MHz, CDCl3): δ 166.7, 146.2, 129.8, 128.6, 127.7, 119.8, 51.9, 49.7, 

42.5, 41.2, 40.6, 36.8, 30.2, 27.4. 

 

IR (KBr): 2966, 2953, 2872, 2233, 1717, 1609, 1450, 1427, 1283, 1258, 1184, 1109, 1018, 

862, 745, 712 cm–1. 

 

Anal.: C16H17NO2. 

Calcd: C, 75.27; H, 6.71 (%). 

Found: C, 75.28; H, 6.71 (%). 
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(2R*,3S*)-2-Cyano-3-(4-formylphenyl)bicyclo[2.2.1]heptane (3ea). 

A colorless solid (mp 103.8–104.8 °C), Rf 0.33 (hexane–ethyl acetate = 3:1). 

 

1H NMR (400 MHz, CDCl3): δ 9.99 (s, 1H), 7.87 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.1 Hz, 

2H), 3.14 (d, J = 9.3 Hz, 1H), 3.03 (dd, J = 9.3, 1.6 Hz, 1H), 2.77 (br d, J = 2.4 Hz, 1H), 

2.72 (br d, J = 1.5 Hz, 1H), 2.05 (dt, J = 10.8, 1.8 Hz, 1H), 1.84–1.66 (m, 2H), 1.60 (dt, 

J = 10.8, 1.5 Hz, 1H), 1.50–1.33 (m, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 191.8, 148.0, 135.2, 130.1, 128.5, 119.8, 50.0, 42.6, 

41.3, 40.7, 37.0, 30.4, 27.6. 

 

IR (KBr): 3447, 2968, 2878, 2235, 1693, 1607, 1574, 1454, 1312, 1215, 1167, 853, 833, 

760, 527 cm–1. 

 

Anal.: C15H15NO. 

Calcd: C, 79.97; H, 6.71 (%). 

Found: C, 79.92; H, 6.76 (%). 

 

 

(2R*,3S*)-3-(4-Biphenyl)-2-cyanobicyclo[2.2.1]heptane (3fa). 
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A colorless solid (mp = 125.6–125.9 °C), Rf 0.47 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.61–7.57 (m, 4H), 7.43 (t, J = 7.5 Hz, 2H), 7.35–7.31 

(m, 3H), 3.10 (d, J = 9.3 Hz, 1H), 3.03 (dd, J = 9.3, 1.6 Hz, 1H), 2.76 (br d, J = 2.7 Hz, 

1H), 2.71 (br s, 1H), 2.13 (dt, J = 10.6, 1.6 Hz, 1H), 1.79–1.36 (m, 5H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 140.7, 140.1, 139.7, 128.7, 128.2, 127.3, 127.2, 

127.0, 120.3, 49.7, 42.6, 41.6, 41.1, 37.0, 30.5, 27.7. 

 

IR (KBr): 2953, 2872, 2233, 1487, 1452, 1406, 837, 752, 737, 691, 669 cm–1. 

 

Anal.: C20H19N. 

Calcd: C, 87.87; H, 7.01 (%). 

Found: C, 87.60; H, 7.13 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(4-methylphenyl)bicyclo[2.2.1]heptane (3ga). 

A colorless solid (mp 58.1–58.4 °C), Rf 0.53 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.18–7.12 (m, 4H), 3.03 (d, J = 9.3 Hz, 1H), 2.97 (dd, J 

= 9.3, 1.6 Hz, 1H), 2.73 (br d, J = 2.9 Hz, 1H), 2.66 (br s, 1H), 2.34 (s, 3H), 2.09 (dt, J = 

10.6, 1.7 Hz, 1H), 1.83–1.32 (m, 5H). 
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13C NMR{1H} (101 MHz, CDCl3): δ 138.0, 136.4, 129.2, 127.5, 120.4, 49.5, 42.5, 41.6, 

40.9, 36.9, 30.4, 27.6, 21.0. 

 

IR (KBr): 2961, 2876, 2232, 1514, 822, 754, 534, 484 cm–1. 

 

Anal.: C15H17N. 

Calcd: C, 85.26; H, 8.11 (%). 

Found: C, 85.35; H, 8.19 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(4-methoxylphenyl)bicyclo[2.2.1]heptane (3ha). 

A colorless solid (mp 64.9–65.3 °C), Rf 0.40 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.17 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.8 Hz, 2H), 3.79 (s, 

3H), 3.01 (d, J = 9.1 Hz, 1H), 2.95 (dd, J = 9.3, 1.3 Hz, 1H), 2.71 (br s, 1H), 2.63 (br s, 

1H), 2.07 (d, J = 10.6 Hz, 1H), 1.77–1.61 (m, 2H), 1.53 (d, J = 10.6 Hz, 1H), 1.45–1.28 

(m, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 158.2, 133.1, 128.6, 120.4, 113.8, 55.1, 49.1, 42.5, 

41.6, 41.1, 36.8, 30.4, 27.6. 

 

IR (KBr): 2959, 2866, 2232, 1612, 1514, 1456, 1308, 1294, 1246, 1182, 1040, 841,  

536 cm–1. 
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Anal.: C15H17NO. 

Calcd: C, 79.26; H, 7.54 (%). 

Found: C, 79.15; H, 7.53 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(3,4,5-trimethoxyphenyl)bicyclo[2.2.1]heptane (3ia). 

A colorless solid (mp 108.4–108.6 °C), Rf 0.24 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 6.45 (s, 2H), 3.86 (s, 6H), 3.83 (s, 3H), 2.99 (s, 1H), 2.98 

(s, 1H), 2.73 (br d, J = 3.1 Hz, 1H), 2.63 (br d, J = 1.6 Hz, 1H), 2.06 (dt, J = 10.6, 1.8 Hz, 

1H), 1.78–1.63 (m, 2H), 1.55 (dt, J = 10.6, 1.6 Hz, 1H), 1.44–1.31 (m, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 153.1, 137.0, 136.7, 120.2, 105.0, 60.9, 56.1, 50.2, 

42.5, 41.6, 41.2, 36.9, 30.5, 27.6. 

 

IR (KBr): 2968, 2239, 1589, 1510, 1460, 1423, 1238, 1124, 1011 cm–1. 

 

Anal.: C17H21NO3. 

Calcd: C, 71.06; H, 7.37 (%). 

Found: C, 70.77; H, 7.27 (%). 
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(2R*,3S*)-2-Cyano-3-(2-trifluoromethylphenyl)bicyclo[2.2.1]heptane (3ja). 

A colorless solid (mp 79.8–80.1 °C), Rf 0.54 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.68 (d, J = 7.9 Hz, 1H), 7.61–7.56 (m, 2H), 7.42–7.35 

(m, 1H), 3.36 (d, J = 9.1 Hz, 1H), 3.05 (d, J = 9.1 Hz, 1H), 2.72 (br d, J = 3.7 Hz, 1H), 

2.67 (br d, J = 1.8 Hz, 1H), 2.19 (d, J = 10.8 Hz, 1H), 1.84–1.38 (m, 5H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 139.7 (q, J = 9.1 Hz), 132.2, 128.4 (q, J = 29.7 Hz), 

128.1, 127.0, 126.2 (q, J = 6.2 Hz), 124.4 (q, J = 272.2 Hz), 119.8, 45.4, 42.6, 42.1, 41.8, 

37.7, 30.8, 27.3. 

 

IR (KBr): 2972, 2239, 1450, 1312, 1161, 1140, 1124, 1107, 1063, 1038, 775, 729, 

650 cm–1. 

 

Anal.: C15H14F3N. 

Calcd: C, 67.91; H, 5.32 (%). 

Found: C, 67.68; H, 5.34 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(5-fluoro-2-methylphenyl)bicyclo[2.2.1]heptane (3ka). 

A colorless solid (mp 125.9–126.1 °C), Rf 0.53 (hexane–ethyl acetate = 2:1). 
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1H NMR (400 MHz, CDCl3): δ 7.14 (dd, J = 8.3, 6.1 Hz, 1H), 7.02 (dd, J = 10.5, 2.7 Hz, 

1H), 6.86 (td, J= 8.2, 2.7 Hz, 1H), 3.08–3.02 (m, 2H), 2.74 (br d, J = 1.6 Hz, 1H), 2.71 

(br d, J = 1.5 Hz, 1H), 2.26 (s, 3H), 2.04 (dt, J = 10.8, 1.7 Hz, 1H), 1.83–1.68 (m, 2H), 

1.58 (dt, J = 10.6, 1.6 Hz, 1H), 1.45–1.37 (m, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 161.4 (d, J = 241.7 Hz), 141.1 (d, J = 6.8 Hz), 131.7, 

131.6 (d, J = 7.6 Hz), 119.5, 113.4 (d, J = 20.6 Hz), 112.9 (d, J = 18.1 Hz), 46.9, 42.6, 

40.2, 40.0, 36.7, 30.2, 27.8, 19.2. 

 

IR (KBr): 2959, 2878, 2232, 1611, 1587, 1495, 1454, 1265, 1242, 1153, 868, 

820, 735 cm–1. 

 

Anal.: C15H16FN. 

Calcd: C, 78.57; H, 7.03 (%). 

Found: C, 78.37; H, 7.00 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(3-pyridyl)bicyclo[2.2.1]heptane (3ma). 

A colorless solid (mp 80.1–80.4 °C), Rf 0.20 (hexane–ethyl acetate = 1:2). 

 

1H NMR (400 MHz, CDCl3): δ 8.57–8.44 (m, 2H), 7.61 (dt, J = 8.0, 1.8 Hz, 1H), 7.30 

(dd, J = 7.9, 4.9 Hz, 1H), 3.06 (d, J = 9.3 Hz, 1H), 3.01 (dd, J = 9.3, 1.8 Hz, 1H), 2.77 (br 

d, J = 2.6 Hz, 1H), 2.65 (br d, J = 1.5 Hz, 1H), 2.06 (dt, J = 11.0, 1.8 Hz, 1H), 1.83–1.65 
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(m, 2H), 1.59 (dt, J = 10.8, 1.6 Hz, 1H), 1.48–1.35 (m, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 149.4, 148.3, 136.6, 135.2, 123.5, 119.8, 47.5, 42.6, 

41.3, 41.1, 36.9, 30.5, 27.5. 

 

IR (KBr): 2968, 2878, 2359, 2341, 2233, 1574, 1481, 1425, 1028, 822, 754, 716, 

629 cm–1. 

 

Anal.: C13H14N2. 

Calcd: C, 78.75; H, 7.12 (%). 

Found: C, 78.59; H, 7.15 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(4-pyridyl)bicyclo[2.2.1]heptane (3na). 

A colorless oil, Rf 0.11 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 8.53 (d, J = 6.0 Hz, 2H), 7.12 (d, J = 6.0 Hz, 2H), 2.98 (s, 

2H), 2.72 (br d, J = 1.8 Hz, 1H), 2.64 (br s, 1H), 1.97 (dt, J = 10.8, 1.8 Hz, 1H), 1.78–

1.30 (m, 5H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 149.9, 149.7, 122.9, 119.5, 49.0, 42.5, 40.7, 40.3, 

36.8, 30.0, 27.4. 
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IR (KBr): 2964, 2878, 2235, 1601, 1418, 833, 760 cm–1. 

 

Anal.: C13H14N2. 

Calcd: C, 78.75; H, 7.12 (%). 

Found: C, 78.74; H, 7.14 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(2-furyl)bicyclo[2.2.1]heptane (3oa). 

A colorless oil, Rf 0.50 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.37 (dd, J = 1.7, 0.7 Hz, 1H), 6.32 (dd, J = 3.2, 1.8 Hz, 

1H), 6.18 (d, J = 3.2 Hz, 1H), 3.11 (d, J = 9.0 Hz, 1H), 2.86 (dd, J = 9.0, 1.7 Hz, 1H), 

2.70 (br d, J = 1.8 Hz, 1H), 2.60 (br d, J = 1.6 Hz, 1H), 2.11 (dt, J = 10.6, 1.6 Hz, 

1H), 1.75–1.58 (m, 2H), 1.47 (dt, J = 10.6, 1.7 Hz, 1H), 1.42–1.25 (m, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 154.4, 141.7, 120.0, 110.0, 106.0, 44.3, 42.5, 40.7, 

39.1, 36.5, 29.2, 27.6. 

 

IR (neat): 2964, 2878, 2235, 1593, 1506, 1456, 1300, 1157, 1013, 739 cm–1. 

 

Anal.: C12H13NO. 

Calcd: C, 76.98; H, 7.00 (%). 

Found: C, 77.26; H, 7.28 (%). 
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(2R*,3S*)-2-Cyano-3-(2-thienyl)bicyclo[2.2.1]heptane (3pa). 

A yellow oil, Rf 0.47 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.20 (dd, J = 5.1, 1.0 Hz, 1H), 6.98 (dd, J = 5.1, 3.7 Hz, 

1H), 6.94 (dt, J = 3.7, 1.0 Hz, 1H), 3.31 (d, J = 9.0 Hz, 1H), 2.95 (dd, J = 9.0, 1.8 Hz, 

1H), 2.75 (br dd, J = 1.8, 1.1 Hz, 1H), 2.66 (br d, J = 1.2 Hz, 1H), 2.15 (dt, J = 10.8, 1.6 

Hz, 1H), 1.78–1.26 (m, 5H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 144.2, 126.8, 124.8, 123.9, 119.9, 45.6, 43.4, 42.8, 

41.7, 36.6, 29.9, 27.6. 

 

IR (neat): 2962, 2876, 2235, 1452, 1437, 1298, 1238, 839, 698 cm–1. 

 

Anal.: C12H13NS. 

Calcd: C, 70.89; H, 6.45 (%). 

Found: C, 71.03; H, 6.44 (%). 

 

 

(2R*,3S*)-3-(1-tert-Butoxycarbonyl-3-indolyl)-2-cyanobicyclo[2.2.1]heptane (3qa). 

A colorless solid, mp 133.0–133.2 °C, Rf 0.10 (hexane–ethyl acetate = 10:1). 



   Appendix 

156 
 

1H NMR (400 MHz, CDCl3): δ 8.07 (br s, 1H), 7.54 (br s, 1H), 7.43 (dd, J = 7.7, 0.7 Hz, 

1H), 7.32 (td, J = 7.7, 1.2 Hz, 1H), 7.24 (td, J = 7.3, 0.9 Hz, 1H), 3.20 (d, J = 9.0 Hz, 1H), 

3.05 (dd, J = 9.0, 1.5 Hz, 1H), 2.78 (br d, J = 2.4 Hz, 1H), 2.72 (br s, 1H), 2.09 (dt, J = 

10.6, 1.7 Hz, 1H), 1.83–1.62 (m, 2H), 1.69 (s, 9H), 1.55 (dt, J = 10.6, 1.6 Hz, 1H), 1.49–

1.39 (m, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 149.8, 130.2, 124.6, 122.5, 121.9, 121.1, 120.2, 

118.4, 115.4, 109.7, 83.7, 43.4, 41.3, 41.1, 39.8, 36.4, 30.0, 28.2, 27.7. 

 

IR (KBr): 2968, 2931, 2880, 2233, 1730, 1456, 1375, 1261, 1223, 1155, 1088, 1020, 768, 

750 cm–1. 

 

Anal.: C21H24N2O2. 

Calcd: C, 74.97; H, 7.19 (%). 

Found: C, 75.04; H, 7.31 (%). 

 

Arylcyanation of norbornadiene. A general procedure. To a mixture of an aryl cyanide 

(1.00 mmol) and norbornadiene (138 mg, 1.50 mmol) was added a solution of Ni(cod)2 

(14.0 mg, 50 μmol) and PMe3 (11.4 mg, 0.150 mmol) in toluene (0.67 mL) in a dry box. 

The vessel was taken outside the dry box and heated at 100 °C. After the time specified 

in Table A-2, the mixture was filtered through a silica gel pad, concentrated in vacuo, and 

purified by flash chromatography on silica gel to give arylcyanation products. 
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(2R*,3S*)-2-Cyano-3-[4-(trifluoromethyl)phenyl]bicyclo[2.2.1]hept-5-ene (3ab). 

A colorless solid (mp = 69.1–70.4 °C), Rf 0.24 (hexane–ethyl acetate = 5:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.63 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 6.45 

(dd, J = 5.7, 3.3 Hz, 1H), 6.23 (dd, J = 5.7, 2.9 Hz, 1H), 3.38 (s, 1H), 3.23 (d, J = 1.5 Hz, 

1H), 3.11 (d, J = 9.1 Hz, 1H), 2.87 (dd, J = 9.1, 1.8 Hz, 1H), 2.09 (d, J = 9.5 Hz, 1H), 

1.84 (dt, J = 9.5, 1.8 Hz, 1H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 144.2, 140.4, 135.6, 129.3 (q, J = 32.2 Hz), 128.5, 

125.6 (q, J = 3.8 Hz), 124.1 (q, J = 272.2 Hz), 120.7, 48.3, 47.0, 46.2, 46.1, 36.3. 

 

IR (KBr): 2991, 2972, 2949, 2235, 1618, 1454, 1418, 1333, 1159, 1146, 1119, 1070, 1016, 

847, 787, 768, 739, 708, 652, 602 cm–1. 

 

Anal.: C15H12F3N. 

Calcd: C, 68.44; H, 4.59 (%). 

Found: C, 68.28; H, 4.60 (%). 

 

 

(2R*,3S*)-3-(4-Acetylphenyl)-2-cyanobicyclo[2.2.1]hept-5-ene (3cb). 
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A colorless solid (mp = 120.5–121.0 °C), Rf 0.31 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.96 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 6.45 

(dd, J = 5.7, 3.3 Hz, 1H), 6.22 (dd, J = 5.7, 3.1 Hz, 1H), 3.37 (s, 1H), 3.25 (d, J = 1.5 Hz, 

1H), 3.11 (dd, J = 9.1, 1.3 Hz, 1H), 2.87 (dd, J = 9.1, 1.8 Hz, 1H), 2.60 (s, 3H), 2.10 (d, 

J = 9.5 Hz, 1H), 1.84 (dt, J = 9.5, 1.8 Hz, 1H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 197.6, 145.6, 140.4, 135.8, 135.5, 128.7, 128.3, 

120.7, 48.2, 47.2, 46.2, 46.0, 36.4, 26.6. 

 

IR (KBr): 2997, 2980, 2943, 2232, 1680, 1605, 1412, 1362, 1273, 841, 729, 608, 

592 cm–1. 

 

Anal.: C16H15NO. 

Calcd: C, 80.98; H, 6.37 (%). 

Found: C, 80.79; H, 6.47 (%). 

 

 

(2R*,3S*)-2-Cyano-3-[4-(methoxycarbonyl)phenyl]bicyclo[2.2.1]hept-5-ene (3db). 

A colorless solid (mp = 108.1–111.3 °C), Rf 0.16 (hexane–ethyl acetate = 5:1). 

 

1H NMR (400 MHz, CDCl3): δ 8.04 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 6.44 



   Appendix 

159 
 

(dd, J = 5.6, 3.2 Hz, 1H), 6.21 (dd, J = 5.7, 3.1 Hz, 1H), 3.91 (s, 3H), 3.36 (s, 1H), 3.24 

(d, J = 1.3 Hz, 1H), 3.11 (d, J = 9.1 Hz, 1H), 2.86 (dd, J = 9.1, 1.6 Hz, 1H), 2.09 (d, J = 

9.5 Hz, 1H), 1.83 (dt, J = 9.5, 1.6 Hz, 1H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 166.8, 145.4, 140.5, 135.5, 129.9, 128.9, 128.1, 

120.7, 52.0, 48.2, 47.2, 46.2, 46.0, 36.4. 

 

IR (KBr): 2988, 2949, 2230, 1717, 1611, 1433, 1283, 1192, 1115, 1018, 860, 756, 729, 

716 cm–1. 

 

Anal.: C16H15NO2. 

Calcd: C, 75.87; H, 5.97 (%). 

Found: C, 75.60; H, 6.08 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(4-pyridyl)bicyclo[2.2.1]heptane (3nb). 

A brown oil, Rf 0.24 (hexane–ethyl acetate = 1:5). 

 

1H NMR (400 MHz, CDCl3): δ 8.60 (d, J = 5.7 Hz, 2H), 7.18 (d, J = 6.0 Hz, 2H), 6.44 

(dd, J = 5.6, 3.2 Hz, 1H), 6.23 (dd, J = 5.7, 2.9 Hz, 1H), 3.29 (s, 1H), 3.23 (s, 1H), 3.01 

(d, J = 9.1 Hz, 1H), 2.87 (dd, J = 9.3, 1.8 Hz, 1H), 2.04 (d, J = 9.5 Hz, 1H), 1.84 (dt, J = 

9.5, 1.7 Hz, 1H). 
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13C NMR{1H} (101 MHz, CDCl3): δ 150.0, 149.2, 140.2, 135.7, 123.3, 120.4, 48.3, 46.6, 

46.2, 45.7, 36.1. 

 

IR (neat): 3385, 3071, 3028, 2982, 2949, 2876, 2235, 1599, 1553, 1497, 1454, 1416, 1333, 

1313, 1265, 1256, 1221, 1072, 997, 988, 918, 833, 770, 708, 644, 631, 554, 538, 513, 

469 cm–1. 

 

Anal.: C13H12N2. 

Calcd: C, 79.56; H, 6.16 (%). 

Found: C, 79.56; H, 6.42 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(2-furyl)bicyclo[2.2.1]hept-5-ene (3ob). 

A brown oil, Rf 0.38 (hexane–ethyl acetate = 5:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.42–7.40 (m, 1H), 6.38–6.33 (m, 2H), 6.23 (dd, J = 3.2, 

0.6 Hz, 1H), 6.19 (dd, J = 5.7, 2.9 Hz, 1H), 3.33 (s, 1H), 3.16 (d, J = 0.7 Hz, 1H), 3.08 

(d, J = 8.8, 1.3 Hz, 1H), 2.72 (dd, J = 8.9, 1.9 Hz, 1H), 2.19 (dd, J = 9.4, 0.5 Hz, 1H), 

1.74 (dt, J = 9.5, 1.7 Hz, 1H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 153.7, 142.2, 139.4, 135.7, 120.6, 110.3, 106.8, 48.2, 

46.7, 46.3, 41.6, 34.7. 
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IR (neat): 2984, 2237, 1715, 1591, 1504, 1454, 1325, 1165, 1140, 1016, 905, 766, 721, 

687, 598 cm–1. 

 

Anal.: C12H11NO. 

Calcd: C, 77.81; H, 5.99 (%). 

Found: C, 77.94; H, 6.12 (%). 

 

 

(2R*,3S*)-2-Cyano-3-(2-thienyl)bicyclo[2.2.1]hept-5-ene (3pb). 

A colorless solid (mp = 83.4–83.9 °C), Rf 0.20 (hexane–ethyl acetate = 10:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.24 (dd, J = 5.1, 1.3 Hz, 1H), 7.01 (dd, J = 5.0, 3.6 Hz, 

1H), 6.97 (dd, J = 3.5, 1.0 Hz, 1H), 6.41 (dd, J = 5.7, 3.3 Hz, 1H), 6.19 (dd, J = 5.7, 2.9 

Hz, 1H), 3.37 (d, J = 0.5 Hz, 1H), 3.30 (dd, J = 8.8, 1.5 Hz, 1H), 3.19 (d, J = 1.3 Hz, 1H), 

2.80 (dd, J = 8.9, 1.9 Hz, 1H), 2.21 (d, J = 9.7 Hz, 1H), 1.81 (dquint, J = 9.5, 1.8 Hz, 1H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 143.2, 140.0, 135.4, 127.0, 125.4, 124.4, 120.7, 48.9, 

48.4, 46.2, 42.9, 36.8. 

 

IR (KBr): 3103, 3061, 3011, 2980, 2953, 2918, 2876, 2233, 1435, 1321, 1271, 1258, 1244, 

1042, 922, 903, 841, 760, 741, 716, 698, 538 cm–1. 
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Anal.: C12H11NS. 

Calcd: C, 71.60; H, 5.51 (%). 

Found: C, 71.71; H, 5.43 (%). 

 

 

(2R*,3S*)-3-(1-tert-Butoxycarbonyl-3-indolyl)-2-cyanobicyclo[2.2.1]hept-5-ene 

(3qb). 

A colorless solid (mp = 150.6–151.4 °C), Rf 0.13 (hexane–ethyl acetate = 10:1). 

 

1H NMR (400 MHz, CDCl3): δ 8.09 (br s, 1H), 7.53 (br s, 1H), 7.40 (d, J = 7.7 Hz, 1H), 

7.33 (td, J = 7.7, 1.1 Hz, 1H), 7.24 (td, J = 7.3, 0.9 Hz, 1H), 6.45 (dd, J = 5.7, 3.1 Hz, 

1H), 6.24 (dd, J = 5.6, 3.0 Hz, 1H), 3.40 (s, 1H), 3.27 (s, 1H), 3.15 (d, J = 8.8 Hz, 1H), 

2.88 (dd, J = 8.8, 1.6 Hz, 1H), 2.14 (d, J = 9.3 Hz, 1H), 1.81 (dt, J = 9.3, 1.6 Hz, 1H), 

1.69 (s, 9H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 149.8, 140.1, 135.3, 130.8, 124.7, 122.6, 122.0, 

120.9, 120.7, 118.5, 115.5, 83.8, 49.1, 46.8, 46.1, 38.5, 35.0, 28.2. 

 

IR (KBr): 3067, 2993, 2976, 2937, 2232, 1724, 1477, 1452, 1381, 1340, 1329, 1310, 1256, 

1225, 1157, 1111, 1090, 1022, 872, 853, 768, 746, 721, 698 cm–1. 
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Anal.: C21H22N2O2. 

Calcd: C, 75.42; H, 6.63 (%). 

Found: C, 75.18; H, 6.70 (%). 

 

 

Retro–Diels–Alder reaction of 3ab. 

A solution of 3ab (0.26 g, 1.00 mmol) in xylene (0.20 mL) was heated at 190 °C for 26 

h and then concentrated in vacuo. The residue was purified by flash chromatography on 

silica to give (Z)-2-(4-trifluoromethylphenyl)acrylonitrile [(Z)-5, 161 mg, 81%, (E)-5 was 

also obtained in 4% yield] as a colorless oil. 

Rf 0.25 (hexane–ethyl acetate = 5:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 8.2 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H), 7.19 (d, 

J = 12.1 Hz, 1H), 5.61 (d, J = 12.1 Hz, 2H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 147.0, 136.6, 132.3 (q, J = 32.2 Hz), 129.2, 125.9 

(q, J = 3.8 Hz), 123.6 (q, J = 273.0 Hz), 116.6, 98.0. 

 

IR (neat): 3071, 2218, 1618, 1420, 1325, 1171, 1126, 1069, 1016, 851, 606 cm–1. 

 

Anal.: C10H6F3N. 

Calcd: C, 60.92; H, 3.07 (%). 

Found: C, 61.21; H, 3.36 (%). 
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Oxidative ring-opening reaction of 3ab. 

To a solution of 3ab (0.26 g, 1.00 mmol) in CCl4-CH3CN-H2O (1.0:1.0:1.5, 3.1 mL) 

were added RuCl3•3H2O (5.8 mg, 22 μmol) and NaIO4 (0.96 g, 4.5 mmol) at 0 °C, and 

the resulting mixture was stirred at rt for 1 h. The mixture was diluted with acetone (10 

mL), filtered through a Celite pad, and concentrated in vacuo. The dilution-filtration-

concentration procedure was continued twice [acetonitrile (10 mL) was used for the third 

dilution]. The residue was again diluted with a crude dicarboxylic acid thus obtained was 

dissolved in MeOH–benzene (1.0:3.5, 9.0 mL) and a 2.0 M solution of Me3SiCHN2 in 

hexane (1.25 mL, 2.5 mmol) was added at rt. The resulting mixture was stirred at 35 °C 

for 1 h and then concentrated in vacuo. The residue was purified by flash chromatography 

on silica gel to give 6 (0.29 g, 81%) as a colorless oil. 

Rf 0.30 (hexane–ethyl acetate = 2:1). 

 

1H NMR (400 MHz, CDCl3): δ 7.64 (d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 3.84 

(dd, J = 10.2, 8.3 Hz, 1H), 3.79 (s, 3H), 3.76 (dd, J = 8.2, 4.8 Hz, 1H), 3.63 (s, 3H), 3.43–

3.35 (m, 2H), 2.74 (dt, J = 13.7, 8.7 Hz, 1H), 2.30 (ddd, J = 13.7, 9.5, 7.9 Hz, 1H). 

 

13C NMR{1H} (101 MHz, CDCl3): δ 172.6, 172.0, 140.6, 130.0 (q, J = 33.0 Hz), 128.4, 

125.6 (q, J = 3.1 Hz), 123.8 (q, J = 272.2 Hz), 118.6, 52.6, 52.2, 49.8, 47.5, 47.0, 38.6, 
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32.6. 

 

IR (neat): 2957, 2243, 1732, 1620, 1439, 1329, 1271, 1200, 1171, 1123, 1070, 1018, 845, 

760, 669, 409 cm–1. 

 

Anal.: C17H16F3NO4. 

Calcd: C, 57.47; H, 4.54 (%). 

Found: C, 57.19; H, 4.64 (%). 

 

 

Heck-type reaction of triethoxy(vinyl)silane with methyl 4-cyanobenzote 

To a mixture of methyl 4-cyanobenzote (161 mg, 1.00 mmol) and triethoxy(vinyl)silane 

(190 mg, 1.00 mmol) was added a solution of Ni(cod)2 (14.0 mg, 50 μmol) and PBu3 (20 

mg, 0.100 mmol) in toluene (0.60 mL) in a dry box. The vessel was taken outside the dry 

box and heated at 100 °C for 100 h. The mixture was filtered through a silica gel pad, 

concentrated in vacuo, and purified by flash chromatography on silica gel to give (E)-

triethoxy[2-(4-methoxcarbonylphenyl)ethenyl]silane (7, 109 mg, 34%) as a colorless oil. 

Rf 0.44 (hexane–ethyl acetate = 5:1). 

 

1H NMR (400 MHz, CDCl3): δ 8.00 (d, J = 8.2 Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 7.22 (d, 

J = 19.2 Hz, 1H), 6.29 (d, J = 19.2 Hz, 1H), 3.90 (s, 3H), 3.88 (q, J = 7.0 Hz, 6H), 1.26 

(t, J = 7.0 Hz, 9H). 
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13C NMR{1H} (101 MHz, CDCl3): δ 166.7, 147.7, 141.7, 129.9, 129.8, 126.6, 121.2, 58.6, 

52.1, 18.2. 

 

HRMS (EI)  m/z: [M]+ calcd for C16H24O5Si, 324.1393; found, 324.1389. 
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