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Abstract 
The phenomenal potential of synthetic chemistry to influence small molecule 

therapeutic development represents my overarching theme. The goal of designing or 

discovering a novel clinical candidate or biological target can be achieved through a 

variety of avenues available to synthetic organic chemists.  The potential of natural 

product total synthesis and inhibitor development as impactful projects were pursued 

with the use and development of methodology. 

The natural product streptonigrin, a potent antitumor antibiotic, showed 

promise in clinical trials ultimately terminated in the 1970s. The underexplored 

mechanism of action prompted a reexamination of this potential therapeutic. The 

Donohoe group successfully designed a modular total synthesis accessing 

streptonigrin in 11 steps and 14% yield. The introduction of an asymmetric Suzuki–

Miyaura reaction yielded a key intermediate in 42% ee and 65% yield, which 

represents the first example of purely synthetic access to enantioenriched late-stage 

streptonigrin analogues. 

The “hydrogen-borrowing” method allows the functionalization of ketones 

with methanol and transition metal catalysts, but examples lacked application to 

further α-functionalization. The successful development of a novel “interrupted-

hydrogen-borrowing” method allowed the use of iridium and methanol to trap the 

reactive enone intermediates by preventing the subsequent “hydrogen returning”. 

Thus, this enabled these reactive intermediates to be subjected to a 1,4-conjugate 

addition with a nucleophilic ketone enolate and subsequent cyclization and oxidation 

to form highly substituted pyridines from simple ketones. 

The exploration of serine hydrolases, an important mammalian enzyme class 

with a large portion still uncharacterized, requires inhibitors with new chemotypes 
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that can covalently and irreversibly bind. The small library of urea- and carbamate-

containing scaffolds with varied aromatic backbone substitutions was subjected to 

activity-based protein profiling to allow expedient examination of the whole serine 

hydrolase family. The predicted strong electronic effect of the p-substituent was 

confirmed, modulating the reactivity of the electrophilic urea or carbamate moiety. 

MudPIT analysis of a subset supported the demonstrated reactivity profile and 

identified the uncharacterized serine hydrolase PNPLA4 as a selective target of one 

inhibitor. This potent and selective inhibition was verified by in vitro and in cell 

assays and validates this chemotype as a family of serine hydrolase inhibitors. 
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1.1 Small molecule therapeutics 
Small molecule therapeutics have impacted human health over centuries of 

scientific discovery. Examples of small molecule medicines even appear in an ancient 

Egyptian medical text, circa 1800 B.C., and they were prevalent in ancient Chinese 

herbal medicines.1 These early therapies were often medicinal plants, such as the bark 

of the willow tree used for pain or fever and the use of sweet wormwood herb as a 

Chinese remedy for malaria (Figure 1-1). The advent of drug development can be 

traced to the isolation of the active ingredient of these and other known therapies, 

such as the discovery of salicylic acid and artemisinin as the potent agents of these 

herbal remedies. Improved synthetic methods allowed the synthesis of these 

molecules and analogues to probe or improve their effect. The synthesized of 

acetylsalicylic acid in 1897 and the discovery that this analogue showed reduced 

digestive complications, allowed the large scale production of this efficacious drug, 

Aspirin. 

 
Figure 1-1. Examples of small molecule therapeutics derived from herbal remedies 

In addition to the isolation of active components from known treatments, 

serendipity has played a part in novel drug discovery. This includes the famous 

discovery of the antibiotic penicillin from mold in 1928 (Figure 1-2). Significantly, 

subsequent studies to design and synthesize new scaffolds produced inspired 

compounds with bacterial-killing effects, incuding Prontosil, the first sulfonamide-

containing “sulfa drug”, produced and discovered through a screen at Bayer in the 
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1930s (Figure 1-2). Widespread use of these antibiotics in the 1940s and the pursuit of 

other antibacterial compounds from natural or purely synthetic sources led to the birth 

of modern antibiotic development. 

 
Figure 1-2. Therapeutics discovered through serendipity and synthetic design 

Modern small molecule pharmaceuticals (defined as less than 500 to 900 

daltons in size) are not limited to antibiotic activity, but have impacted and improved 

human health with effects ranging from pain management, cancer treatment or 

antimalarial effects. An analysis of the past 40 years of drug development identified 

79% of the approved new chemical entities (NCE) as small molecule therapeutics and 

64% for the years 2007–2014, illustrating the continued success of small molecule 

therapeutic discovery.2 The final market launch of an NCE relies on the successful 

navigation of a lengthy and difficult drug development process, through phase clinical 

trials and approval. This process can last an average of twelve years with only 10% of 

drugs in clinical trials successfully completing human testing. These inefficiencies 

result in a huge cost of each successful drug, with estimates ranging from $1.8 to 2.6 

billion.3 These endeavors all depend on the identification of a lead compound, which 

is a key responsibility of medicinal chemists, and this drug discovery effort is taking 

place in industrial, governmental and academic settings. This process to discovery and 

verify a clinical candidate contains a variety of opportunities for the involvement of 

chemists and organic chemistry along the typical pathway (Figure 1-3).4 
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Figure 1-3. Schematic of the drug discovery process to identify potential small molecule 
therapeutics (Adapted from Stocks 20134) 

Synthetic organic chemistry contributes greatly to the development of small 

molecule drugs through identification and synthesis of novel potential therapeutics. 

The choice of target structure can be derived from the vast numbers of potential 

scaffolds that would display the correct qualities to serve as a drug.5 Inspiration from 

nature, rational design (based on the biological target or similar drugs), unbiased 

screening, and serendipity have all contributed to the discovery of successful 

molecular structures as detailed above. Some key synthetic roles that chemists play, 

that are utilized to discover potent compounds with biological activity in this thesis, 

include the construction of a natural product or designed structures and the 

development of novel methodologies for new scaffold synthesis. 

This thesis specifically describes the work performed to develop a route to a 

natural product (streptonigrin) requiring the optimization of a few key steps (Chapter 

2). An asymmetric variant of one key cross-coupling step was incorporated and 

allowed access to enantioenriched intermediates. This modular synthesis showcased 

methodology developed in the group to form pyridines, and my subsequent work 

(Chapter 3) addressed a new method to form this key moiety, prevalent in natural 

products and drug molecules. The successful discovery of a metal-catalyzed method 

to form 1,5-diketones and subsequent pyridine formation could be applied to a 

synthesis such as that in Chapter 2.  Finally, the design and testing of potential small 

molecule inhibitors, another component of drug discovery through novel biology 
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interrogation, is covered in Chapter 4. Additional background information is provided 

here to describe the components of these projects that contribute to the overarching 

goal of small molecule therapeutic discovery. 

1.2 Components of drug discovery 
1.2.1 Natural products as target inspiration 

Organisms such as bacteria, fungi, and plants produce small 

molecules (usually as secondary metabolites), which are known as “natural products” 

to organic chemists. Medicinal plants6 were likely the first source of treatments that 

contained “small molecules”, but this often occurred without the extraction or 

identification of the active agent. In the modern era, isolation of secondary 

metabolites from a variety of sources has allowed identification of potential new 

drugs. The richness of natural products as a source for structural inspiration for 

synthetic investigations is evidenced in the number of natural products, as well as 

derivatives and mimics of natural products, in approved small molecule drugs 

(accounting for 1,211 or 65% of small molecule drugs approved from 1981–2014).2 

Examples include artemisinin, penicillin and salicylic acid, introduced earlier, as well 

as carumonam (an antibacterial, introduced in 1988), roxithomycin (an antibacterial, 

introduced in 1987) and mupirocin (an antibacterial, introduced in 1985) shown in 

Figure 1-4.2 The project pursued in Chapter 2 of this thesis enabled a new, modular 

and higher yielding total synthesis of streptonigrin that would also enable expedient 

access to analogues (Figure 1-4). This natural product was found to have potent 

antibiotic and antitumor activity and underwent unsuccessful clinical trials in the 

1960s. My work builds upon the previous discoveries and proposes that streptonigrin 

could be revisited as a potent small molecule therapeutic (Chapter 2). 
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Figure 1-4. Examples of approved, natural product-based, small molecule drugs and 

streptonigrin (a potential drug) 

1.2.2 Importance of new chemical methods to synthetic progress 
Ultimately, it is chemical methods that enable natural product and lead 

compound synthesis. The challenge of a difficult or unique molecular structure 

designed by nature pushes the boundaries of the synthetic methods available and 

inspires the continued discovery of additional methods.7 This challenge leads to the 

cycle of development, testing and modification of methods through the platform of 

natural product synthesis and has contributed to the tens of thousands of available 

methods for small molecule synthesis.8 Thus, effective method development has a key 

role in the quick, easy and inexpensive creation of novel small molecule drugs.  

The methods used in Chapter 2 to construct the key pyridine core of the 

natural product were previously developed in the Donohoe group. The ring-closing 

metathesis allowed access to the dihydropyridone precursor from two differently 

substituted substrates. This natural product synthesis showcased the potential of this 

pyridine-forming method and also extended the scope that could be incorporated. 

Pyridines are known to be a key component of many drug molecules, including the 

well-known Claritin and Nexium and the lung cancer drug Xalkori (Figure 1-5).9 
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subsequent cyclization and oxidation allowed the application of this new 

methodology to a expedited synthesis of tetrasubstituted pyridines. While this 

methodology hasn’t yet been directly applied to the synthesis of streptonigrin, the new 

method to form pyridines will likely be applied to this or another total synthesis soon 

to demonstrate its utility. 

 
Figure 1-5. Common small molecule drugs that contain a pyridine scaffold 

1.2.3 Drug discovery depends on elucidation of biological targets 
These advances in chemical synthesis and scaffold construction have enabled 

the generation of chemical libraries which house the compilation of many molecular 

structures. The potential identification of new drugs is enabled through exploration of 

the new chemical space covered by newly synthesized and inspired scaffolds. Often, 

the biological target of these compounds might have a known effect or role in a 

certain pathophysiology (classical pharmacology). The development of assays to 

probe the small molecule’s effect allows the subjection of newly created or libraries 

of compounds to primary and secondary assays (see Figure 1-3).  

Additionally, known drugs can be utilized to probe disease states, including 

the use of aspirin for the elucidation of its mechanism of activity 50 years after its 

synthesis and market release. The breakthrough was made in 1971 by British 

pharmacologist John Robert Vane that aspirin suppresses the synthesis of 

prostaglandins and thromboxanes. This furthers the understanding of this drug’s 

effects and provides additional elucidation of biological processes in the body.!
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Crizotinib, introduced as a pyridine-containing drug above, is a lung cancer treatment 

and acts as an inhibitor of anaplastic lymphoma kinase (ALK). Mutations in the ALK 

oncogene are the major cause of hereditary neuroblastoma which allows ALK to be a 

tractable therapeutic target. This inspired the targeting of ALK and the creation of 

cancer drugs such as crizotinib. These examples show the potential of small 

molecules to be used to probe biological effects, which is possible with both 

previously approved drugs with known therapeutic effect but unknown mechanism of 

action, or with potential drugs, such as streptonigrin. Other small molecules that may 

not have a therapeutic effect can still be used as probes to discover new targets, such 

as the use of small molecule inhibitors. 

Binding of small molecules to uncharacterized or unannotated targets can 

enable the discovery of new targets related to a specific biological activity of interest 

and the elucidation of enzymatic roles that were previously unexplored. In Chapter 4, 

the creation of a new small molecule family and their subsequent testing provided a 

new biological target and allowed for the identification of a specific and potent small 

molecule inhibitor. A library of serine hydrolase inhibitors with benzothiadiazin-3-

one 1,1-dioxide and benzooxathiazin-3-one 1,1-dioxide cores was created and tested 

for their inhibitory effect by activity-based protein profiling.10 The resulting inhibitors 

show the desired modulated  reactivity (dependent on backbone aromatic substitution 

choice) and a selective PNPLA4 inhibitor was discovered and described. 

1.3 Conclusion 
A researcher interested in influencing human health is greatly benefited by 

developing and utilizing chemical tools to identify new small molecule lead 

compounds. As presented herein, the targeting of natural product structures can be a 

useful source of new therapeutics and synthetic targets. The discovery and 
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development of new chemical methods allows the synthesis of these natural scaffolds 

as well as analogues and de novo designed compounds. The use of small molecules as 

drugs requires a specific therapeutic effect, but these same compounds can allow 

investigation of biological pathways through exploring their mechanisms of action or 

through the use of small molecule inhibitors. My goals in this thesis focus on 

exploring the biological activity of a natural product and on discovering new activities 

using designed small molecules, with method development and utilization forming the 

key tool by which synthetic success is achieved. 
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2.1 Introduction 
Streptonigrin (2.1, Figure 2-1), a potent tetracyclic natural product, was first 

isolated by Rao and Cullen1 in 1959. Its highly substituted tetracyclic aminoquinone 

framework and potent antitumor and antibiotic effects have inspired biochemists and 

organic chemists for the decades since its discovery. Promising clinical trials were 

halted due to severe toxicity, but the potential of this scaffold has remained 

underexplored. This is showcased by the dearth of total syntheses enabling late-stage 

analogue production and the lack of elucidation of the causation and potential 

prevention of its prohibitive side effects. 

  
Figure 2-1. Structure of 2.1, the natural product streptonigrin 

2.1.1 Discovery and isolation of the natural product streptonigrin 
The bacterial species Streptomyces and Actinomyces have produced a plethora 

of diverse natural products, including 2.1, which was initially isolated from 

Streptomyces flocculus by Rao and Cullen. The name streptonigrin is derived from the 

dark color of the crystalline substance (“coffee-brown to almost black”). It was also 

discovered in Streptomyces rufochromogenes and Streptomyces echinatus and named 

“rufochromomycin” and in Actinomyces albus var. bruneomycini under the name 

“bruneomycin.”2 Other antibiotics isolated from similar bacterial strains with similar 

molecular framework include streptinigrone (2.2), lavendamycin (2.3), and 10-O-

demethylstreptonigrin (2.4, Figure 2-2).3 
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Figure 2-2. Related antibiotics also isolated from Streptomyces species (structural 

differences highlighted in red) 

The initial characterization by Rao and Cullen concluded only that it was a 

weak acid and had “quinonoid properties.” The culture from S. flocculus containing 

2.1 was shown to have antitumor activity against adenocarcinoma 755 in mice and 

human tumor type #1 in rats as well as antibiotic properties against Gram-positive and 

Gram-negative bacteria.1 Though 2.1 was initially isolated utilizing countercurrent 

distribution chromatography with no yield reported,1 it has since been isolated 

through extraction from the culture filtrate with purification by Sephadex column 

chromatography to give a net yield of 13 mg per liter of culture filtrates.4,5 

2.1.2 Identification and characterization 
Streptonigrin has garnered interest due to specific structural features, which 

were first elucidated by Rao, Biemann and Woodward in 1963 using degradation and 

derivatization procedures.6 Additional support for the proposed structure came from 

NMR studies published in 1974,7 and though later revised by Gould,8 they confirmed 

the structure through identification of all carbon, nitrogen and hydrogen resonances. 

Further early confirmation of the structure and additional spatial analysis were 

obtained through X-ray diffraction analysis by Chiu and Lipscomb in 1974 (Figure 2-

3).9 The crystal structure showed the ABC rings oriented in a plane, held in place by 

hydrogen bonding between the amino group on ring C and the quinolone nitrogen in 

ring B. In contrast, the D ring was found to be almost perpendicular, oriented 85° to 

the ABC plane. The reported space group, P212121, established that the unit cell was 
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optically active or containing only one hand of the skewed molecule. This could arise 

from selected crystallization of a racemic mixture, and since 2.1 does not contain any 

heavy atoms, no absolute configuration was established. 

 
Figure 2-3. X-Ray crystal structure of 2.1 showing the planarity of the ABC rings and the D-

ring rotation (adapted from Chiu and Lipscomb, 1974) and computer-generated models 
included for clarity9 

Harding and coworkers used variable temperature 1H-NMR experiments10 to 

show that the major spatial configuration of 2.1 in solution coincides with the 

structure observed in the solid state and established that streptonigrin exists as a 

zwitterion in aqueous solution at pH 5.0–9.0 (Figure 2-4). The chirality of naturally 

derived 2.1, first indicated by Chiu and coworkers’ space group assignment,9 could 

only arise from one of two possible centers of stereochemical information in the 

molecule: rotational hindrance of the biaryl bonds connecting ring B–C or ring C–D. 

Only the latter was expected to be configurationally stable, as the B–C axis has only 

one ortho substituent. The ABC ring system is also held in plane by hydrogen 

bonding between the pyridine 5’-amino group and the quinolinequinone nitrogen 

(Figure 2-4). Rotation about the C–D bond is restricted by steric hindrance of the 

amine and methyl groups on the C ring and the hydroxyl group on ring D. Thus 2.1 is 

axially chiral and was the first ‘skewed’ phenyl pyridine discovered in nature.9,11   
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Figure 2-4. Solution conformation of (M)-2.1 (in aqueous solution, pH 5.0–9.0) 

The absolute configuration of 2.1 was first investigated in 1981 using circular 

dichroism (CD) and assigned a (P)-configuration.11 This was based on the shorter 

wavelength Cotton effect in the CD spectrum which corresponds, according to the 

authors, to the biphenyl conjugated band, suggesting an “S” configuration. Since 2.1 

lacked any reference substrates, a later replication of the optical rotation analysis was 

carried out using exciton coupled circular dichroic (ECCD) spectroscopy to allow 

direct determination of the absolute configuration through interacting chromophores.12 

The synthesized streptonigrin derivative 2.5 (with p-nitrobenzoyl groups appended to 

the 5’-amino and 8’-hydroxyl moieties of the methyl ester of 2.1) showed a clear 

excitation couplet around 260 nm, corresponding to the known absorbance of p-

nitrobenzoyl (Figure 2-5). The respective point of inflection in the new CD spectrum 

paralleled the expected maximum in the UV spectrum and so this negative Cotton 

effect indicated that the chromophores are oriented such that their transition moments 

form an anticlockwise twist, corresponding to an (M)-configuration (Figure 2-5).12 
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Figure 2-5. Structure of p-nitrobenzoyl derivative 2.5 and ECCD spectrum (adapted from 

Rickards 199712) 

Bringmann and coworkers confirmed the absolute orientation of (M)-2.1 using 

quantum mechanical CD calculations in 2008.13 The theoretical molecular CD of (M)-

2.1 and (P)-2.1, generated by quantum chemical calculations, were compared to a CD 

curve measured experimentally, revealing acceptable agreement of the CD spectrum 

of (M)-2.1 and experimental, while showing opposite curvature for the experimental 

as compared to the theoretical (P)-2.1 curve (Figure 2-6). 

 

 

Figure 2-6. Calculated and experimental CD spectra of 2.1 [(B3LYP/6-31G*) global minimum 
structures] (adapted from Bringmann 200813) 
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The CD spectrum of the di-p-nitrobenzoyl derivative 7 displays weak to moderate intensity extrema at 232 
(A£ -3.4), 245 (5.1), 271 (-15.6), and 340 nm (7.5) (Fig. 2). Exciton coupling of the two p-nitrobenzoyl 
chromophores would be expected to result in Cotton effects centred around -260 nm, and the adjacent positive 
and negative extrema at 245 and 271 nm may reflect this interaction. If this is true, the electric transition 
moments of the longitudinal axis of the p-nitrobenzoyl chromophores should be related by an anticlockwise 
twist (cf. moments X and Z in Fig. 2), leading to the conclusion that the absolute configuration of the biaryl 
CO-ring linkage of streptonigrin (1) is R. This conclusion is at best tentative, however, due to the possible 
superimposition of the absorption maxima of the p-nitrobenzoyl chromophores upon maxima of the AB-ring 
system, resulting in possible contributions from unknown exciton interactions. 
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In comparison to the p-nitrobenzoate chromophore, where the electric transition moment along the long 

axis of the chromophore gives rise to an absorption maximum at 260 nm with Grnax 15,100, the corresponding 
transition of the p-dimethylaminobenzoate group occurs at longer wavelength, ~-max 310 nm, with double the 
intensity, Emax 30,400.18 A similar relationship holds for the corresponding p-nitro- and p-dimethylamino- 
benzamide chromophores. These characteristics make both the electronic absorption and the related exciton 
coupling arising from p-dimethylaminobenzoyl derivatives more readily identifiable than those from 
p-nitrobenzoyl derivatives, particularly against the background of a complex chromophoric system as in 
streptonigrin. Attempts to p-dimethylarmnobenzoylate both the F-amino and 8'-phenolic groups of streptonigrin 
methyl ester (6) using 1,3-dicyclohexylcarbodiimide, 4-dimethylaminopyridine (DMAP) and 
p-dimethylaminobenzoic acid at 40 °C, however, yielded only the impure 8'-p-dimethylaminobenzoate 8. 
Although this was not the desired p-dimethylaminobenzoyl analogue of the di-p-nitrobenzoyl derivative 7, its 
chiroptical properties were nevertheless of interest. This p-dimethylaminobenzoate 8 was better prepared by 
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recorded on a Varian Cary 50 spectrophotometer. Its CD spec-
trum was measured on a Jasco J-715 spectropolarimeter at
room temperature using a 0.2 cm standard cell and spectro-
photometric grade MeOH, and is reported in units of D3
(cm2/mol) at the given wavelength l (nm).

5.2. Electronic excitation spectra of 1

UV (MeOH) lmax 212, 244, 296, 374 nm; CD (MeOH): D3203

!29.4, D3211þ14.2, D3219!1.8, D3227þ2.2, D3236!1.8, D3246

þ6.5, D3258 !2.3, D3267 !2.8, D3280 !1.8, D3290 þ2.1, D3300

þ3.0, D3310 þ2.7, D3355 !2.3, D3381 !3.4.

5.3. Computational methods

The conformational analysis of 1 was performed by means
of the semiempirical PM328 method and a DFT approach
(B3LYP33/6-31G*34), as implemented in the program package
GAUSSIAN 03,37 starting from pre-optimized geometries
generated by the TRIPOS38 force field as part of the molecular
modeling package SYBYL 7.2.38

The wave functions required for the computation of the re-
spective oscillator and rotational strengths of the electronic
transitions from the ground state to excited states were obtained
by CNDO/S-CIS30 and OM2-CIS31 calculations, using the
ground state determinants and 784 and 900 singly occupied
configurations, respectively, resulting from the excitations of
one electron from one of the 14 (or 15 in the case of OM2)
highest occupied molecular orbitals into one of the 14 (OM2:
15) lowest unoccupied ones, thus taking into account only
p- and non-bonding electrons of 1. These calculations were

carried out by using the BDZDO/MCDSPD39 and
MNDO9940 software packages. Furthermore the oscillator
and rotatory strengths for the first 100 transitions were calcu-
lated by means of TDDFT using the B3LYP33 hybrid functional
and a TZVP36 basis set as implemented in TURBOMOLE
5.6.41 The oscillator and rotatory strengths, thus obtained for
the individual structures, were summed energetically weighted,
following the Boltzmann statistics. Finally, the overall UV and
CD spectra were simulated as sums of Gaussian functions cen-
tered at the wavelengths of the respective electronic transitions
and multiplied by the corresponding oscillator or rotatory
strengthsdtransformed into absorption and D3 values,
respectively.
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The enantiomeric purity of naturally derived 2.1 was initially undisclosed, 

although samples have been measured in modern studies at >99% purity.13 

Racemization of the axial chirality in 2.1 is slow, with the persistence of optical 

rotation even after three hours of boiling 2.1 in a hydroxylamine/pyridine solution.11 

The buttressing effect of the bulky substituents in the adjacent positions–2’-

carboxylic acid on ring C and 9’-methoxy on ring D–may contribute to the observed 

stability.14 The barrier of rotation about the C–D axis has been calculated from CD 

measurements to be ΔGδ
 = 102.9 ± 0.3 kJ mol-1 at, 37.7 °C, meaning that at 25 °C or 

at physiological temperature no significant loss of optical activity occurs.15 

2.1.3 Displayed biological activity 
Preliminary studies performed on the S. flocculus broth filtrates showed low 

millimolar inhibition of a variety of Gram-positive and Gram-negative bacteria strains 

and were reported along with Rao and Cullen’s disclosure of 2.1 as the active 

compound (Table 2-1).1 

 
Table 2-1. Early indications of the antibiotic activity of streptonigrin 

Early studies in cell lines and animal models reported an efficacious antitumor 

activity against adenocarcinomas 755 in mice and human tumor type #1 in rats as well 

as HeLa cultures.16-19 Clinical trials of 2.1 were initiated soon after its discovery, with 

patient results reported as early as 1961. Streptonigrin showed antitumor activity in 

patients diagnosed with breast,17,20-22 lung,21 head,20 neck,20 and cervical17,22 cancer as 

well as lymphoma,17,20-22 melanoma22 and various sarcomas.17,21,22 Additionally, 2.1 

microorganism minimum inhibitory concentration (µg/mL)

Micrococcus pyogenes var. aureus
Bacillus subtilis

Mycobacterium tuberculosis 607
Salmonella typhosa

Klebsiella pneumoniae
Pseudomonas aeruginosa

0.39
<0.09
0.19
3.12
1.56
6.25
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gave promising results targeting Hodgkin’s disease22 and against a number of viruses23 

resulting in increased survival in mice infected with murine virus24 and the inhibition 

of reverse transcriptases of avian myeloblastosis virus (AMV) and human 

immunodeficiency virus (HIV).23,25,26 

The results from patient trials included some outstanding effects such as 

regression of massive head and neck tumors by 90%.27 Changing the administration 

method from local and intravenous to continuous intravenous and intra-arterial 

infusions improved the therapeutic response while lowering the toxicity of this potent 

antitumor agent.21,28 Unfortunately, researchers also found severe side effects 

including nausea, diarrhea, alopecia, mental confusion and severe bone marrow 

depression, with this last symptom cited as extreme and as the cause of treatment 

cessation or patient death in some cases.25 Lack of request by researchers to conduct 

further research ultimately led to the discontinuation of clinical trials by the US 

National Cancer Institute in 1977, after seven types of tumors were successfully tested 

in phase II trials.29 

It has only been in the years since 1977 that the mechanism of action of 2.1 

has been elucidated. This intriguing structure 2.1 was also tested in combination 

therapies with improved results only shortly before the end of clinical trials.30 The 

much more recent discovery that 2.1 can be bioactivated by DT-diaphorase has 

suggested that streptonigrin could be used to treat cancers with increased DT-

diaphorase activity, for example human non-small cell lung cancer.31,32 As recently as 

2010, streptonigrin has been examined as part of a high-throughput screening assay 

and shown to be a potent, selective and irreversible protein arginine deiminase (PAD 

4) inhibitor.33 This suggests PAD 4 inhibition could be a plausible part of the 
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mechanism of action of 2.1 or suggests an additional target, as some cancer cell lines 

also overexpress this enzyme. 

2.1.4 Mechanism of action of streptonigrin 
The presence of the aminoquinone moiety suggests that 2.1 belongs in the 

class of anticancer agents containing this easily reduced, DNA-damaging structure 

along with anthracyclines, mitomycin C and mitoxantrone. Early studies 

demonstrated the damaging effect of 2.1 on DNA in cell and cell-free models and 

indicated that it interferes with cellular respiration and disrupts cellular replication of 

DNA.31 The specific effects at the DNA level include production of single and double 

strand breaks (in vivo and in vitro), inhibition of topoisomerase II,34 and induction of 

covalent DNA adducts, leading to the classification of 2.1 as a radiomimetic 

compound, causing DNA damage in cell-free and in cellular system via a targeted 

free-radical mechanism.31 Although the flat structure of the ABC rings suggests that 

streptonigrin might insert between base pairs of DNA, studies have shown that 2.1 

does not in fact intercalate or crosslink35 but instead interacts with DNA 

electrostatically through binding the phosphine backbone.25 

The elements found to be essential for biological activity (in cellular and cell-

free models) were (i) reductive activation (ii) presence of oxygen and (iii) presence of 

metal ions.25 It is presumed that 2.1 produces its genotoxic effects through the 

generation of free radicals in the presence of metal ions.31 Reduction by NADH 

initiates the redox cycle of 2.1, with proposed semiquinone 2.6 and hydroquinone 2.7 

as important intermediates (Scheme 2-1). Radical species generated (in red) produce 

intracellular free radical oxygen species that can cleave DNA.36 The agent presumed 

responsible for cleavage is the hydroxide radical (OH!–) and its short lifetime means 

that this cycle must occur close to DNA.  
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Scheme 2-1. Redox cycle of 2.1 (with potential DNA damaging elements indicated in red) 

The importance of metal ions is a unique feature of the mechanism of action 

of 2.1 and they have been shown to be key to the redox cycle shown in Scheme 2-1. 

Metal complexes have been demonstrated with Zn2+, Cu2+, Cd2+, Co2+, Mn2+, Pd2+, and 

Au3+ and 2.1 through ion coordination with the two pyridyl nitrogens (Figure 2-7).25 

Studies of these complexes by NMR, UV-Vis spectroscopy, electrospray mass 

spectrometry, and X-ray diffraction analysis in solution determined that model ligands 

form 1:1 complexes, though excess equivalents of metal ions were required to fully 

complex 2.1. This would indicate that at 37 °C, as in vivo, scavenging of metal ions 

most likely occurred, but the low stability of these complexes means that most of 2.1 

would be present as the free drug.25 The proposed roles of metal ions and the metal 

complexes have included as catalysts in the redox cycle, as delivery agents of the drug 

to DNA via complexation with 2.1 or semiquinone 2.6, and, independently of the 

redox cycle, activation of oxygen at the metal center of the 2.1–Mn+ complex.25 
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Figure 2-7. Proposed form of 2.1–metal complex 

Much of the understanding of the mechanism of 2.1 was derived from 

structure-activity relationship (SAR) studies of partial analogues. These data provided 

additional understanding of the mechanism of action through identification of the role 

of different structural elements. The synthesis of analogues and complete ABCD 

structures, as well as total and formal syntheses of 2.1 will be explored further in 

section 2.1.5. 

2.1.5 Synthetic precedence  
The synthetic studies towards partial and complete syntheses of 2.1 has 

spanned the fifty years since the discovery of this potent antitumor drug.2,26,37-39 The 

analogues accessed, the resulting structure-activity relationship studies and the efforts 

towards total syntheses indicate the exquisite potential of this scaffold while allowing 

identification of areas for further research. 

2.1.5.1 Generation of analogues and structure-activity relationship studies 
Most of the analogues generated were AB- or ABC-ring substructures2,40 

which were tested to ascertain the key functional groups and ring configurations 

essential for biological activity as well as to help determine the mode of action41 of 

2.1 (Figure 2-8). 
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Figure 2-8. Key pharmacophore of 2.1 as proposed by Rao (box) 

Key findings from the SAR studies included the importance of the quinone 

moiety of 2.1, which is presumed to be critical for radical formation (see section 

2.1.4). Removal of the p-quinone ring gave analogues with decreased activity, such as 

2.8b (Figure 2-9) blocked by an isopropylidene, which was 100 times less active than 

2.1 against animal tumor model systems, and showed displayed no antibacterial or in 

vitro cytotoxic activity (Figure 2-9).42 The loss of the AB system, such as CD-ring-

only structure 2.8a also showed no anticancer activity.40 The role of the A-ring amino 

group was investigated through analogues with hydroxyl and methoxyl replacements 

which led to the loss of antimicrobial activity (see 2.9a and 2.9b, Figure 2-9).41 

Interestingly, carboxamide formation such as in 2.9c was tolerated,43 as well as C-ring 

amino group substitution (as in lavendamycin (see Figure 2-2) indicating select 

modifications are possible without loss of activity. The C-ring carboxy group was 

identified as part of the core pharmacophore since methyl ester 2.9d shows only 1% 

of streptonigrin activity in tissue cultures36 and no antimicrobial activity, potentially 

due to the prevention of zwitterion formation.40 Structures lacking the C-ring carboxy 

and amino groups also proved to be inactive (2.10a–b).44 
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Figure 2-9. Analogues of 2.1 and SAR results (in antimicrobial and antitumor assays) 

The DNA cleaving ability of analogues containing just AB or ABC rings with 

various substituents was also explored. The quinolinequinone portion proved critical 

for this mechanism as AB-ring-only substructures were still able to cleave DNA in 

vitro (2.11a–e, Figure 2-10).45-47 The role of the B-ring pyridyl nitrogen was also 

essential, as the removal of the ring nitrogen (such as 2.12a–c)47 and positional 

isomers (such as 2.13a–b)48 were shown to be incapable of cleaving DNA. 

 
Figure 2-10. Partial analogues of 2.1 and SAR results (in DNA cleaving assays)  

The D ring confers axial chirality and is an important structural element of 2.1, 

but the effect of chirality on the biological activity is underexplored. This is driven by 

early results showing analogues lacking the D ring gave persistent activity in 
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antitumor models (e.g. 2.14a–b, Figure 2-10),37,40 and Rao’s conclusion that the D 

ring was not part of the key pharmacophore (see Figure 2-8).41 However, additional 

studies using ABC analogues 2.14a–b showed that the D-ring is required for one 

mechanism of action: induction of topoisomerase II-mediated DNA cleavage.49 This 

alternative mode of action may have different structural requirements to the direct 

DNA cleaving mechanism and has not been explored further.  

Additionally, the unnatural enantiomer of 2.1 has not been synthesized or 

independently tested. The only study to address the influence of the stereochemistry 

on the biological activity was performed on a derivative of racemic 2.1. This was 

obtained through attachment of a chiral amino acid to the carboxy group of ring C, 

forming (M)- and (P)-2.15 (Table 2-2).50 The resulting diastereomers were separated 

and tested individually for inhibition of AMV reverse transcriptase and for antitumor 

activity against L5178Y cells. The diastereomeric pairs showed closely matched 

biological activity (compare entry 1 to 2 and entry 3 to 4) for both assays and the 

activity of mixtures compared to that of separated mixtures and to the activity of 

racemic 2.1 for the RT (AMV) assay (entries 5–7). 
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Table 2-2. Biological activity of resolved diastereomers of derivatized racemic 2.1 

Few full tetracyclic analogues have been generated and most complete ABCD 

structures discussed thus far were produced through derivatization of isolated 2.1. 

This limits the production of analogues to basic transformations since direct isolation 

from fermentation is low yielding.4 A few late-stage analogues have been accessed 

through fully synthetic methods, but none showed full elaboration of the substituents 

about the C–D bond and thus no enantioenrichment was possible or pursued 

(examples shown in Figure 2-11).38,51-56 

 
Figure 2-11. Full ABCD analogues of 2.1 generated through synthetic methods 
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2.1.5.2 Total and formal syntheses of streptonigrin 
Pioneering synthetic work in the 1970s and 80s produced one total and two 

formal syntheses of 2.1 which also helped to advance organic synthetic methodology.2 

The first reported total synthesis of 2.1 was published by Weinreb and coworkers.57 

After twenty years of extensive preliminary studies, their 34-step route to 2.1 was 

published in 1980 with a final yield of 0.013%. The key steps included an imino 

Diels–Alder reaction to construct the CD rings (with ten steps needed to subsequently 

introduce the amino substituent on the pyridine ring) and a modified Friedlander 

reaction to form the quinolone quinone (Figure 2-12). 

 
Figure 2-12. Key steps of Weinreb’s total synthesis (34 steps, 0.013% yield) 

A formal synthesis of 2.1 published by the Kende group in 1981 would allow 

access to 2.1 in 27 steps with a yield of 0.07%.58 This route constructed the CD rings 

through a regiocontrolled condensation then also used a Friedlander synthesis to 

complete the AB-ring system (Figure 2-13).44,58 Kende’s route intersects with a late-

stage intermediate of Weinreb’s and the A-ring functionality could subsequently be 

installed taking advantage of Kende’s improved end game strategy.44 
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Figure 2-13. Key steps of Kende’s formal synthesis (21 steps, 0.013% yield) 

The Boger group published a formal synthesis of 2.1 shortly after.59 The 

researchers employed a convergent 7-step synthesis of the tetracycle using two 

consecutive Diels–Alder reactions with inverse electron demand as key steps 

(Figure 2-14). Four additional steps provided a late stage Kende intermediate, 

completing a formal synthesis of 2.1 in 17 steps with an overall yield of 0.5%. 

 
Figure 2-14. Key steps of Boger’s formal synthesis (17 steps, 0.5% yield) 

In the 25 years following, no additional total syntheses were published. 

Questions still remain regarding the mechanism of action including the cause of bone 

marrow depression. The potential to produce additional ABCD analogues and, for the 

first time, synthetically accessed enantioenriched structures inspired the project 

described herein. 
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2.2 Results and Discussion 
The Donohoe group initiated a study towards a modern, improved total 

synthesis of 2.1. An early route was designed by colleagues Dr. Chris Jones and Prof. 

Luiz Barbosa to obtain 2.1 in 14 linear steps and an overall yield of 11%.60 In addition 

to improving the yield, step-count and operational simplicity compared to previous 

syntheses, the route was designed to allow easy access to full ABCD-ring model 

systems due to the late-stage biaryl linkages achieved through Suzuki and Stille 

couplings. This primary route is described in section 2.2.1 and was used and 

optimized in this work. Additionally, with the aim of constructing a novel library of 

streptonigrin analogues, we sought to advance and refine the route and explore a 

synthetic method to access enantiopure 2.1. 

2.2.1 Retrosynthesis and first route to key intermediate 
The retrosynthetic analysis of 2.1 suggested an exciting application of 

methodology developed in the Donohoe group to form the pentasubsituted pyridine 

core 2.1 (Figure 2-15). Metal-catalyzed cross-coupling reactions would construct the 

two biaryl bonds by joining 2.16 to AB- and D-ring substructures (2.17 and 2.18, 

respectively, Figure 2-15). The generation of heteroaromatic compounds such as 

pyridone 2.19 utilizing a ring-closing metathesis (RCM) reaction as the cyclization 

step was well-precedented in Donohoe group literature.61-63 RCM-precursor 2.20 was 

imagined either with inclusion of a protected amino substituent (X = NR2) or with X = 

H for a simpler, less hindered RCM transformation with subsequent amine 

introduction (Figure 2-15). 
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Figure 2-15. Retrosynthetic analysis to access 2.1 as designed in the Donohoe group 

The route, as designed and optimized by Dr. Chris Jones and Prof. Luiz 

Barbosa proved fruitful in my hands, with yields from the 2011 communication 

indicated in the following schemes for comparison. Beginning from the simple and 

inexpensive starting material ethyl glyoxalate, 2.21, condensation with methoxyamine 

hydrochloride furnished oxime 2.22 (Scheme 2-2a). This was subjected to a 

regioselective zinc-mediated crotylation to yield methoxyamine 2.23 in 78% yield 

over two steps. Phthalamide was chosen as the protecting group (PG) to introduce the 

desired protected amine functionality, as the imide-containing PG was found to be 

less nucleophilic and more stable than amide-containing groups such as the use of 2-

acetamidoacrylic acid (PG screening performed by Dr. Chris Jones). N-Phthalimide-

protected α-amino acrylic acid 2.24 was also easily formed from phthalic anhydride 

and DL-serine in 43% yield (Scheme 2-2b).64 In situ formation of the acid chloride of 

2.24 and addition of 2.23 gave RCM precursor 2.25 in 99% yield and 77% yield over 

these first three steps. 
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Scheme 2-2. (a) Synthesis of RCM-precursor 2.25 from ethyl glyoxalate; (b) synthesis of 

N-phthaloyldehydroalanine from DL-serine (yields in brackets indicate yields from Donohoe 
201160) 

The subsequent RCM was made challenging by the bulky 1,1-disubstituted 

alkene61 containing an enamine moiety, which had not previously been employed in 

such reactions.63 Optimization by Dr. Chris Jones led to the use of 5 mol% Hoveyda–

Grubbs second-generation catalyst (G–H II, added through slow addition using a 

syringe pump) and the use of benzoquionone as an additive (to quench Ru–H species 

formed in situ) achieving RCM product 2.26 in 70% yield (4.4 mmol scale) with 

scaling up to 3.0 g (7.8 mmol scale) possible (Scheme 2-3). Subsequent deprotection 

of the amino group, transesterification to the methyl ester and methanol elimination to 

access pyridone 2.27 were achieved in one pot through the use of quinuclidine as base 

and followed by methylamine addition (which effected cleavage of the N-protecting 

group) (Scheme 2-3). The use of methanol as solvent enabled the route to converge 

with a late-stage intermediate from Weinreb’s synthesis.57 Thus, a three-

transformation procedure afforded 2.27 in 80% yield from 2.26. This primary route 

allowed the formation of key pyridione substrate (2.27) in 5 steps and 43% yield from 

commercially available 2.21. 
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Scheme 2-3. RCM and elimination reactions to form key pyridone intermediate 2.27 

2.2.2 Secondary route to pyridone intermediate 
Key intermediate 2.27 was also accessible through a second route, envisioned 

using the simpler RCM precursor 2.20 (X = H, see Figure 2-15) for a predicted higher 

yielding RCM and subsequent amino group introduction accomplished through 

nitration and reduction. Despite the increased step-count as compared to the first 

route, the higher yield and improved operational convenience, especially with regards 

to the RCM, could allow more expedient access to 2.1. 

This secondary route was initiated from the same methoxyamine substrate as 

the previous route (2.23, see Scheme 2-2). Acylation with acryloyl chloride in my 

hands produced 2.28 in 96% yield and the subsequent RCM was achieved with lower 

catalyst loading (3.0 mol%) to give 2.29 in 99% yield (Scheme 2-4). This step was 

scaled to 2 g (8.3 mmol) and the catalyst loading could be lowered to 1.0 mol% 

without a drop in yield (necessitating 72 h instead of 24 h reaction time). Elimination 

of the methoxide protecting group was effected through use of 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) and use of methanol as solvent allowed 

transesterification to obtain a single methyl ester product 2.30 in 87% yield (Scheme 

2-4). 

 
Scheme 2-4. Secondary route to pyridone core with simpler, higher yielding RCM step 
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The subsequent steps of nitration and reduction to converge with 

aminopyridone 2.27 required further development. By utilizing the inherent 

preference of pyridones to undergo electrophilic substitution at C-5, this 

transformation had been used in a previous synthesis of CD-ring analogues of 2.165 

and initial screening (by Prof. Luiz Barbosa) in the Donohoe group showed promise. 

Subjection of 2.30 to nitric acid with catalytic sulfuric acid66,67 gave the highly polar 

nitropyridone 2.31 in 80% yield (Table 2-3, entry 1). Replications and scaling in my 

hands gave unpredictable yields, in part due to the difficulty of purifying the 

extremely polar 2.31, with flash column chromatography (FCC) giving low yields 

(entry 2). Scaling up the reaction also proved difficult as increasing from 3 to 10 

mmol led to a significant drop in yield, even prior to FCC (entry 3). 

  
Table 2-3. Optimization of difficult nitration step  

During the course of the five-hour reaction, nitrogen dioxide evolution was 

observed indicating that nitric acid was decomposing. In an effort to overcome this 

problem, nitric acid was added portionwise throughout the course of the reaction. 

Utilizing these conditions and a filtration collection gave low yields after FCC (entry 

4) though some iterations gave a crude mass recovery greater than 100% (entry 5). In 

this latter case, the resulting crude product appeared clean by 1H NMR spectroscopy, 
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3 mmol 2.30, 50 °C, 5–10 h, monitored by TLC to SM consumption; aperformed by Dr. Luiz Barbosa; 
b10 mmol 2.30
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but the IR spectrum revealed large broad peaks associated with the presence of 

inorganic impurities (2360 cm−1 and 1020 cm−1).68 A water wash removed the salts, 

but an aqueous workup did not prove to be reliable for this system (entry 6). This was 

discovered to be due to the presence of hydrolyzed byproduct 2.32 in the reaction and 

loss of this mass to the water layer. It was demonstrated that material lost by 

conversion to the acid could be recovered during the reaction upon addition of 

methanol to the heated mixture, but the yield remained low (entry 7). 

The highly polar nature of 2.31 prompted more expedient optimization of the 

nitration through reduction of the nitro group to amine 2.27 and assessment of a two-

step yield. The reduction had previously been performed using iron in acetic acid, but 

for ease of product purification, a hydrogenation with palladium on carbon was 

performed on clean 2.31 to yield 2.27 in 82% yield (Table 2-4, box). Thus, the two-

step procedure was undertaken with direct reduction of the nitro group after nitration. 

Initially, the two-step procedure gave a maximum yield of 18% (Table 2-4, entry 1). 

Use of a closed reaction system showed dramatic improvements to 38% over two 

steps (entry 2). Pre-stirring the mixture of 2.30 and reagent acid before heating led to 

an additional increase in yield, likely due to formation of active nitrating species 

before decomposition which occurs upon heating, with a maximum of 88% yield 

observed over two steps (entry 3). Unfortunately, scaling this optimized procedure 

still proved capricious and increasing beyond 3 mmol led to a significant drop in yield 

(entry 4). 
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Table 2-4. Two-step optimization of nitration and reduction to aminopyridone 2.27 

Ultimately, this secondary route allowed access to 2.27, converging with the 

primary route, in 7 steps and 45% yield compared to 43% yield in 5 steps from that 

route. Though this route provided an improved yield and ease of operation (with 

simpler transformations and lower catalyst loadings), the difficulty of scaling the 

nitration step led to the preference of the previous route for larger-scale synthesis. 

2.2.3 Formation of key ABCD-ring framework of streptonigrin 
With 2.26 in hand, the synthesis proceeded cleanly to install the two cross-

coupling handles for B–C and C–D ring biaryl bond formation. It was hypothesized 

that C-ring C6 leaving group would be more reactive than C4 towards oxidative 

addition of Pd(0) and thus the order of biaryl couplings would be arranged to allow 

C6 then C4 coupling. The C6 triflate was easily installed using triflic anhydride and 

2,6-di-tert-butyl-4-methylpyridine (DTBMP) to yield 2.32 in 73% yield (Scheme 2-

5). A simple NBS bromination furnished pentasubstituted C-ring precursor 2.33 in 

96% yield. 

  
Scheme 2-5. Formation of key pentasubstituted pyridine 
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AB-ring stannane 2.35 was prepared in six steps from 

2,4,5-trimethoxybenzaldehyde (Scheme 2-6), through subjection to nitration and 

reduction to form substituted aniline 2.37. Coupling with 2.38 (prepared in one step) 

and acid-mediated quinolinone formation yielded 2.40 in 77% yield over two steps. 

The 2-chloroquinoline, 2.41, was found to be the ideal substrate for 2-stannane 

formation (optimization performed by Dr. Chris Jones) and was accessed in my hands 

in 81% yield. 2.41 was transformed to trimethylstannane 2.42 and used without 

purification as it decomposed on silica gel. 

 
Scheme 2-6. AB-ring system formed and converted to stannane for Stille coupling 

The Stille coupling of 2.34 and 2.42 proceeded smoothly to yield 2.43 and, as 

demonstrated previously,60 there was no cross reactivity or byproducts observed from 

reaction at C6 (Scheme 2-7a). The subsequent Suzuki–Miyaura coupling joined 2.43 

and boronate 2.46 (prepared in three steps and 51% yield, Scheme 2-7b) to give 

racemic 2.47 in 74% yield (Scheme 2-7a). Thus, this expedient synthesis allowed 

assembly of 2.47, the tetracyclic core of 2.1, in 17% yield over 9 steps (primary route) 

or 18% over 11 steps (secondary route). 
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Scheme 2-7. (a) Stille coupling and racemic Suzuki–Miyaura reaction to form tetracyclic core 

and (b) boronate ester coupling partner formation 
Conditions: (i) 1.5 equiv. 2.42, Pd(PPh3)4 (5 mol%), CuI (10 mol%), CsF, CH3Ph, 110 °C ; 

(ii) 1.5 equiv. 2.46, Pd(PPh3)4 (10 mol%), K3PO4, dioxane:water, 110 °C. 

2.2.4 Asymmetric Suzuki–Miyaura coupling to form chiral C–D ring bond 
The successful catalytic C–D ring bond formation encouraged the 

development of methodology to form a single atropisomer of the biaryl bond and 

enable late-stage synthetic access to enantiopure intermediates of 2.1 for the first 

time. 

Typically, chiral compounds with non-centrochirality (unlike the typical 

example of a diversely substituted quaternary carbon) have been accessed in 

enantiomerically enriched forms by resolution of racemates or stoichiometric 

deriviatization from the appropriate enantiomerically enriched precursors. Examples 

of catalytic enantioselective induction of axial chirality are rare.69 Though examples 

of asymmetric SNAr,70 catalytic Kumada71,72 and Negishi73 cross-coupling methods 

exist, the Suzuki–Miyaura (S–M) coupling has advantages including functional group 

tolerance and increased stability of the boronic acid coupling partner. 
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2.2.4.1 Precedence for asymmetric Suzuki–Miyaura reaction 
Since the pioneering asymmetric catalytic S–M couplings published by 

Buchwald74 and Cammidge,75 method development in this area has pursued a variety 

of ligand classes including P-N ligands, monophosphines, diphosphines, dienes, 

phenyl bisoxazolines and heterocyclic carbenes (Scheme 2-16).69,76,77 The 

transformations published have overwhelmingly focused on binapthyl couplings with 

very few biphenyl examples78 and none involving a heterocycle. Though binapthyl 

products can find utility as ligands, there is limited applicability of this transformation 

to natural product and pharmaceutical syntheses. The reported yields and levels of 

enantioselectivity also varied greatly and thus the generality of this useful 

transformation was still lacking (Figure 2-16).73,75,79-82 

  
Figure 2-16. Summary of literature precedent for asymmetric S–M reactions (Adapted from 

Ogasawara 200969) 

The difficulty of the asymmetric S–M transformation stems directly from the 

requirements for axial chirality. Atropisomerism is the term for chirality derived from 

hindered rotation about an axis (typically an aryl–aryl single bond).3,83 A 
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configurationally stable biaryl bond requires a high barrier to rotation (defined as 

greater than 1000 sec by Oki)84 which typically requires three ortho substituents, 

showing the following trend for high to low predicted hindrance: bromine >> methyl 

> chlorine > nitro > carboxylic acid > methoxy > fluorine.85 Thus the catalytic system 

chosen for an asymmetric S–M reaction must achieve the coupling of two highly 

hindered coupling partners in sufficient conversion while also containing geometry to 

drive enantiocontrol. Thus, low coupling efficiency is often married to the 

requirement of stereoselectivity, and the desired reaction competes with hydrolytic 

deboronation or dehalogenation of starting substrates. When embarking on this 

project, no catalytic enantioselective S–M biaryl couplings had been employed in a 

natural product total synthesis. A synthesis of an analogue of the natural product (-)-

rhazinilam was reported in 2003 by Baudoin and coworkers. This was also the only 

enantioselective S–M methodology to form biphenyls (Scheme 2-8).78 

 
Scheme 2-8. Natural product analogue synthesized with enantioselective S–M method78 

2.2.4.2 Initial asymmetric Suzuki–Miyaura coupling results 
Preliminary investigations of an asymmetric coupling of ABC- and D-ring 

precursors 2.43 and 2.46 (see Scheme 2-7) were performed by Dr. Chris Jones. He 

showed that 2.47 could be produced with an enantiomeric excess (ee) of 22% using 

Pd(OAc)2 and (R)-2,2’-bis(diphenylphosphino)-1,1’-binaphthalene (2.51, (R)-BINAP, 

Figure 2-17) at 65 °C. Chiral monodentate phosphine ligands, such as (R)-(+)-2-

(diphenylphosphino)-2’-methoxy-1,1’-binaphthyl ((R)-MOP, 2.52), gave racemic 
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product and chiral bidentate amino phosphine ligand (Rp)-1-[(1S)-(1-aminoethyl)]-2-

(diphenylphosphino)ferrocene (2.53) reduced catalytic activity. 

 
Figure 2-17. Chiral non-racemic ligands examined in preliminary asymmetric S–M screen 

In my hands, the 22% ee observed using (R)-BINAP proved reproducible 

(Table 2-5, entry 1) and investigations to find conditions with increased 

enantioselectivity were undertaken. The low yield and low solubility of 2.47 impeded 

HPLC analysis and prompted optimization of the initial asymmetric S–M reaction 

before pursuit of increased enantioselectivity.  

 
Table 2-5. Optimization of asymmetric S–M reaction conditions to enable a ligand screen 

Byproducts of the reaction included protodeboronated compound 2.54 and 

byproduct 2.55 which results from protonolysis of transmetallated 2.42 (Figure 2-18). 
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These were unsurprising given the high steric demands of the coupling bulky 

substrates and did not suggest clear alternative reaction conditions.  

 
Figure 2-18. Compounds observed as byproducts of the asymmetric S–M reaction 

Increasing the temperature of the S–M reaction resulted in lower levels of 

stereocontrol (Table 2-5, entry 2), while a lower temperature (40 °C) afforded some 

increase in enantioselectivity, though with a decrease in yield (entry 3). Increased 

reaction time led to higher conversion of starting materials to desired product, but 

with a lower observed ee (entries 4 & 5). This implied a loss of enantiocontrol or loss 

of enantioenrichment of 2.47 over the course of the reaction, though the latter is 

known to be slow at 40 °C. 

The ratio of metal to ligand has been shown to affect the enantioselectivity in 

asymmetric S–M transformations.79 The adjustment of metal:ligand to 1:1 and 1:2 in 

our system resulted in a decrease in ee in both cases (entries 6 & 7). Alternative bases 

and additives such as CsF,86 Ag2O87 and CuI88 yielded only returned starting materials 

(not shown in Table 2-5). Thus our best efforts gave only slightly improved yields but 

would allow sufficient conversion to screen additional ligands. 

2.2.4.3 Ligand screen for increased enantioselectivity 
Use of the reaction conditions described above allowed screening of the 

enantioselectivity resulting from use of bidentate phosphine ligands 2.56–2.61 (Table 

2-6, entries 2–7). 
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Table 2-6. Screen of ligands for asymmetric S–M reaction (with commercially available 

bidentate phosphine ligands shown, see Scheme 2-9 for synthesized 2.64) 

The highest enantioselectivity was achieved with functionalized versions of 

the BINAP core (ligands 2.56 and 2.58, entries 2 and 4). However, this was observed 

with a concurrent decrease of yield from 65% (entry 1) to 20% and 25%, a trend 

demonstrated across the series of biphosphines tested. The SEGPHOS scaffold, with 

benzodioxole backbones replacing the naphthyl rings, gave the lowest 

enantioselectivities (entries 5–7). 

The report of a new phosphino hydrazone precatalyst 2.64 for bulky binapthyl 

systems was pursued as a promising P-N ligand system.89 The precatalyst was 

synthesized, as described in the publication by Lassaletta and coworkers, in five steps 

from commercially available diketone 2.62 (synthesis performed by Dr. Chris Jones, 

Scheme 2-9).  
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Scheme 2-9. Synthesis of precatalyst 2.64 (performed by Dr. Chris Jones) 

Conditions (i) Asymmetric reduction; (ii) PdCl2(CH3CN)2 

The use of 2.64 in the asymmetric S–M reaction gave promising results 

showing an increase in enantioselectivity to 40% albeit with a lower yield (Table 2-6, 

entry 8). The resulting enriched enantiomer in the reaction using 2.64 was the 

opposite atropoisomer observed in entries 1–7. This is indicated by the (+) vs (–) 

designation, as the absolute configuration is not known. The use of the free phosphino 

hydrazine 2.63 with Pd2(dba)3 improved the yield to 65% coupled with 42% ee (entry 

9). Increasing the temperature led to higher yields with a drop in enantiocontrol (entry 

10 & 11). 

A further increase of enantioselectivity was anticipated through the use of a 

bulkier substituent on the C2-symmetric pyrrolidine in 2.63. Synthesis of a novel 

ligand was commenced, beginning through attempts to access diketone 2.69 (with R = 

anthracenyl, Scheme 2-10). The dimerization of 9-acetoanthrace 2.65 was attempted 

through SN2 reaction of LDA enolate 2.67 with a synthesized α-bromine derivative 

(2.66) as well as oxidative enolate coupling using Cu(II) 2-ethylhexanoate (2.68) and 

the enolate 2.67 (Scheme 2-10). Unfortunately both routes failed in such a bulky 

system and the 1,4-diketone was not successfully synthesized, leading to the 

abandonment of this route to the proposed ligand. 
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Scheme 2-10. Attempted 1,4-diketone formation to use in ligand synthesis protocol 

2.2.4.4 Verification of enantiomeric excess 
Methodological advancement was plagued by difficult HPLC analysis. This 

included low solubility of 2.47 in required solvents, broad peaks in the UV traces, and 

a persistent impurity overlapping with the peaks. The impurity was determined to be 

2.55 (see Figure 2-18) by synthesis of a variety of presumed byproducts and 

comparison of retention times. The solubility of 2.47 was eventually increased 

through use of acetonitrile as loading solvent.  

Alternative methods for determining enantioselectivity were also explored. 

NMR chiral agents such as Pirkle’s alcohol ((R)-2.70, Scheme 2-11) are known to 

form diastereomeric solvates in solution.90 However, upon addition of varying 

amounts of (R)-2.70 to a racemic sample of 2.47 in CDCl3, no peak splitting was 

observed in the 1H NMR spectrum. 
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Scheme 2-11. Chemical derivatization of (±)-2.47 to optimize a new ee determination method 

Conditions: a) CAN (aq. 0.04 M), CH3CN, 25 °C, 90% yield; b) H2, Pd/C, methanol:EtOAc, 
25 °C, 38% yield; c) K2CO3, methanol:water, 25 °C, no reaction; d) LiAlH4, THF, –30 to 0 °C, 

46% yield; 

It was proposed that chemical derivatization advancing the synthesis towards 

2.1 (see section 2.2.4.5) could allow access to related structures, which might possess 

improved HPLC behavior. Oxidation of 2.47 to 2.71 by ceric ammonium nitrate 

(CAN, Scheme 2-11a) proved unproductive as (±)-2.71 did not resolve into clear 

peaks by HPLC. Deprotection of the D-ring benzyl ether through hydrogenolysis with 

palladium on carbon gave poor yields of derivative (±)-2.72 (Scheme 2-11b); 

moreover, the two enantiomer peaks overlapped in the HPLC chromatogram. Ester 

hydrolysis toward the synthesis of (±)-2.73 gave only starting material after 48 hours 

at both 25 °C and 50 °C (Scheme 2-11c). Reduction of 2.47 with LiAlH4 gave 

primary alcohol 2.74 in good yield, yet (±)-2.74 did not show resolved peaks. 

Instead, the corresponding Mosher’s ester was synthesized from (±)-2.74 and 

(R)-(+)-α-methoxy-α-trifluoromethylphenylacetic acid ((R)-(+)-MTPA) (2.75, Figure 

2-19, entry 1).91 The resulting diastereomers were inseparable by FCC, but showed 

distinct diastereomeric peaks in the 1H and 19F NMR spectra and allowed analysis of 

the diastereomeric ratio (dr) through integration (entry 1). An enantioenriched sample 
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of 2.47 showing 27% ee by HPLC (see Table 2-6, entry 1) was also brought through 

the two simple synthetic steps to give the corresponding Mosher’s esters with a dr of 

60:40 (corresponding to an ee of 20%, Figure 2-19, entry 2). This largely corroborates 

the previous data, although it did suggest that a slight overestimation of the 

atroposelectivity had resulted from chiral HPLC analysis. 

 
Figure 2-19. Synthesis of Mosher’s ester from (R)-MTPA and resulting dr analysis by NMR 

Enantioselectivity verification was repeated for two samples of 2.47 generated 

using the phosphine hydrazine ligand (see Table 2-6, entry 8 and 10). Reduction to 

2.74 allowed acylation with the (R)-(–)-α-methoxy-α-trifluoromethylphenylacetyl 

chloride (2.77, (R)-(–)-MTPA Cl) which proved to be an easier and higher yielding 

transformation (Table 2-7). The (R)-MPTA Cl reagent contains the opposite 

configuration at the stereogenic carbon, due to differing priority assignments of acid 

vs acid chloride substituents, but this still allowed the verification of the ee% reported 

by HPLC. Again a 5–7% decrease of ee% (equivalent) was observed (Table 2-7). 
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Table 2-7. Synthesis of Mosher’s ester from (R)-MTPA Cl and resulting analysis by NMR 

The enantiomeric excess achieved through these studies allowed for 

temperature studies through NMR analysis to probe the rotational stability of the C–D 

bond. A sample of 2.76, which was produced from a sample of 2.47 showing 27% ee, 

was monitored in variable temperature NMR while heating to 90 °C. No change was 

observed in the ratio of the two atropisomers after 1 hour. Heating to 165 °C in 

DMSO led to decomposition of the Mosher’s ester reporter functional group. 

The preparation of a late-stage tetracyclic streptonigrin intermediate 2.47 was 

thus achieved in 65% yield and with a moderate level of enantiocontrol (42% ee from 

chiral HPLC analysis), using a phosphino hydrazone ligand 2.63. The route to 2.47 

represents the first synthetic access to enantioenriched streptonigrin analogues.92 

2.2.5 Final steps of streptonigrin total synthesis 
The end game of the synthesis is presented here, as developed and performed 

by colleagues Dr. Chris Jones and Prof. Luiz Barbosa. (±)-2.47 was subjected to a 

regioselective, ceric ammonium nitrate (CAN)-mediated oxidation, yielding 

quinoline-5,8-dione 2.71 in 90% yield (with none of the o-quinone or decomposition 

observed). The final steps required introduction of the C-7 amino group on ring A, 

removal of the D-ring benzyl ether, and hydrolysis of the pyridine methyl ester, 
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accomplished in 4 steps as shown in Scheme 2-12. 

 
Scheme 2-12. Last steps of Donohoe total synthesis of 2.1 (final four experiments completed 

by Dr. Chris Jones) 
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2.3 Conclusion 
The synthesis described herein allows for a concise and efficient synthesis of 

the antitumor agent (±)-streptonigrin. The showcased RCM methodology provides 

rapid generation of a complex substituted pyridine, which was accessed via two 

different pathways. The first route to pyridine 2.33 afforded C-ring precursor with a 

pre-installed amino group and leads to 2.1 in 14 steps and 11% overall yield. The 

second route, a simpler but slightly longer sequence, gave an increased overall yield 

(16 steps, 15% overall yield), but was limited to small-scale synthesis despite 

extensive optimization work described herein.  

Overall, the method allowed preparation of the natural product and could 

allow easy access to late-stage analogues whose biological activity could be quickly 

evaluated, though this was not investigated further in the current work. Investigations 

into the use of chiral ligands to effect a challenging asymmetric Suzuki−Miyaura 

cross-coupling reaction revealed moderate levels of enantioselectivity in the presence 

of bidentate phosphino hydrazone and bisphosphine ligands. This represented the first 

purely synthetic access to an enantioenriched streptonigrin core and, though not 

presented in this thesis, could be used to enable the synthesis of enantioenriched 

streptonigrin. 
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2.4 Experimental 
2.4.1 General experimental details 
All solvents and reagents requiring purification were purified using standard 

laboratory techniques apart from CH2Cl2, THF and toluene which were dried by 

filtration through an activated alumina purification column. Petrol refers to petroleum 

ether in the boiling range 40–60 °C. Flash column chromatography was performed 

using Merck Kieselgel 60 (40–63 μm). 1H nuclear magnetic resonance spectra (NMR) 

were recorded at 200 MHz,  MHz or 500 MHz. 13C NMR spectra were recorded at 

100 MHz or 125 MHz as stated. Chemical shifts δ are quoted in parts per million 

(ppm) to the nearest 0.01 for 1H and 0.1 for 13C and reported using the solvent 

resonance internal standard (CDCl3: 1H NMR 7.27 ppm and 13C NMR 77.0 ppm; 

DMSO-d6: 1H NMR 2.50 ppm and 13C NMR 39.5 ppm; CD3OD: 1H NMR 3.31 ppm 

and 13C NMR 49.0 ppm, toluene-d8: 1H NMR 2.08, 6.97, 7.01 and 7.09 ppm and 13C 

NMR 137.5, 128.9, 128.0, 125.1, 20.4 ppm). Coupling constants J are quoted in Hz to 

the nearest 0.1 for 1H and nearest integer for 13C. Signal multiplicities are recorded as 

singlet (s), doublet (d), triplet (t), quartet (q) and quintet (qu). Broad (br) signals are 

specified and unresolvable multiplets (m) are quoted as ranges. Infrared spectra were 

recorded neat on a Bruker Tensor 27 FT-IR spectrometer equipped with Attenuated 

Total Reflectance sampling accessory. Absorption maxima are quoted in 

wavenumbers (cm−1) and broad (br) signals are specified. High-resolution mass 

spectra (HRMS) were recorded on a Bruker MicroTof (resolution = 10000 FWHM) 

under electrospray ionization (ESI) and are given to four decimal places. All materials 

were purchased from commercial sources where available and used without further 

purification. All reactions were carried out in flame-dried glassware under an 

atmosphere of argon, unless otherwise specified. Molecular sieves were pre-activated 

using a Bunsen burner and under high vacuum. 
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2.4.2 Synthetic procedures and compound characterization 

 
Compound 2.22, (E)-ethyl 2-(methoxyimino)acetate 
Ethyl glyoxalate (50 wt% in toluene, 4.9 mL, 25 mmol) and methoxyamine 

hydrochloride (2.5 g, 30 mmol) were dissolved in ethanol (95 mL). Pyridine (2.2 mL, 

27 mmol) was added dropwise and the reaction mixture was heated at reflux for 15 h. 

The mixture was cooled to 25 °C, concentrated and partitioned between CH2Cl2 (50 

mL) and water (50 mL). The aqueous phase was extracted with CH2Cl2 (2×50 mL) 

and the combined organic extracts were dried with Na2SO4, filtered and concentrated 

to yield 2.22 as a colorless oil (2.5 g, 19 mmol, 79%) which was used in subsequent 

reactions without further purification. 1H NMR (400 MHz, CDCl3) δ 7.49 (s, 1H), 

4.33 (q, J = 5.0 Hz, 2H), 4.07 (s, 3H), 1.35 (t, J = 5.0 Hz, 3H); 13C NMR (100 MHz, 

CDCl3) δ 161.9, 140.7, 63.5, 61.7, 14.1. Spectroscopic data were consistent with 

those previously reported.60 

 
Compound 2.23, ethyl 2-(methoxyamino)-3-methylpent-4-enoate 
Crotyl bromide (15.7 mL, 153 mmol) was added dropwise to a solution of 2.22 (9.10 

g, 69.4 mmol) and zinc powder (9.52 g, 146 mmol) in THF/NH4Cl (aqueous) (1:4, 

350 mL total) and the resulting mixture was stirred at 25 °C for 40 h. The aqueous 

phase was extracted with EtOAc (3×100 mL) and the combined organic extracts were 

dried with Na2SO4, filtered and concentrated to yield 3.23 as a colorless oil (12.8 g, 

68.4 mmol, 99%) and as an inseparable 3:2 mixture of diastereoisomers. The crude 

product was used in subsequent reactions without further purification. The 1H and 13C 

NMR spectroscopic data provided are for the major diastereoisomer. 1H NMR (400 

H CO2Et

NH3CO

NH

CO2Et
CH3
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MHz, CDCl3) δ 5.96 (br s, 1H), 5.75–5.68 (m, 1H), 5.08 (dd, J = 15.8, 1.0 Hz, 1H), 

5.03 (dd, J = 10.4, 1.0 Hz, 1H), 4.24–4.17 (m, 2H), 3.56 (d, J = 6.6 Hz, 1H), 3.50 (s, 

3H), 2.46–2.42 (m, 1H), 1.28 (t, J = 7.3 Hz, 3H), 1.09 (d, J = 6.7 Hz, 3H); 13C NMR 

(100 MHz, CDCl3) δ 173.0, 139.0, 115.9, 67.4, 61.5, 60.8, 38.8, 17.0, 14.3. 

Spectroscopic data were consistent with those previously reported.60 

 

Compound 2.24, 2-(1,3-dioxoisoindolin-2-yl)acrylic acid 
A solution of DL-serine (5.0 g, 48 mmol), phthalic anhydride (7.0 g, 48 mmol) and 

triethylamine (0.71 mL, 5.2 mmol) in toluene (250 mL) was refluxed, with azeotropic 

elimination of water using a Dean–Stark apparatus, for 4 h. The reaction mixture was 

cooled to 25 °C and concentrated. The resulting brown residue was dissolved in 

EtOAc (100 mL), washed with 1 M HCl (50 mL) and the aqueous phase was 

extracted with EtOAc (2×50 mL). The combined organic extracts were dried with 

Na2SO4, filtered and concentrated. The crude product was purified by flash column 

chromatography (SiO2, 60% EtOAc/petrol) to afford 2.24 as a pink crystalline solid 

(4.4 g, 20 mmol, 43%). 1H NMR (400 MHz, CDCl3) δ 7.96–7.91 (m, 2H), 7.81–7.77 

(m, 2H), 6.83 (s, 1H), 6.12 (s, 1H), 6.09 (br s, 1H); 13C NMR (100 MHz, CDCl3) δ 

167.0, 166.3, 134.5, 131.7, 130.6, 128.5, 124.0; m.p. 171–173 °C [recrystallized from 

CH2Cl2]. Spectroscopic data were consistent with those previously reported.60 
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Compound 2.25, ethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-N-methoxyacrylamido)-3-
methylpent-4-enoate 
Oxalyl chloride (2.19 mL, 25.8 mmol) was added dropwise to a solution of 2.24 

(3.81 g, 17.3 mmol) and DMF (20 μL) in CH2Cl2 (44 mL) at 0 °C. The mixture was 

allowed to warm to 25 °C and stirred for a further 5 h. Excess oxalyl chloride and 

solvent were removed in vacuo to yield the crude acid chloride as a yellow solid, 

which was used immediately without further purification. A solution of 2.23 (1.49 g, 

7.96 mmol) in CH2Cl2 (4.4 mL) was added dropwise to a solution of the crude acid 

chloride and triethylamine (3.7 mL, 26 mmol) in CH2Cl2 (40 mL) at 0 °C. The 

mixture was allowed to warm to 25 °C and stirred for a further 19 h. The reaction 

mixture was diluted with CH2Cl2 (25 mL) and washed with pH 7 buffer solution. The 

aqueous phase was extracted with CH2Cl2 (2×25 mL) and the combined organic 

extracts were washed with brine (50 mL), dried with Na2SO4, filtered and 

concentrated. The crude product was purified by flash column chromatography (SiO2, 

33–40% EtOAc/petrol gradient) to afford 2.25 as a white crystalline solid (3.07 g, 

7.94 mmol, 99%) and as an inseparable 2:1 mixture of diastereoisomers. The 1H and 

13C NMR spectroscopic data provided are for the major diastereoisomer. 1H NMR 

(400 MHz, CDCl3) δ 7.92–7.88 (m, 2H), 7.79–7.76 (m, 2H), 6.16 (s, 1H), 5.98 (s, 

1H), 5.82–5.73 (m, 1H), 5.10 (dd, J = 17.1, 0.9 Hz, 1H), 5.01 (d, J = 10.3 Hz, 1H), 

4.60 (br s, 1H), 4.16 (q, J = 6.6 Hz, 2H), 3.87 (s, 3H), 3.03 (q, J = 7.9 Hz, 1H), 1.24 

(t, J = 7.0 Hz, 3H), 1.11 (d, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 169.0, 

166.2, 164.2, 139.1, 134.4, 131.7, 130.1, 123.8, 121.4, 116.1, 65.3, 64.3, 61.2, 37.7, 

N
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17.4, 14.0; m.p. 84–88 °C [recrystallized from CH2Cl2]. Spectroscopic data were 

consistent with those previously reported.60 

 
Compound 2.26, ethyl 5-(1,3-dioxoisoindolin-2-yl)-1-methoxy-3-methyl-6-oxo-
1,2,3,6-tetrahydropyridine-2- carboxylate 

A solution of Hoveyda–Grubbs second-generation catalyst (0.178 g, 0.219 mmol) in 

toluene (11 mL) was added dropwise over 10 h via a syringe pump to a refluxing 

solution of 2.25 (1.69 g, 4.37 mmol) and benzoquinone (0.071 g, 0.66 mmol) in 

toluene (40 mL). Once addition was complete, the reaction mixture was heated at 

reflux for a further 36 h. The reaction mixture was allowed to cool to 25 °C, treated 

with dimethylsulfoxide (1.16 mL, 16.3 mmol) and the resulting solution was stirred at 

25 °C for 16 h. The crude mixture was pre-adsorbed onto SiO2 and the solvent 

removed in vacuo. The product was then purified by flash column chromatography 

(SiO2, 40% EtOAc/petrol) to afford 2.26 as a colorless oil (1.10 g, 3.07 mmol, 70%) 

and as an inseparable 2:1 mixture of diastereoisomers. The reaction was also scaled to 

3 g (7.8 mmol) to give 2.25 in 56% yield. The 1H and 13C NMR spectroscopic data 

provided are for the major diastereoisomer. 1H NMR (400 MHz, CDCl3) δ 7.90–7.87 

(m, 2H), 7.76–7.74 (m, 2H), 6.39 (d, J = 2.6 Hz, 1H), 4.46 (d, J = 7.3 Hz, 1H), 4.36–

4.26 (m, 2H), 3.83 (s, 3H), 3.52 (dq, J = 7.3, 2.5 Hz, 1H), 1.33–1.31 (m, 6H); 13C 

NMR (100 MHz, CDCl3) δ 167.9, 166.9, 162.0, 143.0, 134.3, 131.9, 124.3, 123.7, 

66.3, 62.5, 62.0, 32.5, 15.7, 14.1; Spectroscopic data were consistent with those 

previously reported.60 
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Compound 2.267 methyl 5-amino-3-methyl-6-oxo-1,6-dihydropyridine-2-
carboxylate 
From 2.26: Quinuclidine (0.450 g, 4.05 mmol) was added to a solution of 2.26 

(0.966 g, 2.70 mmol) and pre-activated 3 Å beaded molecular sieves in methanol 

(27 mL). The reaction mixture was stirred at 25 °C for 24 h, then additional 

quinuclidine (0.150 g, 1.35 mmol) and molecular sieves were added. After stirring for 

a further 36 h, methylamine (2 M in methanol, 4.04 mL, 8.08 mmol) was added and 

the resulting mixture was heated at 60 °C for 3 h. The crude mixture was allowed to 

cool to 25 °C, filtered, pre-adsorbed onto SiO2 and concentrated. The product was 

then purified by flash column chromatography (SiO2, 1% methanol/EtOAc) to afford 

2.26 as a pale brown crystalline solid (0.397 g, 2.18 mmol, 80%). 1H NMR (400 

MHz, DMSO-d6) δ 10.63 (br s, 1H), 6.28 (s, 1H), 6.07 (s, 2H), 3.74 (s, 3H), 2.27 (s, 

3H); 13C NMR (100 MHz, DMSO-d6) δ 161.9, 155.4, 143.9, 125.3, 115.6, 112.3, 

51.7, 18.8; Spectroscopic data were consistent with those previously reported.60 

From 2.31: A suspension of 2.31 (0.560 g, 2.64 mmol) and 10% Pd/C (0.056 g, 

0.053 mmol) in methanol (100 mL) was stirred under a H2 (g) atmosphere at 25 °C for 

3 h. The reaction mixture was filtered through Celite®, eluting with methanol 

(100 mL) and then concentrated. The crude product was purified by flash column 

chromatography (SiO2, EtOAc to 5% methanol/EtOAc gradient) to afford 2.27 as a 

pale brown crystalline solid (0.448 g, 2.46 mmol, 82%). 
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Compound 2.28, ethyl 2-(N-methoxyacrylamido)-3-methylpent-4-enoate 
Acryloyl chloride (2.9 mL, 35 mmol) was added dropwise to a stirring solution of 

2.23 (4.4 g, 24 mmol) and triethylamine (6.9 mL, 50 mmol) in CH2Cl2 (47 mL) at 0 

°C. The mixture was allowed to warm to 25 °C and stirred for 16 h. The mixture was 

diluted with CH2Cl2 (50 mL) and quenched with the addition of water (50 mL). The 

aqueous phase was extracted with CH2Cl2 (3×20 mL) and the combined organic 

extracts were washed with brine (50 mL), dried with Na2SO4, filtered and 

concentrated. The crude product was purified by flash column chromatography (SiO2, 

11–20% EtOAc/petrol gradient), to afford 2.28 as a light yellow oil (4.4 g, 18 mmol, 

76%), as a 2:1 mixture of diastereoisomers, which were not separated. The 1H and 13C 

NMR data provided are for the major diastereomer. 1H NMR (400 MHz, CDCl3) δ 

6.71 (dd, J = 17.6, 10.4 Hz, 1H), 6.46 (dd, J = 17.0, 1.6 Hz, 1H), 5.83–5.67 (m, 2H), 

5.13 (d, J = 17.3 Hz, 1H), 5.03 (d, J = 10.1 Hz, 1H), 4.82 (d, J = 9.8 Hz, 1H), 4.20–

4.12 (m, 2H), 3.81 (s, 3H), 3.04–2.98 (m, 1H), 1.24 (t, J = 6.9 Hz, 3H), 1.03 (d, J = 

6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 169.9, 168.1, 139.5, 130.7, 126.1, 116.4, 

64.9, 64.7, 61.4, 37.8, 17.5, 14.4. Spectroscopic data were consistent with those 

previously reported.63 

 
Compound 2.29, ethyl 1-methoxy-3-methyl-6-oxo-1,2,3,6-tetrahydropyridine-2-
carboxylate 
To a solution of Hoveyda–Grubbs second-generation catalyst (122 mg, 0.190 mmol) 

in CH2Cl2 (216 mL) was added a solution of 2.28 (1.56 g, 6.50 mmol) in CH2Cl2 (20 
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mL). The solution was refluxed for 24 h.  Upon consumption of starting material, the 

reaction was cooled and DMSO (0.675 mL, 9.50 mmol) was added and the mixture 

stirred for an additional 24 h at 25 °C. The mixture was concentrated and purified by 

flash column chromatography (SiO2, 50% EtOAc/petrol) to afford 2.29 as a light 

brown oil (1.37 g, 6.43 mmol, 99%) and as a 2:1 mixture of diastereoisomers which 

were not separated. The 1H and 13C NMR data provided are for the major 

diastereomer. 1H NMR (400 MHz, CDCl3) δ 6.16 (dd, J = 10.0, 1.4 Hz, 1H), 5.84 (dd, 

J = 9.9, 2.8 Hz, 1H), 4.33 (d, J = 7.3 Hz, 1H), 4.16 (q, J = 7.19 Hz, 2H), 3.77 (s, 3H), 

3.29–3.21 (m, 1H), 1.26 (t, J = 7.3 Hz, 3H), 1.20 (d, J = 7.5 Hz, 3H); 13C NMR 

(100 MHz, CDCl3) δ 168.9, 166.3, 143.2, 123.9, 66.7, 63.2, 61.9, 34.5, 16.2, 14.5. 

Spectroscopic data were consistent with those previously reported.63 

 

Compound 2.30, methyl 3-methyl-6-oxo-1,6-dihydropyridine-2-carboxylate 
To a solution of 2.29 (1.69 g, 7.93 mmol) in methanol (23 mL) was added DBU 

(1.67 mL, 11.2 mmol). The mixture was stirred for 15 h at 25 °C. The reaction 

mixture was concentrated to yield the crude product which was purified by flash 

column chromatography (SiO2, EtOAc to 10% methanol/EtOAc gradient) to afford 

2.30 as a white solid (1.14 g, 6.82 mmol, 87%). 1H NMR (400 MHz, CDCl3) δ 9.84 

(br s, 1H), 7.29 (d, J = 9.5 Hz, 1H), 6.71 (d, J = 9.2 Hz, 1H), 3.95 (s, 3H), 2.40 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 162.2, 161.7, 145.8, 129.7, 126.9, 121.8, 53.4, 

18.6; IR (neat) νmax 2918 (br), 1731, 1673, 1604, 1524, 1432, 1343, 1274, 1212, 1050, 

869, 791 cm−1. The data are in accordance with the literature.63 
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Compound 2.31, methyl 5-amino-3-methyl-6-oxo-1,6-dihydropyridine-2-
carboxylate 
Concentrated sulfuric acid (0.029 mL, 0.56 mmol) was added to a solution of 2.30 

(0.031 g, 0.19 mmol) in 70% nitric acid (0.058 mL, 1.3 mmol) at 0 °C in a sealed 

tube.  The mixture was allowed to warm to 25 °C and then heated to 50 °C for 6 h.  

The mixture was cooled and poured onto ice water. The aqueous phase was extracted 

with EtOAc (5×20 mL) and the combined organic extracts were dried with Na2SO4, 

filtered and concentrated. The crude yellow solid (2.31, Rf 0.33 in 10% EtOAc/petrol) 

was used without further purification. 1H NMR (400 MHz, CD3OD) δ 8.41 (s, 1H), 

4.01 (s, 3H), 2.46 (s, 3H); 13C NMR (125 MHz, DMSO-d6) 162.1, 153.3, 141.0, 

138.7, 118.8, 53.5, 17.1 (note: one carbon not observed in 13C spectrum); IR (neat) 

νmax 3054 (br), 2956, 2851, 1670, 1271, 1208 cm−1; HRMS (ESI+) m/z calculated for 

C8H8N2O5 [M+Na]+: 235.0331, found: 235.0326. 

Optimized conditions: Concentrated sulfuric acid (1.2 mL) was added dropwise to a 

screw-top tube containing a solution of pyridone 2.30 (0.500 g, 2.99 mmol) in 

concentrated nitric acid (2.0 mL) at 0 °C, and the reaction vessel was then sealed. 

After 5 min, the reaction mixture was allowed to warm to 25 °C and then heated at 50 

°C. After 7 h, the reaction mixture was allowed to cool to 25 °C and then poured into 

ice water. The aqueous layer was extracted six times with EtOAc (until the yellow 

color had faded), and the combined organic layers were dried with Na2SO4, filtered, 

and concentrated. The product was then purified by flash column chromatography 

(SiO2, 5% methanol/EtOAc) to afford 2.31 as a yellow solid (0.558 g, 88%). 
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Compound 2.33, methyl 5-amino-3-methyl-6-
(trifluoromethylsulfonyloxy)picolinate 
Trifluoromethane sulfonic anhydride (0.125 mL, 0.741 mmol) was added dropwise to 

a solution of 2.27 (0.113 g, 0.624 mmol) and 2,6-di-tert-butyl-4-methylpyridine 

(0.191 g, 0.932 mmol) in CH2Cl2/hexafluoroisopropanol (25:1 by volume, 5.2 mL 

total) at −50 °C. The mixture was stirred at −50 °C for 1 h, then allowed to warm to 

25 °C slowly over a further 3 h. The mixture was diluted with CH2Cl2 (10 mL) and 

washed with saturated aqueous NaHCO3 (10 mL). The aqueous phase was extracted 

with CH2Cl2 (2×10 mL) and the combined organic extracts were washed with brine 

(10 mL), dried with Na2SO4, filtered and concentrated. The crude product was 

purified by flash column chromatography (SiO2, 20% EtOAc/petrol) to afford 2.33 as 

a colorless crystalline solid (0.195 g, 0.620 mmol, 73%). 1H NMR (400 MHz, CDCl3) 

δ 7.01 (s, 1H), 4.31 (br s, 2H), 3.89 (s, 3H), 2.58 (3H, s); 13C NMR (100 MHz, CDCl3) 

δ 164.9, 139.8, 139.6, 136.2, 132.4, 127.1, 118.5 (q, J = 319 Hz, CF3), 52.2, 19.9; 

m.p. 108–110 °C [recrystallized from CH2Cl2]. Spectroscopic data were consistent 

with those previously reported.60  

 
Compound 2.34, methyl 5-amino-4-bromo-3-methyl-6-
(trifluoromethylsulfonyloxy)picolinate 
N-Bromosuccinimide (0.145 g, 0.815 mmol) was added to a solution of 2.33 (0.232 g, 

0.738 mmol) in acetonitrile (7.4 mL) at 0 °C. The reaction mixture was allowed to 

warm to 25 °C and stirred for 17 h before the solvent was removed. The crude 

reaction mixture was dissolved in CH2Cl2 (10 mL) and washed with 1 M HCl (10 
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mL), saturated aqueous NaHCO3 (10 mL) and brine (10 mL). The organic phase was 

dried with Na2SO4, filtered and concentrated. The crude product was purified by flash 

column chromatography (SiO2, 13% EtOAc/petrol) to afford 2.33 as an orange 

crystalline solid (0.278 g, 0.710 mmol, 96%). 1H NMR (400 MHz, CDCl3) δ 4.81 (br 

s, 2H), 3.92 (s, 3H), 2.71 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 164.8, 138.8, 138.1, 

135.0, 132.8, 123.0, 118.5 (q, J = 319 Hz, CF3), 52.6, 19.5; m.p. 117–118 °C 

[recrystallized from CH2Cl2]. Spectroscopic data were consistent with those 

previously reported.60 

 
Compound 2.36, 1,2,4-trimethoxy-5-nitrobenzene 
2,4,5-Trimethoxybenzaldehyde (6.15 g, 31.3 mmol) was added portionwise over 

10 min to a mechanically stirred solution of 28% aq. nitric acid (120 mL) at −10 °C. 

The reaction mixture was stirred for 3 h at −10 °C then allowed to warm to 25 °C and 

diluted with CH2Cl2 (50 mL). The aqueous phase was extracted with CH2Cl2 

(3×50 mL) and the combined organic extracts were washed with saturated aqueous 

NaHCO3 (100 mL) and brine (100 mL), dried with MgSO4, filtered and concentrated 

to yield 2.36 as a yellow solid (5.42 g, 25.4 mmol, 81%) which was used in 

subsequent reactions without further purification. 1H NMR (400 MHz, CDCl3) δ 7.59 

(s, 1H), 6.58 (s, 1H), 3.99 (s, 3H), 3.98 (s, 3H), 3.90 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 154.7, 150.4, 142.4, 130.9, 109.0, 97.5, 57.2, 56.5, 56.4; m.p. 123–124 °C. 

Spectroscopic data were consistent with those previously reported.60 
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Compound 2.37, 2,4,5-trimethoxyaniline 
A suspension of 2,4,5-trimethoxynitrobenzene 2.36 (4.27 g, 20.0 mmol) and 10% 

Pd/C (0.650 g, 0.611 mmol) in methanol/EtOAc (9:1 by volume, 300 mL total) was 

stirred under a H2 (g) atmosphere at 25 °C for 14 h. The reaction mixture was filtered 

through Celite®, eluting with methanol (50 mL) and then concentrated. The crude 

product was purified by flash column chromatography (SiO2, 50% EtOAc/petrol) to 

afford 2.37 as a white crystalline solid (3.11 g, 17.0 mmol, 85%). 1H NMR (400 MHz, 

CDCl3) δ 6.54 (s, 1H), 6.40 (s, 1H), 3.82 (d, J = 1.4 Hz, 3H), 3.80 (d, J = 1.3 Hz, 3H), 

3.80 (d, J = 1.2 Hz, 3H), 3.55 (br s, 2H); 13C NMR (100 MHz, CDCl3) δ 143.7, 141.4, 

140.8, 129.6, 101.8, 100.1, 57.2, 56.5 (2C); m.p. 89–90 °C. Spectroscopic data were 

consistent with those previously reported.60 

 
Compound 2.38, (E)-3-ethoxyacryloyl chloride 
Ethyl vinyl ether (9.56 mL, 100 mmol) was added dropwise to oxalyl chloride (12.9 

mL, 150 mmol) at 0 °C. The mixture was allowed to warm to 25 °C and stirred for 12 

h. Excess oxalyl chloride was distilled off and the residue was heated at 120 °C for 30 

min. The crude residue was purified by vacuum distillation to yield acid chloride 2.38 

(5.34 g, 39.7 mmol, 40%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J 

= 12.1 Hz, 1H), 5.51 (d, J = 12.1 Hz, 1H), 4.05 (q, J = 7.1 Hz, 2H), 1.40 (t, J = 

7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 168.1, 164.7, 102.9, 68.8, 14.4; b.p. 85–

87 °C [20 mbar]. Spectroscopic data were consistent with those previously reported.60 
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Compound 2.39, (E)-3-ethoxy-N-(2,4,5-trimethoxyphenyl)acrylamide & (Z)-3-
ethoxy-N-(2,4,5-trimethoxyphenyl)acrylamide 
A solution of (E)-3-ethoxyacryloyl chloride 2.38 (3.05 g, 22.6 mmol) in CH2Cl2 

(10 mL) was added dropwise to a solution of aniline 2.37 (3.32 g, 18.1 mmol) and 

pyridine (4.38 mL, 54.4 mmol) in CH2Cl2 (180 mL) at 0 °C. The mixture was allowed 

to warm to 25 °C and stirred for 21 h. The solvent was removed and the residue was 

dissolved in EtOAc (100 mL), washed with 1 M HCl (75 mL), saturated aqueous 

NaHCO3 (75 mL) and brine (75 mL), dried with MgSO4, filtered and concentrated. 

The crude product was purified by flash column chromatography (SiO2, 50–80% 

EtOAc/petrol gradient) to afford trans-aryl amide (E)-2.39 and cis-aryl amide (Z)-

2.39 as a colorless crystalline solid (4.41 g, 15.7 mmol, 87%). For (E)-2.39: 1H NMR 

(400 MHz, CDCl3) δ 8.21 (br s, 1H), 7.62 (d, J = 12.0 Hz, 1H), 7.41 (s, 1H), 6.55 (s, 

1H), 5.36 (d, J = 12.1 Hz, 1H), 3.96 (q, J = 6.8 Hz, 2H), 3.88 (s, 6H), 3.87 (s, 3H), 

1.37 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 164.8, 160.6, 144.5, 142.9, 

141.7, 121.4, 105.3, 99.4, 97.5, 67.2, 56.6 (2C), 56.3, 14.6. For (Z)-2.39: 1H NMR 

(400 MHz, CDCl3) δ 9.44 (s, 1H), 8.32 (s, 1H), 6.55 (s, 1H), 6.53 (d, J = 7.1 Hz, 1H), 

4.97 (d, J = 7.1 Hz, 1H), 4.15 (q, J = 7.1 Hz, 2H), 3.88 (s, 3H), 3.87 (s, 3H), 3.86 (s, 

3H), 1.47 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 163.5, 152.7, 144.3, 

142.9, 141.7, 122.0, 105.2, 103.7, 97.8, 70.8, 56.7, 56.6, 56.3, 15.2; Spectroscopic 

data were consistent with those previously reported.60 

OCH3

H3CO
CH3O

N
H

O

OEt



 62 

 

Compound 2.40, 5,6,8-trimethoxyquinolin-2(1H)-one 
Compound 2.39 (1.57 g, 5.58 mmol) was dissolved in concentrated sulfuric acid 

(10.5 mL) at 0 °C. The reaction mixture was allowed to warm to 25 °C and stirred for 

4 h. Ice water (20 mL) was slowly added and the mixture stirred for a further 1 h at 

25 °C. The reaction mixture was extracted with CH2Cl2 (3×50 mL) and the combined 

organic extracts were washed with saturated aqueous NaHCO3 (75 mL) and brine 

(75 mL), then dried with MgSO4, filtered and concentrated. The crude product was 

purified by flash column chromatography (SiO2, EtOAc to 5% methanol/EtOAc 

gradient) to afford 2.40 as a colorless crystalline solid (1.19 g, 5.06 mmol, 89%). 1H 

NMR (400 MHz, CDCl3) δ 9.02 (br s, 1H), 8.02 (dd, J = 9.8, 1.2 Hz, 1H), 6.73 (s, 

1H), 6.66 (dd, J = 9.7, 1.0 Hz, 1H), 3.95 (d, J = 1.0 Hz, 3H), 3.92 (d, J = 1.1 Hz, 3H), 

3.89 (d, J = 1.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.5, 146.4, 141.5, 138.4, 

135.0, 123.0, 122.8, 115.0, 100.3, 61.8, 57.5, 56.3; m.p. 171–173 °C. Spectroscopic 

data were consistent with those previously reported.60 

 
Compound 2.41, 2-chloro-5,6,8-trimethoxyquinoline 
Phosphorus oxychloride (6.40 mL, 68.6 mmol) was added to a solution of 2.40 

(2.69 g, 11.4 mmol), pyridine (0.303 mL, 3.77 mmol) and DMF (0.029 mL, 

0.38 mmol) in chlorobenzene (100 mL) at 25 °C and the resulting mixture was heated 

at reflux for 3.5 h. The reaction mixture was allowed to cool to 25 °C and quenched 

upon slow addition of saturated aqueous NaHCO3 (20 mL). The mixture was 

extracted with EtOAc (3×50 mL) and the combined organic extracts were washed 
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with brine (50 mL), dried with MgSO4, filtered and concentrated. The crude product 

was purified by flash column chromatography (SiO2, 40% EtOAc/petrol) to afford 

2.41 as a colorless crystalline solid (2.35 g, 9.26 mmol, 81%). 1H NMR (400 MHz, 

CDCl3) δ 8.31 (dd, J = 8.8, 1.4 Hz, 1H), 7.35 (dd, J = 8.8, 1.4 Hz, 1H), 6.86 (s, 1H), 

4.03 (d, J = 1.1 Hz, 3H), 4.00 (d, J = 1.3 Hz, 3H), 3.90 (d, J = 1.4 Hz, 3H); 13C NMR 

(100 MHz, CDCl3) δ 151.6, 148.8, 147.9, 135.4, 134.5, 133.0, 123.2, 123.0, 99.3, 

61.4, 57.0, 56.2; m.p. 146–147 °C. Spectroscopic data were consistent with those 

previously reported.60 

 
Compound 2.43, methyl 5-amino-4-bromo-3-methyl-6-(5,6,8-trimethoxyquinolin-
2-yl)picolinate 
A solution of chloroquinoline 2.41 (0.246 g, 0.970 mmol) and 

tetrakis(triphenylphosphine)palladium (0.056 g, 0.048 mmol) in toluene (9.7 mL) was 

degassed and refilled with argon five times. Hexamethylditin (0.221 mL, 1.07 mmol) 

was subsequently added and the resulting solution heated at 60 °C for 17 h. The 

reaction mixture was allowed to cool to 25 °C, diluted with Et2O (20 mL) and washed 

with water (20 mL). The aqueous phase was extracted with Et2O (2×10 mL) and the 

combined organic extracts were washed with brine (20 mL), dried with Na2SO4, 

filtered and concentrated. The crude product 2.42, contaminated with 

triphenylphosphine oxide, was immediately used in the next step without any further 

purification. 

Pyridine 2.34 (0.162 g, 0.412 mmol) was added to a solution of 2-stannyl quinoline 

2.42 (0.224 g, 0.587 mmol), tetrakis(triphenylphosphine)palladium (0.022 g, 

0.019 mmol), cesium fluoride (0.119 g, 0.783 mmol) and copper(I) iodide (7.4 mg, 

N N CO2CH3

CH3H2N
Br

CH3O

OCH3
H3CO



 64 

0.39 mmol) in toluene (9 mL). The reaction mixture was degassed and refilled with 

argon five times, then heated at reflux for 21 h. The mixture was allowed to cool to 

25 °C, filtered and concentrated. The crude product was purified by flash column 

chromatography (10% w/w SiO2/K2CO3,93 25–40% EtOAc/petrol gradient) to afford 

2.42 as a yellow solid (0.122 g, 0.263 mmol, 75%). 1H NMR (400 MHz, CDCl3) δ 

8.76 (d, J = 9.0 Hz, 1H), 8.44 (d, J = 9.0, 1H), 6.83 (s, 1H), 4.05 (s, 3H), 4.03 (s, 3H), 

3.98 (s, 3H), 3.95 (s, 3H), 2.73 (s, 3H); 1H NMR (100 MHz, CDCl3) δ 166.5, 154.4, 

152.1, 149.0, 144.2, 136.6, 135.6, 134.3, 133.4, 132.7, 130.1, 123.3, 123.2, 120.6, 

98.3, 61.5, 57.1, 56.1, 52.2, 20.2; m.p. 177–179 °C [recrystallized from CH2Cl2]. 

Spectroscopic data were consistent with those previously reported.60 

 
Compound 2.44, 6-bromo-2,3-dimethoxyphenol 
N-bromosuccinimide (5.77 g, 32.4 mmol) was added to a solution of 

2,3-dimethoxyphenol (5.00 g, 32.4 mmol) in THF (162 mL) at −78 °C. The resulting 

mixture was stirred at −78 °C for 4 h then allowed to warm to 25 °C and stirred for a 

further 16 h. The solvent was removed in vacuo, the residue was dissolved in CH2Cl2 

(100 mL) and washed with water (50 mL) and brine (50 mL). The organic phase was 

dried with MgSO4, filtered and concentrated. The crude product was purified by flash 

column chromatography (SiO2, 5% EtOAc/petrol) to afford 2.44 as a colorless solid 

(6.90 g, 29.6 mmol, 91%). 1H NMR (400 MHz, CDCl3) δ 7.16 (d, J = 9.0 Hz, 1H), 

6.43 (d, J = 9.0 Hz, 1H), 6.02 (s, 1H), 3.92 (s, 3H), 3.86 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 152.0, 146.8, 136.4, 126.7, 105.1, 100.3, 61.0, 56.0; m.p. 43–45 °C 

[recrystallized from CH2Cl2]. Spectroscopic data were consistent with those 

previously reported.60 

OH

OCH3
OCH3

Br



 65 

 
Compound 2.45, 2-(benzyloxy)-1-bromo-3,4-dimethoxybenzene 
Benzyl bromide (1.68 mL, 14.1 mmol) was added dropwise to a solution of 2.44 (3.00 

g, 12.9 mmol) and potassium carbonate (2.67 g, 19.3 mmol) in acetone (129 mL) at 

25 °C and the resulting mixture stirred at reflux for 16 h. The reaction mixture was 

allowed to cool to 25 °C, the solvent was removed and the residue was dissolved in 

CH2Cl2 (100 mL). The organic phase was washed with water (50 mL) and brine (50 

mL), then dried with MgSO4, filtered and concentrated. The crude product was 

purified by flash column chromatography (SiO2, 5% EtOAc/petrol) to afford 2.45 as a 

colorless solid (3.82 g, 11.8 mmol, 92%). 1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 

7.6 Hz, 2H), 7.42 (t, J = 7.7 Hz, 2H), 7.36 (t, J = 7.7 Hz, 1H), 7.25 (dd, J = 9.0, 

1.0 Hz, 1H), 6.62 (dd, J = 9.0, 0.6 Hz, 1H), 5.09 (s, 2H), 3.91 (d, J = 1.0 Hz, 3H), 

3.88 (d, J = 0.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 153.3, 149.9, 143.8, 137.0, 

128.5, 128.3, 128.1, 126.8, 108.8 (2C), 75.3, 61.1, 56.2; m.p. 68–70 °C. Spectroscopic 

data were consistent with those previously reported.60 

 
Compound 2.46, 2-(2-(benzyloxy)-3,4-dimethoxyphenyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane 
tert-Butyl lithium (1.6 M in pentane, 5.0 mL, 8.0 mmol) was added dropwise to a 

solution of 2.45 (1.46 g, 4.52 mmol) in THF (23 mL) at −78 °C. The resulting mixture 

was stirred at −78 °C for 25 min, before 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (1.38 mL, 6.76 mmol) was added dropwise to the mixture. The 
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solution was stirred at −78 °C for a further 3 h then allowed to warm to 25 °C and 

stirred for 7 h. The mixture was partitioned between EtOAc (50 mL) and water (50 

mL), the organic phase washed with brine (50 mL), dried with Na2SO4, filtered and 

concentrated. The crude product was purified by flash column chromatography (SiO2, 

5% EtOAc/petrol) to afford 2.46 as a colorless solid (1.00 g, 2.70 mmol, 60%).  The 

product was recrystallized from hot petrol to yield fine white crystals. 1H NMR 

(400 MHz, CDCl3) δ 7.61 (d, J = 7.0 Hz, 2H), 7.47 (dd, J = 8.3, 1.1 Hz, 1H), 7.38 (t, J 

= 7.2 Hz, 2H), 7.32 (t, J = 7.5 Hz, 1H), 6.72 (dd, J = 8.3, 1.0 Hz, 1H), 5.06 (s, 2H), 

3.90 (d, J = 1.1 Hz, 3H), 3.88 (d, J = 1.3 Hz, 3H), 1.34 (s, 12H); 13C NMR (100 MHz, 

CDCl3) δ 157.9, 156.5, 142.3, 138.0, 131.7, 128.7, 128.1, 127.7, 112.5, 107.5, 83.3, 

76.2, 61.0, 55.9, 24.8; m.p. 39–40 °C. Spectroscopic data were consistent with those 

previously reported.60 

 

Compound 2.47, methyl 5-amino-4-(2-(benzyloxy)-3,4-dimethoxyphenyl)-3-
methyl-6-(5,6,8-trimethoxyquinolin- 2-yl)picolinate 
Racemic protocol: Aryl boronate ester 2.46 (0.120 g, 0.324 mmol) was added to a 

solution of 2.43 (0.100 g, 0.216 mmol), tetrakis(triphenylphosphine)palladium (0.025 

g, 0.022 mmol) and potassium phosphate tribasic (0.138 g, 0.650 mmol) in 

dioxane/water (3:1 by volume, 2.2 mL total). The reaction mixture was degassed and 

refilled with argon five times, then heated at reflux for 24 h. The mixture was allowed 

to cool to 25 °C, diluted with EtOAc (4 mL) and washed with brine (4 mL). The 

organic phase was dried with Na2SO4, filtered and concentrated. The crude product 
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was purified by flash column chromatography (SiO2, 33% EtOAc/petrol) to afford 

(±)-2.47 as a yellow solid (79 mg, 0.13 mmol, 74%). 1H NMR (400 MHz, CDCl3) δ 

8.88 (d, J = 9.1 Hz, 1H), 8.49 (d, J = 9.1 Hz, 1H), 7.12–7.10 (m, 3H), 7.05–7.01 (m, 

2H), 6.88 (s, 2H), 6.83 (s, 1H), 4.93 (d, J = 11.0 Hz, 1H), 4.86 (d, J = 11.0 Hz, 1H), 

4.04 (s, 3H), 4.01 (s, 6H), 3.97 (s, 6H), 3.95 (s, 3H), 2.29 (s, 3H); 13C NMR 

(62.5 MHz, CDCl3) δ 167.2, 155.7, 154.1, 152.1, 150.7, 148.7, 145.2, 143.4, 137.1, 

136.6, 135.8, 134.4, 133.1, 133.0, 132.7, 130.0, 128.1 (2C), 128.0 (2C), 127.7, 125.1, 

123.0, 122.1, 120.9, 108.4, 98.3, 75.2, 61.6, 61.1, 57.2, 56.1 (2C), 52.1, 17.5; m.p. 

208–210 °C [recrystallized from CH2Cl2]. Spectroscopic data were consistent with 

those previously reported.60  

Enantioenriched Protocol: A solution of the palladium source (0.008 mmol) and 

ligand (0.01 mmol) in dioxane (0.1 mL) was stirred at 25 °C for 30 min. A solution of 

aryl boronate ester 2.46 (0.049 mmol) and pyridine 2.43 (0.015 g, 0.032 mmol) in 

dioxane (0.22 mL) was subsequently added. The reaction mixture was degassed and 

refilled with argon five times, then treated with a solution of sodium carbonate (1 M, 

0.10 mL). The mixture was degassed and refilled with argon five times again and then 

heated at 60 °C for 24 h. The mixture was allowed to cool to 25 °C, diluted with 

EtOAc (1 mL) and washed with brine (1 mL). The organic phase was dried with 

Na2SO4, filtered and concentrated. The crude product was purified by flash column 

chromatography (SiO2, 33% EtOAc/petrol) to afford 2.47 as a yellow solid. 

Enantioselectivity was measured by chiral HPLC, see Appendix 1 for HPLC 

chromatogram. A sample obtained using phosphino hydrazone ligand 2.63 that 

afforded product 2.47 with 30% ee (by chiral HPLC analysis) gave [α]25
D +51.5 (c = 

0.29, CHCl3).% 
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Compound 2.71, methyl 5-amino-4-(2-(benzyloxy)-3,4-dimethoxyphenyl)-6-(6-
methoxy-5,8-dioxo-5,8- dihydroquinolin-2-yl)-3-methylpicolinate 
An aqueous solution of ceric ammonium nitrate (0.04 M, 42.0 mL, 1.68 mmol) was 

added dropwise to a solution of quinoline 2.47 (0.350 g, 0.559 mmol) in acetonitrile 

(110 mL) in the dark at 0 °C. The reaction mixture was allowed to warm to 25 °C and 

stirred for 48 h. The crude mixture was diluted with EtOAc (40 mL), washed with 

water (40 mL) and brine (40 mL) then dried with Na2SO4, filtered and concentrated. 

The crude product was purified by flash column chromatography (SiO2, 50% 

EtOAc/petrol) to afford 2.71 as a dark red crystalline solid (0.300 g, 0.503 mmol, 

90%). 1H NMR (400 MHz, CDCl3) δ 9.02 (d, J = 8.5 Hz, 1H), 8.49 (d, J = 8.5 Hz, 

1H), 7.13–7.07 (m, 3H), 7.02–6.98 (m, 2H), 6.87 (d, J = 8.7 Hz, 1H), 6.82 (d, J = 

8.7 Hz, 1H), 6.28 (s, 1H), 4.96 (d, J = 11.2 Hz, 1H), 4.89 (d, J = 11.2 Hz, 1H), 3.99 

(s, 3H), 3.96 (s, 3H), 3.94 (s, 6H), 2.24 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 182.7, 

179.3, 166.9, 163.0, 160.4, 154.3, 150.5, 146.2, 145.5, 143.4, 137.8, 137.1, 135.5, 

134.3, 133.9, 130.4, 128.1 (2C), 127.9 (2C), 127.8, 125.4, 125.3, 124.8, 121.3, 109.8, 

108.6, 75.1, 61.1, 56.6, 56.1, 52.2, 17.6; m.p. 242–246 °C [recrystallized from 

CH2Cl2]. Spectroscopic data were consistent with those previously reported.60 

 
Compound 2.54, 1-(benzyloxy)-2,3-dimethoxybenzene 
Benzyl bromide (0.054 mL, 0.45 mmol) was added dropwise to a solution of 

2,3-dimethoxyphenol (0.064 g, 0.42 mmol) and potassium carbonate (0.086 g, 
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0.62 mmol) in acetone (4.1 mL) at 25 °C and the resulting mixture was stirred at 

reflux for 15 h. The reaction mixture was allowed to cool to 25 °C, the solvent was 

removed and the residue was dissolved in CH2Cl2 (5 mL). The organic phase was 

washed with water (5 mL) and brine (5 mL), then dried with MgSO4, filtered and 

concentrated. The crude product was purified by flash column chromatography (SiO2, 

5% EtOAc/petrol) to afford 2.54 as a clear oil (0.091 g, 0.37 mmol, 90%). 1H NMR 

(CDCl3, 400 MHz) δ 7.47 (d, J = 7.3 Hz, 2H), 7.40 (t, J = 7.4 Hz, 2H), 7.33 (t, J = 7.3 

Hz, 1H), 6.96 (t, J = 8.4 Hz, 1H), 6.65–6.60 (m, 2H), 5.16 (s, 2H), 3.92 (s, 3H), 3.88 

(s, 3H). 13C NMR (CDCl3, 100 MHz) δ 153.7, 152.7, 138.9, 137.3, 128.5, 127.8, 

127.2, 123.5, 107.5, 105.6, 71.0, 60.9, 56.1; IR (neat) νmax 2936, 2835, 1597, 1494, 

1476, 1380, 1298, 1257, 1175, 1103, 1009, 733 cm−1; HRMS (ESI+) m/z calculated for 

C15H16O3 [M+Na]+: 267.0992, found: 267.0992. See Appendix 1 for impurity 

identification and HPLC retention times. 

 

Compound 2.55, methyl 5-amino-3-methyl-6-(5,6,8-trimethoxyquinolin-2-
yl)picolinate 
A solution of chloroquinoline 2.41 (0.077 g, 0.30 mmol) and 

tetrakis(triphenylphosphine)palladium (0.018 g, 0.0020 mmol) in toluene (3.0 mL) 

was degassed and refilled with argon five times. Hexamethylditin (0.069 g, 0.33 

mmol) was subsequently added, the reaction was degassed and refilled with argon 

five times, and the resulting solution heated at 60 °C for 16 h. The reaction mixture 

was allowed to cool to 25 °C, diluted with Et2O (2.0 mL) and washed with water (2.0 

mL). The aqueous phase was extracted with Et2O (2×10 mL) and the combined 

organic extracts were washed with brine (5.0 mL), then dried with Na2SO4, filtered 

N N CO2CH3

CH3H2N
CH3O

OCH3
H3CO
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and concentrated. The crude product 2.42, contaminated with triphenylphosphine 

oxide, was immediately used in the next step without any further purification.  

Trifluoromethanesulfonyl-substituted pyridine  (2.32, 0.040 g, 0.13 mmol) was added 

to a solution of 2-stannyl quinoline 2.41 (0.070 g, 0.18 mmol), 

tetrakis(triphenylphosphine)palladium (0.007 g, 0.006 mmol), cesium fluoride (0.037 

g, 0.24 mmol) and copper(I) iodide (0.002 g, 0.01 mmol) in toluene (1.8 mL). The 

reaction mixture was degassed and refilled with argon five times, then heated at reflux 

for 16 h. The mixture was allowed to cool to 25 °C, then was filtered and 

concentrated. The crude product was purified by flash column chromatography (10% 

w/w SiO2/K2CO3, 25% EtOAc/petrol) to afford 2.55 as a pale brown solid (0.027 g, 

0.069 mmol, 55%). 1H NMR (400 MHz, CDCl3) δ 8.78 (d, J = 9.0 Hz, 1H), 8.46 (d, J 

= 9.0 Hz, 1H), 6.89 (s, 1H), 6.85 (s, 1H), 4.06 (s, 3H), 4.04 (s, 3H), 3.98 (s, 3H), 3.95 

(s, 3H), 2.60 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 166.5, 155.3, 152.1, 148.8, 

146.6, 138.4, 135.8, 134.0, 133.7, 133.1, 130.2, 125.8, 123.1, 120.6, 98.4, 61.6, 57.2, 

56.2, 52.0, 20.6; IR (neat) νmax 3423, 3243, 2926, 2848, 1698, 1601, 1572, 1492, 

1462, 1439, 1363, 1310, 1263, 1246, 1192, 1179, 1144, 1111, 1071, 1002 cm−1; 

HRMS (ESI+) m/z calculated for C20H21N3O5 [M+Na]+: 406.1373, found: 406.1358; 

See Appendix 1 for HPLC retention times. 
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Compound 2.72, methyl 5-amino-4-(2-hydroxy-3,4-dimethoxyphenyl)-3-methyl-
6-(5,6,8-trimethoxyquinolin-2-yl)picolinate 
A suspension of 2.47 (11.8 mg, 0.0189 mmol) and 10% Pd/C (0.006 g, 0.006 mmol) 

in methanol/EtOAc (3:1 by volume, 5 mL total) was stirred under a H2 (g) atmosphere 

at 25 °C for 36 h. The reaction mixture was filtered through Celite®, eluting with 

methanol (20 mL) and then concentrated. The crude product was purified by flash 

column chromatography (SiO2, 33% EtOAc/petrol) to yield 2.72 as a yellow oil 

(3.8 mg, 0.0071 mmol, 38%). 1H NMR (400 MHz, CDCl3) δ 8.87 (d, J = 8.9 Hz, 1H), 

8.49 (d, J = 9.0 Hz, 1H), 6.85 (d, J = 8.6 Hz, 1H), 6.84 (s, 1H), 6.68 (d, J = 8.6 Hz, 

1H), 4.04 (s, 3H), 4.01 (s, 3H), 4.00 (s, 3H), 3.99 (s, 6H), 3.96 (s, 3H), 2.35 (s, 3H); 

13C NMR (CDCl3, 100 MHz) δ 175.9, 175.1, 171.4, 152.1, 145.1, 136.7, 135.8, 133.2, 

133.0, 132.8, 130.1, 128.2, 125.3, 123.1, 104.9, 99.6, 98.4, 87.8, 78.4, 63.5, 61.6, 

61.2, 57.3, 56.1, 55.9, 55.8, 52.1, 17.4; IR (neat) νmax 2926 (br), 1720, 1610, 1461, 

1339, 1292, 1262, 1212, 1090 cm−1; HRMS (ESI+) m/z calculated for C28H29N3O8 

[M+Na]+: 558.1847, found: 558.1851. 

N N

OCH3

CH3O

H3CO

CO2CH3

CH3H2N

OCH3

OH

OCH3
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Compound 2.74, (5-amino-4-(2-(benzyloxy)-3,4-dimethoxyphenyl)-3-methyl-6-
(5,6,8-trimethoxyquinolin-2-yl)pyridin-2-yl)methanol 
To a solution of 2.47 (0.0106 g, 0.0169 mmol) in THF (0.10 mL) was added a 

solution of LiAlH4 (1 M, 0.051 mL) at −30 °C.  The mixture was warmed to 0 °C and 

stirred for 4 h. Upon completion by TLC, water (0.1 mL) was added, followed by a 

15% solution of NaOH (0.1 mL) and additional water (0.4 mL).36 The aqueous phase 

was extracted with EtOAc (3×5 mL) and the combined organic extracts were dried 

with Na2SO4, filtered and concentrated.  The crude product was purified by flash 

column chromatography (SiO2, 33–50% EtOAc/petrol gradient) to afford 2.74 as a 

yellow oil (0.0046 g, 0.0077 mmol, 46%). 1H NMR (400 MHz, CDCl3) δ 8.31 (d, J = 

8.4 Hz, 1H), 8.09 (d, J = 8.4 Hz, 1H), 7.11–7.09 (m, 3H), 7.00–6.97 (m, 2H) 6.91 (d, 

J = 11.9 Hz, 1H), 6.88 (s, 1H), 6.87 (d, J = 11.9 Hz, 1H), 4.91 (m, 2H), 4.68 (m, 2H), 

4.06 (s, 3H), 4.03 (s, 3H), 3.97 (s, 6H), 3.94 (s, 3H), 2.44 (s, 3H); 13C NMR (100 

MHz, CDCl3) δ 155.8, 154.0, 152.1, 150.8, 148.5, 143.4, 142.7, 142.4, 137.3, 135.8, 

133.9, 133.3, 131.2, 130.1, 129.9, 128.1, 127.9, 127.8, 125.0, 122.8, 122.3, 120.3, 

108.4, 98.4, 75.3, 61.6, 61.2, 57.3, 56.1, 56.1, 14.0; IR (neat) νmax 2918, 2850, 2360, 

2339, 1737, 1600, 1525, 1488, 1462, 1424, 1367, 1292, 1260, 1231, 1098, 1004, 

751 cm−1; HRMS (ESI+) m/z calculated for C34H35N3O7 [M+H]+: 598.2548, found: 

598.2548. 

N N

OCH3

CH3O

H3CO

CH3H2N

OCH3

OBn

OCH3

OH
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Compound 2.76, ((R)-5-amino-4-(2-(benzyloxy)-3,4-dimethoxyphenyl)-3-methyl-
6-(5,6,8-trimethoxyquinolin-2-yl)pyridin-2-yl)methyl (S)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate 

A solution of LiAlH4 (1.0 M, 0.062 mL) was added to a solution of 2.47 (0.013 g, 

0.021 mmol) in THF (0.20 mL) at −30 °C. The mixture was warmed to 25 °C and 

stirred for 4 h. A saturated aqueous solution of Na2SO4 was added until excess LiAlH4 

was quenched, and solid Na2SO4 had precipitated. The solution was then filtered and 

concentrated. The crude product 2.74 was used without further purification. DMAP 

(0.011 g, 0.086 mmol) and (R)-(−)-α-methoxy-α-(trifluoromethyl)phenylacetyl 

chloride (0.013 mL, 0.069 mmol) were added to a solution of 2.74 (0.0079 g, 

0.013 mmol) in CH2Cl2 (0.13 mL). The reaction was stirred at 25 °C for 16 h or until 

TLC indicated consumption of the starting material. The reaction was filtered through 

a small SiO2 plug and then purified by flash column chromatography (SiO2, petrol to 

33% EtOAc/petrol gradient) to afford 2.76 as a red solid (0.0087 mg, 0.010 mmol, 

48%). Data given are for the major diastereomer from an enantioenriched sample 

(from P-N ligand). 1H NMR (400 MHz, CDCl3) δ 8.80 (d, J = 9.2 Hz, 1H), 8.42 (d, J 

= 9.2 Hz, 1H), 7.58–7.54 (m, 2H), 7.33–7.29 (m, 3H), 7.08–6.93 (m, 5H), 6.87 (s, 

2H), 6.83 (s, 1H), 5.65–5.57 (m, 1H), 5.48–5.41 (m, 1H), 4.93–4.86 (m, 1H), 4.80–

4.77 (m, 1H), 4.04 (s, 3H), 4.00 (s, 3H), 3.96 (s, 6H), 3.94 (s, 3H), 3.52 (s, 3H), 1.92 

(s, 3H); 13C NMR (125 MHz, toluene-d8) δ 166.6 (2C), 156.9, 154.5 (2C), 152.5, 

151.5, 151.4, 148.9, 144.3 (m, CF3), 139.5, 139.4, 134.2, 133.7, 133.6, 133.5, 133.3 

(2C), 133.2, 129.9, 123.5, 123.1 (2C), 121.2, 108.8, 99.8, 69.2, 68.9, 60.9, 60.7, 57.2, 

N N

OCH3

CH3O

H3CO

CH3H2N

OCH3

OBn

OCH3

O

O
Ph

H3CO CF3
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55.6, 55.4, 14.4; 19F NMR (472 MHz, toluene-d8) δ 71.73, 71.76 (both diastereomers 

given); IR (neat) νmax 3460, 3321, 2930, 2850, 1746, 1625, 1600, 1581, 1490, 1465, 

1422, 1358, 1228 (br), 1169, 1098, 1069, 1001, 921, 719 cm−1; HRMS (ESI+) m/z 

calculated for C44H42F3N3O9 [M+Na]+: 836.2771, found 836.2736; m.p. 190−195 °C 

[recrystallized from CH2Cl2]. See Appendix 1 for additional data regarding the 

Mosher’s ester synthesis and analysis for ee% determination.  
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3.1 Introduction 
Key to the success of the total synthesis of streptonigrin designed and 

executed in the Donohoe group and described in Chapter 2 was the formation of a key 

C-ring pyridine precursor through RCM methods developed in the group (see 2.26, 

Scheme 2-3). This exemplifies the utility of synthetic method development, a key 

tenet of modern organic chemistry research (see Chapter 1). Innovation and discovery 

are driven through the repeated process of method development and application. This 

interplay motivates the re-examination of methods to push the boundaries of organic 

synthesis. 

The prevalence of the pyridine scaffold in natural products and pharmaceutical 

targets1,2 (see Figure 1-5) drives the development of methods to produce pyridines and 

their precursor pyridones (such as 2.26). A key retrosynthetic target to produce 

pyridines 3.1 is the 1,5-diketone scaffold (3.2) and examples employing this logic 

include the Krohnke annulation, the Bohlmann–Rahtz synthesis, and the Hantzsch 

pyridine synthesis (Figure 3-1). 

 
Figure 3-1. Methods to form diversely substituted pyridines using the 1,5-dicarbonyl logic 
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The target methodology pursued subsequently and detailed in this chapter 

enabled the synthesis of 1,5-diketones such as 3.2 through an application of the 

“hydrogen-borrowing” catalytic method. 

3.1.1 Introduction to hydrogen-borrowing methodology 
Hydrogen-borrowing (H-B) methodology uses transfer hydrogenation to 

enable reversible changes in the oxidation state of reaction partners. The resulting 

overall reaction would typically be difficult, costly or toxic by other more 

conventional methods. For example, direct SN2 reactions of an alcohol with a 

nucleophile would require hydroxide displacement, a difficult feat as the strength of 

the C–O bond is ≈90 kcal mol-1.3 Instead, oxidation of the alcohol reaction partner to 

the corresponding aldehyde allows easier C–C bond formation, and subsequent 

“hydrogen returning” yields a product with the same oxidation state as the starting 

material. 

Generally H-B methodology involves three main steps: (1) an H-B catalyst 

(3.4) oxidizes an alcohol substrate (3.3) by formally removing two hydrogen atoms 

and temporarily forming a reactive aldehyde intermediate (3.6) and a metal hydride 

(3.5); (2) subsequent attack by nucleophile (3.7) generates a new compound with C–C 

bond formation, 3.8; (3) redelivery of the two hydrogen atoms from the catalyst 

reduces 3.8 to yield product 3.9 (Scheme 3-1). The transformation is thus performed 

with no net change in the oxidation state of the substrate and with catalyst 

regeneration. 
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Scheme 3-1. General H-B catalytic cycle 

The earliest example of H-B-type chemistry is the Guerbet reaction, which can 

be performed without a hydrogen-transfer catalyst (Scheme 3-2). In the original 

example from the late 19th century,4 a primary alcohol (3.10) is dimerized to form β-

branched primary alcohols (such as 3.11) via oxidation, aldol reaction and reduction 

steps (Scheme 3-2a) sometimes using catalysts (e.g. Raney nickel or copper).5 The 

high temperature and byproducts from Cannizzaro-type reactions (3.12 and 3.13) 

prompted development of a transition metal (TM)-catalyzed method using [IrCp*Cl2]2 

allowing increased yield of 3.11 (Scheme 3-2b)6.  

 
Scheme 3-2. Guerbet reaction: (a) traditional and (b) TM-catalyzed methods 

One of the earliest uses of TM-catalysis to enable the use of alcohols as 

alkylation reagents in an H-B transformation was in 1981 by Grigg and coworkers 

(Scheme 3-3).1-9 This method used Rh catalysis to alkylate arylacetonitriles 3.14 (a) 

and amines 3.19 (b) in good yields and relatively mild conditions exposing the 

potential of a robust α-alkylation protocol through transition metal H-B catalysis. 
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Scheme 3-3. Early TM-catalyzed H-B methodology by Grigg and coworkers 

Many examples of TM-catalyzed H-B methodology enabling addition of 

alcohols to various nucleophiles have been disclosed (Figure 3-2) forming N–C and 

C–C bonds. The range of substrates includes anilines (3.20, 3.21),10 additional 

arylacetonitriles (3.22)11 and other activated methylenes such as α-cyanoketones 

(3.23).12 These methods use primary alcohols and ruthenium catalysts, though 

additional examples have been published using Ir (3.24)13 and Os catalysts.14  

 
Figure 3-2. TM-catalyzed H-B reactions (with alcohols and catalysts shown) 

Another related methodology utilizing similar hydrogen borrowing and 

returning steps is the transfer-hydrogenative (T-H) coupling methodology. T-H 

methodology allows the exchange of hydrogen between alcohols and π-unsaturated 

reactants to generate nucleophile-electrophile pairs (3.25 and 3.26, Scheme 3-4) 

which can subsequently react to form diverse products. 
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Scheme 3-4. Transfer-hydrogenative coupling method 

Krishe and coworkers showed in their 2007 publication that hydrogen does not 

need to be added for this system to be effective, as it can be sourced through alcohol 

oxidation in situ.15 This allowed reverse prenylation, crotylation and allylation of 

alcohols with allenes through use of a cationic IrI catalyst to give complex secondary 

alcohols such as 3.27 in good yields under relatively mild conditions (Scheme 3-5).  

 
Scheme 3-5. Krische’s transfer-hydrogenative coupling methodology 

3.1.2 Hydrogen-borrowing methodology utilizing ketone substrates 
A major class of activated methylene compounds are carbonyl-containing 

compounds. The ease of removing protons adjacent to carbonyl moieties allows 

enolates to act as nucleophilic partners for H-B methodology. Examples using esters 

and dimethylbarbituric acid were previously mentioned (Figure 3-2), but the use of 

ketones in H-B alkylation provides a powerful alternative to the traditional lithium 

enolate reactions used to α-alkylate ketones (3.28 to 3.31, Scheme 3-6a). The use of 

H-B methodology provides the same transformation without the restrictions of lithium 

enolate reactions: exclusion of moisture, use of stoichiometric high molecular weight 

strong bases (i.e. LDA), large leaving groups (halides or tosylates, often toxic) which 

all result in low atom economy and large amounts of waste. In contrast, H-B 

methodology has been shown to allow the use of alcohols in such alkylation reactions 
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with low loadings of catalysts, with high turnover numbers, at relatively low 

temperatures and with water as the only byproduct. The H-B reaction utilizing enolate 

nucleophiles (Scheme 3-6b) proceeds via oxidation of the alcohol to aldehyde 3.33 

(with production of metal hydride, 3.5), aldol reaction with ketone 3.28 to form 

intermediate 3.34 and subsequent reduction of this enone by the metal hydride to form 

alkylated product 3.31. 

 
Scheme 3-6. Ketone α-alkylation by (a) lithium enolate and (b) H-B methods 

The first α-alkyation of a ketone using transition metal-catalyzed H-B 

methodology was published in 2001.16 The use of primary aliphatic and benzylic 

alcohols (at a threefold excess) with a Ru catalyst allowed alkylation of methyl 

ketones (3.35) and concomitant reduction of the ketone moiety to give secondary 

alcohols 3.36 and 3.37 (Scheme 3-7a). The methodology was also successfully 

applied to cyclic ketone 3.38 with n-butanol to give 3.39, a rare example of an α-

branched product utilizing simple ketones with H-B methodology (Scheme 3-7b). 

R1 H

OH

R2

O

R1 H

O

[M]

[M]–H2
or [M]–H

3.5

–H2O

H

R1

R2

O

R1

aldol reaction

hydrogen 
returning

hydrogen 
borrowing

R2

O

R1
R1 X

R2

OLi

R2 CH3

O Basea)

b)

3.28 3.29 3.31

3.33

3.32
3.31

3.34

,  3.30

3.28

3.4



 86 

 
Scheme 3-7. Examples of ketone α-alkylation forming alcohols with H-B method 

Expansion of the H-B methodology sought to access α-alkylated ketone 

products by preventing carbonyl reduction. Cho and coworkers demonstrated that the 

use of metal-hydride scavengers such as 1-dodecene17 and 1-decene18 (Scheme 3-8a–

c) allowed the formation of alkyl, aryl and branched ketones (utilizing cyclic ketones 

3.44 and 3.45, in b). Yus and coworkers also demonstrated benzophenone would 

prevent ketone reduction (not shown).19,20  

 
Scheme 3-8. Use of metal hydride quenchers for α-alkylated ketone formation 

Other catalytic systems provided the oxidation of primary alcohols, 

nucleophilic addition and alkene hydrogenation without product or starting material 
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ketone reduction. Park and coworkers used Pd-nanoparticles and aluminum hydroxide 

(Pd/AlO(OH)) to achieve the α-alkylation of methyl ketone 3.52 using aliphatic, 

benzylic and heteroaromatic alcohols with an argon atmosphere (Scheme 3-9a).21 

Interestingly, using an oxygen environment instead yielded unreduced enone (3.54) as 

the primary product (Scheme 3-9b), suggesting that the metal hydride was consumed 

in solution. This suggests that another product family is accessible from ketones 

through interruption of the hydrogen returning step of H-B catalysis (see Section 

3.2.1). 

 
Scheme 3-9. Catalytic system allowing (a) ketone or (b) α,β-unsaturated ketone formation 

Other examples of methodology that access alkylated ketones without 

reduction of the carbonyl utilized Pd,15,22 Os,14,16 and Ir,23 using a variety of primary 

alcohols (Figure 3-3).19,20 Many of these catalytic systems were previously 

demonstrated to enable alcohol oxidation with subsequent redelivery of hydride in the 

alkylation of nitriles or amines. 

 
Figure 3-3. Examples of α-alkylated ketone products using various catalytic methods 
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The use of catalyst [Ir(cod)Cl]2 with an arylphosphine was shown to enable 

α-alkylation and provide ketone products and unreduced starting material (Figure 

3-3d).23 Of note is that the use of P(n-Bu)3 and PCy3 led to over reduction, suggesting 

a more active metal hydride species. One additional substrate worth noting is 3.60 

which was shown by Ishii and coworkers to give branched product 3.61, the only 

prior example of branched ketone formation using an acyclic system and H-B 

methodology prior to the work of the Donohoe group (Scheme 3-10). 

 
Scheme 3-10. Acyclic ketone used for branched α-alkylation 

The scope of ketone substrates demonstrated by H-B methods was 

predominantly limited to methyl ketones at the inception of the Donohoe H-B 

methodology program. These formed linear products after monoalkylation with 

limited examples of the formation of α-branched products. 

3.1.3 The use of methanol in hydrogen-borrowing methods 
Existing methods of H-B alkylation lacked examples using short-chain 

alcohols such as methanol and instead used benzyl or long chain alcohols, with a few 

notable exceptions using amines or arylacetonitriles as described above. This is 

despite the great utility methanol provides in catalytic alcohol dehydrogenation 

reactions. Methanol is oxidized in situ in H-B methodology to formaldehyde, a 

reactive and unhindered electrophile which can undergo interesting and useful 

reactions. It also confers the ability to form branched products and allows the 

production of more complex products than in previous cases. 
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Methanol is an important and highly abundant feedstock chemical with 35 

million tons of methanol produced industrially every year.24,25 It is available from 

renewable sources such as gasification of industrial or municipal waste, or by carbon 

capture technologies. Greater utilization of methanol would contribute towards more 

green chemistry through avoiding pre-functionalization of methanol (to form CH3I, 

CH3OTf or (CH3)2SO4, for example). Catalytic C–C bond forming methods using 

methanol have been used on an industrial scale, including the Monsanto and Cativa 

processes for the synthesis of acetic acid.26 

The oxidation of methanol typically requires harsh conditions (>200 °C) due 

to the higher enthalpy of dehydrogenation of methanol ΔHdehydrogenation(CH3OH) = 

+84 kJ mol-1 (as compared to other alcohols: ΔHdehydrogenation(EtOH) = +68 kJ mol-1).26 

This could be in part due to the lack of strain relief of oxidizing methanol (as 

compared to the release of steric strain when oxidizing isopropanol, for example). 

Low temperature methods to achieve methanol dehydrogenation have been disclosed 

include Beller’s RuII-pincer complex (3.62) to form hydrogen and carbon dioxide 

(Figure 3-4).27 The use of 3.62 generated three molecules of H2 per molecule of 

methanol, requiring only 1.6 ppm of catalyst at 95 °C.  

Other examples include the Ru complex, disclosed by Milstein and coworkers, 

(3.63) which can activate methanol via dehydrogenation at very low temperatures.28,29 

Trincado and Grutzmacher published the Ru-trop2dad complex (3.64) in the same 

year, which can effect production of H2 with only 0.01 mol% of the catalyst, using 

Et3N and Ba(OH)2 with a THF/H2O mixture at 90 °C.30 The ligands of 3.64 are 

proposed to play a role in the mechanism, thereby assigning these complexes to the 

“non-innocent” family of catalysts. 
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Figure 3-4. Catalysts developed for methanol dehydrogenation 

Examples using methanol as an alkylating reagent are few, with the 

methylation of nitriles and amines published first. Del Zotto’s N-methylation provided 

dimethylation  and monomethylation products (3.66 and 3.68, respectively) from 

cyclohexylamine (3.65) and piperidine (3.67) with 1 mol% CpRuCl(PPh3)2 and in 

very good yield (Scheme 3-11a–b).31 N-monomethylation of aromatic primary 

amines, including arylamines (i.e. 3.69), arylsulfonamides and amino-azoles, has also 

been demonstrated by Li and coworkers using [IrCp*Cl2]2/NaOH (Scheme 3-11c).32 

Interestingly, the catalytic system [Cp*IrCl2]2 (used in c) was shown to be incapable 

of dimethylating anilines, while Cp*RuCl(PPh3)2 (seen in a) is incapable of aniline 

methylation at all suggesting fine tuning of catalytic systems (including choice of 

metal and the electronic/steric effects of ligands) can enable access to versatile 

products. 
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Glorius demonstrated the synthesis of formamides using a ruthenium-

N-heterocyclic carbene (NHC) complex, methanol and primary or secondary alcohols 

(Scheme 3-12) through the addition of formaldehyde to amine with loss of hydrogen 

to the sacrificial hydrogen acceptor styrene.33   

 
Scheme 3-12. Formylation of amines with Ru-NHC catalyst 

Methanol was also utilized in an earlier example to methylate benzyl nitrile 

3.14 to produce 3.16 using RhCl3!3H2O, triphenylphosphine and relatively low 

temperature (as in Scheme 3-3).34 The use of ruthenium-grafted hydrotalcite (Ru/HT) 

allows efficient α-alkylation of nitriles with primary alcohols, with one example using 

methanol to again access 3.16 in increased yield (Scheme 3-13).35 

 
Scheme 3-13. Use of methanol to methylate benzyl nitrile 
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also been reported. Krische and coworkers utilized T-H catalysis to form homoallylic 
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temperatures were required (80 °C) and it was determined that methanol 

dehydrogenation was the turnover-limiting step. Examples with higher order alcohols 

indicated instead that carbonyl addition was the turnover-limiting step.26 
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Scheme 3-14. C–C bond formation with methanol and T-H methodology 

During the time the work presented in this chapter was being completed, and 

subsequent to the first Donohoe H-B publication,36 Obora and coworkers published an 

iridium-catalyzed methylation of ketones with methanol.37 The use of [Cp*IrCl]2 

(5 mol%) and high temperatures (120 °C) allowed the formation of mono- and di-

methylated, branched aryl- and alkyl-ketones. This methodology highlights the 

increased diversity of products accessible using methanol and H-B catalysis. 

The untapped potential of the diverse products that can be formed from the 

dehydrogenation of methanol inspired the commencement of work in the Donohoe 

group to develop a H-B method using methanol to α-methylate ketones. 

3.1.4 Hydrogen-borrowing methylation developed by the Donohoe group 
The Donohoe group sought to enable α-methylation through H-B 

methodology using milder conditions and with a more expansive substrate scope. 

Preliminary results presented in 2014 gave methylated products in high yields using 

the commercially available catalyst [RhCp*Cl2]2 and were optimized using 

valerophene (3.75) (Scheme 3-15).36  

  
Scheme 3-15. Methylation H-B methodology developed in the Donohoe group 
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The methodology used methanol as the 1-C source to allow the α-methylation 

of a variety of ketones in a mild and relatively low temperature protocol using 

carbonate base. It was demonstrated that an oxygen atmosphere resulted in higher 

yields and shorter reaction times. The method was applied to a variety of ketones with 

available α-protons for enolate formation (Figure 3-5), tolerating a variety of 

electron-rich and -poor substituents (3.77–3.81) as well as heterocycles (3.83) and 

alkyl-alkyl ketones (3.84, 3.85) since alkylation does not occur at secondary centers. 

The method was also used to enable double methylation (α,α’) of dialkyl ketones 

(3.86) and dimethylation (α,α) of some methyl ketone substrates (3.87 and 3.88). 

 
Figure 3-5. Substrate scope demonstrated in previous Donohoe H-B methylation method 
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required addition of reagents to the reaction mixture (without purification or solvent 

removal) to allow access to double alkylated products in this one-pot process. 

 
Figure 3-6. One-pot sequential Ir-/Rh-catalyzed dialkylations 

The optimized H-B system allowed for exploration of the proposed 

mechanism and catalytic cycle. Intermediates isolated from the reaction included 

enone 3.89, methoxy-adduct 3.90 and dimer 3.91 (Scheme 3-16). Upon re-subjection, 

the first two were converted to methylation product 3.76 in good yields, supplying 

evidence that they may be intermediates in the formation of 3.76. The dimer 3.91 did 

not convert to 3.76 (c), which supports its assignment as a dead-end byproduct 

incapable of undergoing retro-aldol reaction to reform reactive intermediates. The 

proposed intermediate 3.92 (formed by reaction of starting material enolate with 

formaldehyde) was never isolated from the reaction conditions described above, but a 

sample was prepared from paraformaldehyde and 3.75. Re-subjection of this aldol 
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rate of retro-aldol or dimer formation for this intermediate as compared to 3.90 

(Scheme 3-16d). 
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Scheme 3-16. Re-subjection of isolated or proposed reaction intermediates to probe 

mechanism 

A mechanistic interpretation of these results was put forward (Scheme 3-17). 

Key steps include methanol oxidation to formaldehyde, reaction with enolate 3.93 to 

form aldol product 3.92 and elimination to form enone 3.89. This intermediate can 

then undergo a Michael addition with nucleophiles such as reversible addition of CH-

3O— to form 3.90 or irreversible addition of 3.93 to form dimer 3.91. Reduction by the 

metal hydride is competitive with these pathways, however, and in the Donohoe 

system gives unsaturated product 3.76 in exceptional yield. The role of oxygen was 

thought to be key in reoxidizing RhI species, formed by deprotonation and elimination 

of a leaving group from RhIII–H, or in turning over deactivated catalyst, formed 

through over-oxidation of methanol to carbon monoxide.38-40 
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Scheme 3-17. Preliminary catalytic cycle proposed for Donohoe H-B methylation 

This methodology was limited to methanol and was shown to be incompatible 

with more complex alcohols when using longer chain ketones than methyl ketones. 

The desire to access more complex branched products prompted the exploration of 

further optimization. Additionally, early results had indicated that an altered catalytic 

system might allow the expansion of the methodology through utilization of the 

activated Michael acceptor intermediate 3.89. This formed the core of the goals of the 

project to be described herein. 
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3.2 Results and Discussion 
The methodology detailed in section 3.1.4 was the pioneering example of 

α-methylation of ketones using H-B catalysis. The method required 5–10 mol% of 

rhodium metal which made it potentially costly and proved to be difficult to apply to 

more hindered alcohols. This latter downside made it difficult to form diverse 

branched products and was presumed to be due to adverse steric interactions in the 

aldol intermediates. In further efforts, we sought to improve the catalyst and catalytic 

loading and harness the enhanced reactivity of methanol to incorporate functionality 

beyond a methyl group. Work was performed in a team, with Darren Poole, Di Shen 

and Camilla Shotton, and reactions performed or optimized by these coworkers are 

indicated. 

3.2.1 Interrupted-hydrogen-borrowing discovery  
To expand the methodology developed previously, we sought to interrupt the 

hydrogen-borrowing process and access the intermediates formed from the addition of 

a methylene unit. The resulting formal “methylenation” product would be susceptible 

to the introduction of an external nucleophile by 1,4-addition, with the possibility of 

introducing this nucleophile in a one-pot, two-step transformation. This interrupted-

hydrogen-borrowing (I-H-B) process (Scheme 3-18) would allow for the 

incorporation of other functionality beyond a methyl group to expand the α-

functionalization of ketones. 
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Scheme 3-18. Proposed interrupted-hydrogen-borrowing method (shown in red) 

At the start of this program, there was limited precedent for I-H-B 

methodology as proposed in Scheme 3-18. The Pd/AlO(OH) catalytic system paired 

with oxygen described previously (see Scheme 3-9b) was shown by Park and 

coworkers to allow formation of trans enones (such as 3.94) from methyl ketones and 

primary alcohols (Scheme 3-19a).21 The use of the same highly porous aluminum 

oxyhydroxide with ruthenium nanoparticles (Ru/AlO(OH)) proved highly effective 

(when paired with sacrificial alkene 3.95) at preventing reduction and allowed the 

interception of the aldehyde with Witting reagents to give α,β-unsaturated esters 

(3.96) in a one-pot process (Scheme 3-19b).41 Pridmore and coworkers also used a 

hydrogen acceptor with Ru(PPh3)3(CO)H2 and Xantphos to couple malonate half 

esters (3.97) and primary alcohols (3.98) to form esters (3.99) (Scheme 3-19c).42 

Another example by Owston and coworkers enabled a second oxidation (after 

methanol addition to the oxidized alcohol) to yield methyl esters such as 3.100 (3-

19d).43  

Ph

O
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Scheme 3-19. IHB precedence generating unsaturated compounds or pseudo-

homodimerizations 

A self-coupling reaction of indoles (3.101) with formaldehyde (3-19e) was 

reported by Li in 2013 using [Cp*IrCl2]2 and KOt-Bu to form 3,3’-bisindolylmethanes 

(3.102).44 Only minor yields of the methylindole over-reduced byproducts were 

observed in a few cases and suggested that the active iridum species is regenerated 

through reaction with methanol. The proposed mechanism proceeds through a 1,4-

addition of an equivalent of starting indole to the unsaturated intermediate, similar to 

the formation of symmetrical dimer 3.91 in the Donohoe system.44 Control 

experiments using indole and paraformaldehyde supported the additional role of [Ir] 

species as Lewis acid catalyst for the Michael addition. 

O

Ph
1.2 eq. BnOH
CH3Ph, 110 °C 
1 atm O2, 20 h

O
0.2 mol% Pd/AlO(OH)

3  eq. K3PO4
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b)

HO2C CO2R2
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Ph CO2CH2Ph
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HN NH
1 equiv. KOt-Bu

150 °C, 12 h

e)

HO

5 mol%Ru(PPh3)3(CO)H2
5 mol% Xantphos

2 equiv. H2O

3 equiv. crotonitrile
CH3Ph/CH3OH

110 °C, 24 h

CO2CH3

O2N
3.100, 74%
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+
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H3C
OEt

O
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1 mol% Ru/AlO(OH)

1.1 equiv. 3.95:
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CH3Ph, O2, 20 h 3.96, 91%, 29:1 E/Z
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H3C H3C CH3
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In the previously developed Donohoe methodology, described in Section 

3.1.4, a screen of catalysts and conditions indicated the potential of some catalytic 

systems (Table 3-1, entries 2 and 7) to show increased levels of methylenated 

intermediates (3.89 and 3.90) over the dead-end products 3.76 and 3.91. 

 
Table 3-1. Initial catalysts showing promise for I-H-B method (reactions performed by 

colleagues)  

It was predicted that methoxy-adduct 3.90 interconverts with 3.89 under 

reaction conditions and this was confirmed by subjecting purified samples to reaction 

conditions with and without catalyst (Scheme 3-20a–b). The precise ratio of 3.89/3.90 

depended on the reaction conditions, but the indication that 3.90 could undergo 

elimination to reform the enone allowed both intermediates to be considered useful 

Michael acceptor substrates. Thus optimization would aim for maximization of the 

combined yield of 3.89 and 3.90 with minimization of other byproducts. 

O
catalyst

0.2 M CH3OH
5 eq. Cs2CO3, O2

65 °C, 48 h

O O

OCH3

3.89

O OO

CH3

5 mol% [Cp*IrCl2]2
5 mol% [Cp*RuCl2]
5 mol% [Cp*RhCl2]2
5 mol% [Cp*RhCl2]2 (KOH)
10 mol% RhCl3•3H2O
10 mol% RhCl3•3H2O, 10 mol% Cp*H
10 mol% RhCl3•3H2O, 10 mol% PPh3
10 mol% [RhCl(PPh3)3]
5 mol% [Rh2(OAc)4]

1
2
3
4
5
6
7
8
9

catalystentry

aIsolated yield

3.75
3.90

3.76
3.91

yield
[3.76 + 3.91]a

yield
[3.89 + 3.90]a

41%
62%
n/o
n/o
48%
n/o
71%
n/o
28%

54%
21%
98%
86%
24%
82%
27%
23%
22%
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Scheme 3-20. Interconversion of enone and methoxy adduct intermediates 

In the H-B mechanism, it is postulated that 3.89 and 3.90 are formed from the 

aldol adduct through elimination and methoxide addition (see Scheme 3-17). 

Optimization of this conversion with minimization of nucleophilic addition of the 

enolate to enone 3.89, which instead forms dead-end dimer byproduct 3.91, would be 

necessary to allow optimization of these desired intermediates (Table 3-2). The 

control reaction with 3.92 subjected to reaction conditions for 24 h gave only 33% 

isolated yield of desired products compared to 25% dimer (entry 1). An increase of 

base was proposed to encourage both the elimination to 3.89 and (-)OCH3 addition to 

3.89 to form 3.90. Pleasingly, increasing to 5 equiv. of sodium methoxide gave 88% 

yield of desired products with only 13% yield of the dimer (entry 2). A screen of 

solvent concentrations was completed and for shorter time periods to avoid any 

decomposition or loss of material to other byproducts and slight increases in the yield 

of desired products was seen for 0.3, 0.4 and 0.5 M (entries 3–5). This was paired 

with a concomitant slight decrease in dimer giving a >10:1 ratio of desired/undesired 

products with 0.4 M (entry 4). Lowering the concentration to 0.1 M gave a slight 

decrease in the yield but allowed an experiment proving the importance of the order 

of addition. These reaction were performed in a Biotage© vial with 3.75 added, then 

methanol and finally base. Upon switching the order of base and solvent, the ratio 

changed from 10:1 to 1:2 of desired to undesired products (entry 6 and 7). Running 

Ph

O

Ph

O

OCH3

+

Ph

O

Ph

O

OCH3

5 equiv. Cs2CO3
+Ph

O

Ph

O

OCH3

a)

b)

CH3OH
65 °C

5 equiv. Cs2CO3

CH3OH
65 °C

~1:3 ratio
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the best conditions with optimized order of additon under O2 for 2.5 h gave excellent 

yields with no observed dimer (entries 8 and 9). 

 
Table 3-2. Control reactions with aldol intermediate 3.92 to investigate desired transformation 

Next, tuning of the catalytic system would provide a catalytic system that 

prevented enone reduction, allowing access to the methylenated intermediates in situ 

and allowing the addition of a variety of nucleophiles. 

3.2.2 Optimization of desired activated intermediates 

3.2.2.1 Optimization of I-H-B reaction using Ru catalyst and valerophenone 
The initial promise of [RuCp*Cl]n as a catalyst for I-H-B (see Table 3-2, entry 

2) encouraged the further exploration of conditions to maximize the desired 

intermediates. Commercially available valerophenone 3.75 was used as a model 

substrate with sodium methoxide, as in Table 3-2, driving the reaction to desired 

methylenated intermediates. The desired high yields of 3.89 and 3.90 would need to 

be paired with a minimization of 3.76 and 3.91. Initial conditions were screened using 

an internal standard and NMR yields to establish general trends (Table 3-3). 

OHH

Ph

O

Ph

O
Ph

O

OCH3

5 equiv. NaOCH3, 
conditions

O O

entry

1b

2
3
4
5
6
7
8d

9d

conc. (M)

0.2
0.2
0.3
0.4
0.5 
0.1
0.1c

0.2
0.4

time (h)

24
0.5
0.5
0.5
0.5
0.5
0.5
2.5
2.5

yield 3.89a yield 3.90a yield 3.91a

6%
60%
29%
30%
32%
19%
28%
12%
21%

27%
28%
59%
60%
54%
64%
3%

68%
57%

25%
13%
11%
8%

13%
8%

68%
n/o
n/o

CH3OH
65 °C

All reactions run with 0.3 mmol 3.75 in Biotage microwave vial (order of addition: 3.75, CH3OH, then 
base). aIsolated yield; b1.5 equiv. NaOCH3, 10 mol% [RuCp*Cl2]n added and run under O2(g) 
environment; cOrder of addition: 3.75, base then CH3OH; drun under O2(g) environment;

3.92 3.89 3.90 3.91
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Table 3-3 Screening of [RuCp*Cl]n to optimize I-H-B intermediates of valerophenone 

Initial conditions using 5 equiv. of base and an oxygen atmosphere at 65 °C 

showed promise with a combined yield of 52% of desired products achieved after 24 

h of reaction, but with a moderate yield (38%) of undesired dimer 3.91 (Table 3-3, 

entry 1). Screening the effect of water through use of anhydrous conditions (flame 

dried glassware, anhydrous methanol) showed promise with an increase yield of 

desired products (72%) and only 22% yield of the dimer (entry 2). A reaction run 

under the same conditions (not shown) with the addition of 10 equiv. of water showed 

drastic decreases in the desired yields. Unfortunately, we recognized this would be a 

difficult system to pursue or employ since the mechanism proposed includes an 

equivalent of water produced for every elimination reaction to form the enone 3.89 

from the aldol product 3.92. 

Producing sodium methoxide in situ (using Na(0) and methanol) would allow 

consumption of water and the use of rigorously dry base. Unfortunately, this system 

gave the largest proportion of dimer yet, with 46% yield of 3.91 compared to 37% 

combined yield of enone and masked enone products (entry 3). Interestingly, this 

reaction also showed a significant yield of methylated 3.76 (~10% by NMR, with 

yield determination made difficult by overlapping signals for 3.76 and the other 

O
mol% [RuCp*Cl2]n
NaOCH3, CH3OH

O2
65 °C, 24 h

O O

OCH3

3.89 3.90

O O

3.91

entry

1
2
3b

4c

5

equiv. 
NaOCH3

0.3 mmol 3.75; 10 mol% mol% [RuCp*Cl2]n aDetermined by 1H NMR with DMB as internal standard; All reactions showed complete 
consumption of 3.75 and negligible methylated product except b10% 3.76 observed and c5% RSM observed

conc. (M) yield 3.89a

-
anhydrous conditions, dry CH3OH

freshly prepared NaOCH3
-
-

5
5
5
2
5

0.2
0.2
0.2
0.2
0.1

15%
16%
9%
22%
22%

conditions

3.75

yield 3.90a yield 3.91a

37%
56%
28%
42%
56%

38%
22%
46%
26%
14%
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products). The difficulty of precisely portioning sodium metal suggests this reaction 

might have had a significantly varied amount of base and prompted the continued 

investigation using solid sodium methoxide. 

Lowering the amount of base to only 2 equiv. showed promise with 64% 

desired products and only 26% dimer. NMR analysis indicated the reaction was 

incomplete (with 5% recovered starting material (RSM) observed) (entry 4). Instead, 

lowering the concentration to 0.1 M gave the best results with 76% yield of desired 

products and only 14% of dimer.  

These conditions gave a >5:1 ratio of desired products to undesired, but would 

be more difficult to incorporate with a subsequent nucleophilic addition. Our one-pot, 

two-step reaction would need to incorporate conditions amenable to both the activated 

intermediate formation and the subsequent conjugate addition. This second 

transformation would require higher equivalents of base and would be encouraged in 

a higher concentration reaction. Thus, additional screening was done using 5 equiv. of 

base and a 0.2 M concentration in methanol. 

 
Scheme 3-21. I-H-B reaction of valerophenone 

Repeating the reaction from entry 1 of Table 3-3 showed the difficulty of 

purification and product isolation for this system (Scheme 3-21). Only 5% and 31% 

of 3.89 and 3.90 were isolated, due to the co-elution of enone and RSM and the 

required slow and repeated flash column chromatography purifications (with only 

72% total recovered mass). It is unclear whether the NMR yields gave over 

O
10 mol% [RuCp*Cl2]n

5 equiv. NaOCH3, 
0.2 M CH3OH

O2, 65 °C
24 h

O O

OCH3

3.89 3.90

O O

3.913.75, 0.3 mmol
5%* 34%31%

*contaminated with 2% RSM
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exaggerated yields or if decomposition (by Ru, O2 or during purification) and/or 

volatility are contributing factors to the low isolated yields. 

 
Scheme 3-22. Larger scale reaction of valerophenone to desired intermediates (using slow 

addition of 3.75) 

The slow addition of valerophenone 3.75 was predicted to reduce the side 

reaction of enolate with the activated intermediates by decreasing the concentration of 

enolate in solution. Pleasingly, the slow addition of 3.75 over 10 h allowed an 

increase in the ratio of desired to undesired isolated products (>5:1, see Scheme 3-

22a), though overall mass recovery was again low. Scaling the reaction to 1.5 mmol 

(with increased reaction time) led to a good mass recovery and yields of desired 

activated intermediates, with no observed dimer (Scheme 3-22b). This exciting result 

allowed the exploration of a one-pot reaction with a secondary nucleophile (Scheme 

3-23). The IHB reaction proceeded as described previously and then the vessel was 

cooled and stirred open for 2 h. Addition of 5 equiv. base and 1.05 equiv. of a second 

ketone (3.103) with subsequent heating gave desired product 3.104. The symmetrical 

dimer of 3.103 was also formed (3.105) indicating that the catalyst was still active 

during the second portion of our one-pot reaction.  

O
10 mol% [RuCp*Cl2]n

5 equiv. NaOCH3, 
0.2 M CH3OH

O2, 65 °C

O O

OCH3
3.89 3.903.75, (slow addition in CH3OH)

11%
23%*

43%
57%

a) 0.3 mmol, 24 h
b) 1.5 mmol, 96 h

*contaminated with 5% 3.76
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Scheme 3-23. One-pot I-H-B and conjugate addition reaction using [RuCp*Cl2]n 

3.2.2.2 Optimization of I-H-B using [Ir(cod)Cl]2 
The simultaneous discovery of the relatively inexpensive iridium(I) catalyst 

[Ir(cod)Cl]2 (by colleague Di Shen) allowed lower loadings of the metal (1–2 mol%) 

for the previously examined methylation. This reaction gave high yields of 3.76 in 48 

h at 65 °C in the presence of oxygen (Scheme 3-24).  

 
Scheme 3-24. Initial result showing the promise of [Ir(cod)Cl]2 for H-B catalysis (reaction 

performed by Di Shen) 

Replicating the optimized methylation reaction (in my hands) using only 1 

mol% of [Ir(cod)Cl]2, 2 equiv. of KOH and triphenyl phosphine ligand at 0.2 M 

concentration led to a pleasingly high yield of methylated product 3.76 (Table 3-4, 

entry 1). The catalytic system proved tunable with the nature of the phosphine ligand 

determining the product distribution. A screen performed by colleague Darren Poole 

identified PCy3 and cataCXium® A as optimum targets, reactions not shown. The 

decreased loadings (1–2% vs 10%) and lower cost of Ir over Ru made this a preferred 

system for the I-H-B transformation and the [RuCp*Cl2]n
 system was abandoned. 

Further screening focused on the bulky phosphine ligand PCy3 and use of the same 

O

1. 10 mol% [RuCp*Cl2]n
5 equiv. NaOCH3, 

0.2 M CH3OH
O2, 65 °C, 48 h

O

Ph

O O

3.1043.75, 0.3 mmol
26%*

2. Stir open 2 h
then 

5 equiv. NaOCH3
and 1.05 equiv. 3.103:

*isolated yields, with partially mixed fractions

O O

3.105
36%*

PhPhPh

O
1 mol% [Ir(cod)Cl]2

4 mol% PPh3
2 equiv. KOH, 0.1 M CH3OH

65 °C, O2, 48 h
3.76, 81%

O

CH3

3.75
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conditions as identified in Scheme 3-24 gave a promising ratio of desired and 

undesired products (>1:1), with only 5% of 3.76 isolated (Table 3-4, entry 2).  

 
Table 3-4. Use of [Ir(cod)Cl]2 to effect I-H-B transformation of valerophenone 

Conditions: 0.3 mmol 3.75, 1 mol% [Ir(cod)Cl]2, KOH, 0.1 M methanol, 65 °C, O2, 48 h; 

 Conditions explored included increasing the concentration to 0.2 M, with 2, 3 

and 4 equiv. of KOH (entries 3–5) which gave poor or comparable yields, with a 

slight increase in the yield of methylated product observed. Maintaining 0.1 M 

concentration and increasing to 3 equiv. (entry 6), 4 equiv. (entry 7) and 5 equiv. 

(entry 8) of base showed a much more desirable trend with yields of desired products 

(61–69%) exceeding undesired (29–33%) by a factor of 2. Low concentration and low 

equivalents of base (entry 6) gave a higher proportion of RSM than seen previously, 

while 4 or 5 equiv. of base gave >25% of the dimer product. The challenge of 

maintaining conversion to desired product, while promoting aldol elimination without 

over reduction was apparent. 

 The ratio of [Ir] to phosphine was adjusted from the previously used 1:2 ratio, 

since the dimer of [Ir(cod)Cl]2 provides 2 equiv. of [Ir] per equivalent of catalyst.  A 

1:1 ratio gave reduced yields of 3.89 and 3.90 (entry 9) with a concurrent increase in 

production of 3.91 and methylated product 3.76. The latter is explained by the loss of 

the protective role of the bulky phosphine in preventing Ir–H production or reduction 

PPh3 (4%)
P(Cy)3 (4%)
P(Cy)3 (4%)
P(Cy)3 (4%)
P(Cy)3 (4%)
P(Cy)3 (4%)
P(Cy)3 (4%)
P(Cy)3 (4%)
P(Cy)3 (2%)
P(Cy)3 (8%)

2
2
2
3
4
3
4
5
5
3

phosphine (mol%) KOH
(equiv.)

1b

2
3b

4b

5b

6
7
8
9
10c

entry

0
6
7
4
1
8d

6
19d

6
27

0
47
39
48
33
61
55
56
41
50

0
27
43
26
39
18
26
20
44
12

80
5
9
9
0
5
2
4

10
10

aIsolated yields with <5% RSM; b0.2 M in methanol; cIsolated with ~5% RSM; d2 mol% [Ir(cod)Cl]2

product
ratio

0
1.6
0.9
1.4
0.9
2.4
2.0
1.9
1

3.5

yield 3.89a 
(%)

yield 3.90a 
(%)

yield 3.91a 
(%)

yield 3.76a

(%)
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of the intermediate enone. An increase of [Ir(cod)Cl]2 to 2 mol% (with 8 mol% ligand 

to maintain the original ratio) gave 77% yield of desired products, with only 12% 

dimer (entry 10).  The presence of 10% methylated product implied that the reaction 

pathway to 3.76 was encouraged under higher catalyst loadings as well.  

Additional screening was undertaken to ensure other factors such as the 

addition or removal of water from the system, the choice of base and the order of 

addition were not determining factors to the varied ratio of desired and undesired 

products observed (Table 3-5). Conditions used (1 mol% [Ir(cod)Cl]2, 4 mol% PCy3, 

5 equiv. KOH at 0.1 M methanol) are comparable to entry 8 of Table 3-4 (which gave 

a 62%:31% yield ratio of desired to undesired products). The use of anhydrous 

reaction conditions showed comparably good yields (Table 3-5, entry 1) while added 

water showed lower yields and higher levels of dimer observed (entry 2). Cesium 

carbonate gave comparable yields, though also yielding more dimer than with KOH 

(entry 3). Premixing the catalyst for 30 min without 3.75 gave very high levels of 

dimer (entry 4), while premixing [Ir(cod)Cl]2 and PCy3 without base or 3.75 led to a 

drastic increase in the yield of 3.76 with no observed 3.89 or 3.90 (entry 5). This 

indicates the importance of base in removing iridium hydride species from the 

reaction, even before the addition of substrate. 

 
Table 3-5. Control I-H-B reactions using [Ir(cod)Cl]2 and PCy3 

Conditions: 1 mol% [Ir(cod)Cl]2, 4 mol% PCy3, 5 equiv. KOH, 0.1 M methanol, 65 °C, O2, 48 h; 

anhydrous
+10 equiv. water
5 equiv. Cs2CO3

premix (without 3.75)
premix (without base or 3.75)

conditions yield 3.89a 
(%)

7
13
15
5
0

Yyeld 3.90a 
(%)

62
50
57
45
0

yield 3.91a 
(%)

15
36
28
42
11

yield 3.76a 
(%)

3
2
5
1
61

yield RSMa

5
1
0
2
2

entry

1
2
3
4
5

aIsolated yields
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Screening the previously optimized conditions with the bulky adamantyl-

containing phosphine cataCXium® A (3.106) led to high yields using both (a) 2 equiv. 

and (b) 3 equiv. of KOH at 0.1 M concentration (Scheme 3-25). 

 
Scheme 3-25. Optimized conditions using cataCXium® A 

Additional control reactions undertaken with cataCXium® A and 3 equiv. of 

base are shown in Table 3-6. Importantly, the removal of the oxygen environment, as 

in entry 2, gives predominantly 3.76, with a larger portion of RSM than other reaction 

conditions.  This is indicative of the two key roles of oxygen as we discovered in this 

system: (1) the oxygen environment (combined with bulky, electron-rich phosphines) 

removes hydride from the system (potentially through oxidation to water) and/or 

blocks reduction of the reactive intermediates in another way; and (2) oxygen 

accelerates the oxidation of methanol (which does occur under Ar, but is much 

slower, leading to increased RSM). Replacing oxygen with N-methylmorpholine N-

oxide was attempted, in the presence of O2, air and argon (entries 3–5) but did not 

improve the yield of desired products since any increase in enone and masked enone 

was observed concurrently with increased dimer formation. Ultimately, 2 mol% 

[Ir(cod)Cl]2 with 8 mol% cataCXium® A and 3 equiv. KOH were chosen as the best 

conditions for the methylenation reaction. 

O
2 mol% [Ir(cod)Cl]2

8 mol% 3.106
KOH, 0.1 M CH3OH

65 °C, O2, 48 h

O O

OCH3
3.89a 3.90a

3.91a
3.75

a) 2 equiv. KOH
b) 3 equiv. KOH

15%
13%

64%
65%

8%
12%

3.76a

10%
5%

RSMa

3%
0%

+ byproducts

P
nBu

3.106, cataCXium A

aIsolated yields
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Table 3-6. Control reactions using Ir and cataCXium® A 

Conditions: 0.3 mmol 3.75, 2 mol% [Ir(cod)Cl]2, 8 mol% cataCXium® A, 3 equiv. KOH, 0.1 M 
methanol, 65 °C, O2, 48 h; 

3.2.2.3 Mechanistic considerations for the I-H-B reaction 
Additional mechanistic insight allowed for the proposal of a catalytic cycle for 

this I-H-B reaction (Scheme 3-26). It is clear that oxygen plays a critical role in the 

I-H-B process, just as in H-B, since loss of oxygen atmosphere led to an increase in 

the production of 3.76 (Table 3-6, entry 2). Experiments indicate that oxygen both 

enhances the efficiency of the methylenation reaction (increased yields of 3.89 and 

3.90 with low levels of RSM) and halts the enone reduction (low yields of 3.76). The 

precise mechanism is unknown, but it is proposed that oxygen can assist the I-H-B 

reaction in 3 ways: (i) the reoxidation of IrI to IrIII; (ii) the regeneration of IrI from Ir–

CO species; (iii) the removal of the metal–hydride through reaction with Ir–H and 

production of water. The observance of water during concentration of crude reaction 

mixtures lends support to the third proposed role. 

1
2
3
4
5
6
7b

8c

entry Yield 3.89a 
(%)

11
0

27
0
4
8
21
11

Yield 3.90a 
(%)

40
0
44
0

29
56
66
71

Yield 3.91a 
(%)

6
0

24
2

25
8
8

10

Yield 3.76a 
(%)

6
80
6
38
9
4
4
6

Yield RSMa

41
12
0

14
25
25
1
2

aIsolated yields; b4 mol% ligand; c2 mol% [Ir(cod)Cl]2, 16 mol% ligand

24 h
no O2

add NMO, O2
add NMO, air

add NMO, argon
LiOH as base
change Ir:P
change Ir:P

condition
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Scheme 3-26. Proposed catalytic cycle for I-H-B transformation  

3.2.2.4 Extension of the I-H-B method to additional ketone substrates  
The optimized conditions were extended to other substrates (Scheme 3-27) 

including (a) 3-phenylpropiophenone (3.103) and (b) long-chain alkyl ketone 3.107 

(synthesized using Ishii alkylation conditions). The use of p-methoxyphenyl (PMP) 

ketones was proposed to allow expansion of the methodology to products at the ester 

oxidation level through Baeyer–Villiger reactions of the resulting ketones. 

Simultaneous work by Camilla Shotton (not shown) demonstrated that esters would 

otherwise be difficult to incorporate into our methodology. 

 
Scheme 3-27. Substrate scope of I-H-B methodology using [Ir(cod)Cl]2  

Conditions: 0.3 mmol ketone, 2 mol% [Ir(cod)Cl]2, 8 mol% cataCXium® A, 3 equiv. KOH, 0.1 
M in methanol; 

Access to a variety of reactive I-H-B intermediates in good yields provided the 

platform upon which to incorporate an in situ conjugate addition reaction. This would 
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allow the formation of 1,5-diketones in one pot through the addition of diverse ketone 

enolates, but required further optimization before achieving this desired 

transformation. 

3.2.3 Conjugate addition of nucleophiles to activated methylenated inermediates 

3.2.3.1 Screen of conjugate addition reaction conditions (to make symmetrical 
dimer) 

Optimized conditions using the bulky adamantyl-containing ligand 3.106 and 

KOH provided the desired intermediates in consistently high yields using an oxygen 

atmosphere. Subsequent studies would determine the ideal conditions for the addition 

of a nucleophile to the reactive enone derived from 3.75.  

The utilization of pre-made and isolated intermediate 3.90 allowed the 

addition of ketone 3.75 to test ideal conditions for the conjugate addition (Table 3-7). 

Thus, the generation of 1,5-diketones was first examined with symmetrical compound 

formation, as this product dimer had been isolated in the previous studies and was 

well characterized. The production of dimers had already been observed to give a 

mixture of inseparable anti and syn diastereomers, further complicating the NMR 

analysis for novel or nonsymmetrical 1,5-diketones. 
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Table 3-7. Optimization of symmetrical 1,5-diketone formation 

Conditions: 0.3 mmol 3.90, 1.05 equiv. 3.75, 5 equiv. base, 0.1 M in methanol, 65 °C; 

The use of 1.05 equiv. of base showed >95% RSM (entry 1), so subsequent 

reactions used 5 equiv. which increased the yield to 58% upon the first attempt (entry 

2). A screen of different bases included KOH, to align with I-H-B methodology, 

which gave 50% yield (entry 3), K2CO3 which gave 31% yield (entry 4) and Cs2CO3 

(65% yield, entry 5). Triethylamine proved ineffective with a very low yield of 

desired dimer product (5%, entry 6). The addition of oxygen to the system did not 

show a significant difference in product isolation (entry 7) and extending the reaction 

to 72 h at 65 °C led to an increased yield of 3.91 (72%, entry 8), which indicates no 

significant decomposition or retro-aldol is occurring in these conditions. Increasing 

the concentration to 0.4 M was very favorable with an 89% isolated yield achieved 

with only 15 h reaction time (entry 9). 

3.2.3.2 Screen of conjugate addition reaction conditions (to make nonsymmetrical 
dimer) 

A nonsymmetrical 1,5-diketone (3.104) was accessed using these optimized 

conditions in quantitative yield using 5 equiv. sodium methoxide and ketone 3.103 

(Scheme 3-28). The reaction showed tolerance to decreasing the loading of base, with 

O

O

CH3OH, 65 °COCH3

3.75

O O

entry

1
2
3
4
5
6
7d

8d

9e
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NaOCH3b

NaOCH3
KOH

K2CO3
Cs2CO3

Et3N
NaOCH3
NaOCH3
NaOCH3

time (h)

48
15
15
15
15
15
15
72 
15

yield 3.91a

3.90 3.91

<5%c

58%c

50%
31%
65%
5%

50%c

75%
89%

aIsolated yield b1.05 equiv. base used; cOther material isolated was a 
mixture of 3.90 and enone 3.89;dO2 used; e0.4 M in CH3OH
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4 equiv. or 3 equiv. still producing 3.104 in 97% and 94% yield, respectively. Neither 

of the products of symmetrical dimerization was observed (3.91 or 3.105). 

 
Scheme 3-28. Application of conjugate addition conditions to form nonsymmetrical 1,5-

diketone 

A mixture of activated intermediates were tested in order to more closely 

replicate the I-H-B reaction conditions (Scheme 3-29). The compounds were 

generated from a reaction of valerophenone and paraformaldehyde and were present 

in a 2.7:1 molar ratio (3.90/3.89). The reaction with ketone 3.103 gave 77% yield of 

the desired product in 15 h (Scheme 3-29). A small amount (13%) of a mixture of the 

symmetrical dimers (3.91 and 3.105) was observed in this case, indicating that retro-

aldol and production of formaldehyde did occur.  

 
Scheme 3-29. Use of mixed intermediates to form nonsymmetrical 1,5-diketone 
Conditions: 1.05 equiv. 3.103, 5 equiv. NaOCH3, 0.1 M in methanol, 65 °C, 15 h; 

In the interest of aligning the base for the two steps of the desired one-pot 

procedure, we targeted the base chosen for use in the I-H-B reaction (KOH) with an 

additional screen of the nonsymmetrical dimer formation (Scheme 3-30). Using a 0.1 

M concentration in methanol and 3 equiv. of KOH, the amount of 3.103 was varied 

O
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Ph O O
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O O

R R
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R = Bn, 3.105: n/o

3.104

O

+

O

OCH3

O O

Ph

3.104, 77%3.89 3.90

conditions
O O

R R

R = i-Pr, 3.91 and 
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from 2 equiv. through 5 equiv. to give product in good to excellent yield (with 8% of 

3.105 observed only for 2 equiv. of 3.103). 

 
Scheme 3-30. Use of KOH in conjugate addition step to align with I-H-B methodology 

As a model system to predict the difficulty of placing this reaction in line with 

the first I-H-B reaction, a conjugate addition reaction with added [Ir(cod)Cl]2, 

cataCXium® A and O2 was heated for 24 h (Scheme 3-31). The reaction gave a more 

complex mixture of products with 3.104 isolated (16%) as well as recovered starting 

materials (32%, mixture of 3.90 and 3.89), methylated product 3.76 (15%) and the 

symmetrical dimer 3.105 (16%). Additional screening within the two-step process 

would be required to suppress these undesired byproducts. 

 
Scheme 3-31. Model system for one-pot I-H-B and conjugate addition reactions 

3.2.3.3 I-H-B and conjugate addition reactions in a one-pot transformation 

The use of the optimized conditions for forming reactive intermediates (see 

Scheme 3-27) and the successful formation of nonsymmetrical dimer 3.104 (Scheme 

3-30) prompted the application of the Ir-catalyzed interrupted process to a one-pot 

O

O

3 equiv. KOH, 0.1 M in CH3OH
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Ph O O

Ph
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b) 3 equiv. 3.103: 94%
c) 4 equiv. 3.103: 92%
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O

3 equiv. KOH, 0.1 M in CH3OH
65 °C, 15 hOCH3

O O

Ph
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2 equiv. 3.103, 2 mol% [Ir(cod)Cl]2,
    8 mol% cataCXium A

3.104, 16%
with [3.90+3.89] (32%), 

3.76 (15%) and 3.105 (16%)
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reaction sequence. This would allow an I-H-B reaction to form methylenated 

intermediates and a subsequent nucleophilic addition without isolation or purification. 

The translation of this methodology to a one-pot procedure revealed the 

difficulty of shutting down the methanol oxidation potential of the catalytic system 

and the pervasive nature of formaldehyde in the reaction mixture. Initial studies using 

optimized I-H-B conditions and a simple ‘quench’ of the reaction (stirring open for 2 

hours) before addition of additional base and the second ketone gave 57% yield of the 

product (Table 3-8, entry 1), but a mixture of byproducts made purification and 

isolation of the desired 1,5-diketone very prohibitive. Byproducts observed included 

3.76, from reduction of the reactive intermediates, the symmetrical dimerization of 

each participating ketone to form 3.91 and 3.105 and even the α-methylation product 

of the secondary ketone (3.312). The homo-aldol dimers co-eluted with 3.104 when 

purifying by flash column chromatography, which made isolation of the desired 

nonsymmetrical dimer difficult. Quenching the reaction with the addition of carbon 

tetrachloride (entry 4) led to a mixture of compounds, none of which were identifiable 

as product 3.104 or any byproducts. 
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Table 3-8. Translation of methodology to a one-pot, two-step method 

Conditions (1): 0.3 mmol ketone, 2 mol% [Ir(cod)Cl]2, 8 mol% cataCXium® A, 3 equiv. KOH, 
0.1 M in methanol, O2, 65 °C, 48 h 

Control experiments showed the detrimental affect of formaldehyde, which is 

soluble in methanol and exists as various short polymers. An assay using Na2SO3 and 

HCl allowed the interrogation of reaction solutions to test for the presence of 

formaldehyde. The addition of sodium sulfite to formaldehyde forms a formaldehyde-

sodium bisulfite adduct CH2O4SNa, which is an alkaline substance (Figure 3-7a). The 

addition of 2 equiv. of HCl can reform formaldehyde, with the evolution of SO2(g) 

(Figure 3-7b). 

 
Figure 3-7. Test system using sodium sulfite/formaldehyde reactivity as a formaldehyde 

assay 

A stock solution of formaldehyde was made by heating paraformaldehyde and 

KOH in methanol to 55 °C and then cooling slowly. A blank control solution (without 

formaldehyde) was created in the same way, without paraformaldehyde. The addition 

O
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of Na2SO3 to the stock solution of formaldehyde in methanol gave a solution with an 

alkaline pH (14), while the blank control upon addition of the Na2SO3 solution had a 

pH of 10 (and appeared cloudy). The system was also shown to be diagnostic for 

paraformaldehyde in water, with 1 M NaOH used to solubilize the substance and an 

equal volume of 1 M HCl used to neutralize the pH. Adding sodium sulfite to this 

neutral stock solution of formaldehyde yielded a solution with pH of 14, compared to 

7 for the blank control in water. 

To investigate formaldehyde removal from this system, three stock samples of 

formaldehyde were created and subjected to different test conditions: (i) evaporation 

on rotary evaporator for 5 min, (ii) sonication for 5 min or nothing. Sodium sulfite 

was added to each of these, post treatment, and to a fourth sample (a blank control, d). 

The pH and observations are summarized in Table 3-9. Treatment of the positive 

control formaldehyde solution gave a high pH and a clear solution with Na2SO3, while 

the blank gave a lower pH reading and showed precipitation of Na2SO3. The test 

conditions gave somewhat mixed results with high pH and precipitate observed for 

evaporated sample (a), while sonication gave the same results as the positive control, 

indicating some removal of formaldehyde in the first case (a) and none in the second 

(b). 

 
Table 3-9. Sodium sulfite assay to interrogate formaldehyde presence in solution 

Test conditions: (i) evaporation for 5 min and (ii) open-air sonication for 5 min 

To examine the formaldehyde left in solution after the I-H-B reaction, three 

additional models were created: (a) reaction conditions without substrate, heated to 

65 °C [2 mg [Ir(cod)Cl]2, 4 equiv. PCy3, 17 mg KOH, 3 mL methanol, O2]; (b) 

sample test result (pH) result (observation)
a) formaldehyde
b) formaldehyde
c) formaldehyde
d) blank (no formaldehyde)

i) 
ii) 

none
none

14
14
14
10

cloudy solution
clear solution
clear solution

cloudy solution
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reaction conditions as in (a), but at 25 °C; (c) a known quantity of paraformaldehyde 

heated to 65 °C [200 mg in 3 mL methanol with 17 mg KOH, O2, 65 °C]. A blank 

containing only methanol and 17 mg of KOH was stirred for 24 h with the test 

conditions (a–c). After 24 hours, the samples were subjected to the formaldehyde 

assay through addition of HCl (to neutralize the pH), Na2SO3 and then an immediate 

pH test. Aliquots of the two I-H-B reaction mimics were also subjected to two test 

quench conditions before assaying [either (i) evaporation and/or (ii) sonication]. 

Observations and pH measurements are recorded in Table 3-10. The formaldehyde 

positive control gave a pH reading of 14, while the blank showed pH = 11.  The room 

temperature samples had similar responses to the blank, both before and after a 

‘quench’. The I-H-B reaction conditions with heating gave a high pH reading at 24 h 

upon treatment with Na2SO3 (pH = 12). Both quenches reduced the level of 

formaldehyde observed with pH decreasing to (i) 10–11 and (ii) 11. 

 
Table 3-10. Sodium sulfite assay with I-H-B reaction model system 

Test conditions: (i) evaporation for 5 min and (ii) open-air sonication for 5 min 

Based on our studies, we predicted that sonication of the open reaction vessel 

would remove excess formaldehyde from the system, yet proved unsuccessful for the 

one-pot reaction (see Table 3-8, entry 2 and 3). Separately, efforts by colleague 

Darren Poole showed that open-air sonication was sufficient preparation to allow the 

addition of amines to enones in a one-pot reaction (not shown). Ultimately, running 

the second enolate-addition step under an oxygen atmosphere was undertaken. This 

proposal relies on the protective nature of the cataCXium® A ligand paired with an 

sample result (pH)
a)

b)

c)
d)

I-H-B reaction (65 °C)
I-H-B reaction (65 °C)
I-H-B reaction (65 °C)
I-H-B reaction (25 °C)
I-H-B reaction (25 °C)
200 mg paraformaldehyde
none

12
10–11

11
10
11
14
11

result (observation)
cloudy to clear
cloudy to clear

cloudy
cloudy to clear

cloudy
clear

cloudy then clear

none
(i)
(ii)
(i)

none
none
none

test
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oxygen environment to prevent metal-hydride reduction of the enone intermediates. 

This cannot prevent the methylenation of the external nucleophile (3.103), but we 

hoped reaction of 3.89 and 3.103 would occur preferentially. We were pleased to find 

that the addition of O2 allowed a one-pot, two-step access to 1,5 diketone 3.104 in 

61% yield without prohibitive amounts of symmetrical dimer 3.91 or 3.105 isolated 

(Table 3-8, entry 5). 

Simultaneous work by colleague Darren Poole enabled the development of a 

higher yielding protocol using SiliaMetS DMT. This metal scavenging resin was 

added to the reaction crude from the I-H-B step and stirred open for 1 hour. It is 

proposed that the resin binds the iridium metal and prevents methanol oxidation or 

enone reduction during the second phase of the transformation. The open air stirring 

(found to be beneficial in Table 3-8, entry 1) also concentrated the reaction somewhat 

and may remove excess formaldehyde. The addition of base and external nucleophile 

allowed the formation of 1,5-diketones in good yield (Scheme 3-32) enabling a one-

pot transformation of ketone 3.108 to 1,5-diketones 3.116 and 3.117 in good yield.  

 
Scheme 3-32. Use of optimized one-pot reaction sequence to form dimer 3.116 and 3.117 

(reactions run by Darren Poole) 
Conditions (1): 0.3 mmol ketone, 2 mol% [Ir(cod)Cl]2, 8 mol% cataCXium® A, 3 equiv. KOH, 

0.1 M in methanol, O2, 65 °C, 48 h 

3.2.4 Utility of the new I-H-B methodology and applications to pyridine synthesis 

Further application of this catalytic system was pursued to supplement the 

one-pot I-H-B and conjugate addition protocol described in section 3.2.3. The 
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methodology using [Ir(cod)Cl]2 proved to be tunable with conditions described that 

achieved either a high yield of methylated product 3.76 (PPh3, 2 equiv. KOH, O2) or a 

maximized yield of methylenated intermediates 3.89 and 3.90 (PCy3 or cataCXium® 

A, KOH, O2). The re-examination of catalysts screened by previous collaborators on 

this project (Table 3-1) showed that an additional system would promote symmetrical 

dimer formation. Incorporating the dimer formation conditions optimized in previous 

studies led to the use of 0.5 mol% of [Ir(cod)Cl]2 and 5 equiv. of Cs2CO3 in 0.4 M 

methanol to form symmetrical 1,5-diketone 3.118 in 83% yield, 3.105 in 70% yield 

and 3.91 in 66% yield (Scheme 3-33). 

 
Scheme 3-33. Symmetrical dimer formation with 1 mol% [Ir] 

The access to a diverse set of 1,5-diketones encouraged the formation of tetra-

substituted pyridines through an oxidative (and aromatizing) transformation (Scheme 

3-34). Reaction of diketone 3.105 with ammonium acetate and CuII proved promising 

with a yield of 77% of 3.119 isolated after 10 h of refluxing in acetic acid (Scheme 3-

34). 

 
Scheme 3-34. Initial pyridine formation 

Application of the same conditions to nonsymmetrical ketone 3.104 gave 

85% yield of pyridine 3.120 (Table 3-11, entry 1). Increasing the reaction time to 24 h 

O
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O O
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3 equiv. NH4OAc
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led to a pleasing 96% yield (entry 2) with additional increase to 48 h showing a 

decrease in yield (55%, entry 3), presumably due to decomposition of product. 

Unfortunately, the super-stoichiometric levels of Cu(OAc)2 made purification by flash 

column chromatography more difficult (due to difficulty of removing copper salts, 

despite an ammonium chloride wash during aqueous workup). Stoichiometric levels 

of copper had also been demonstrated to successfully allow the reaction to pyridines if 

the reaction is performed under an aerobic environment.45 The reaction under air gave 

comparable yields to the use of 2.5 eq of CuII (entry 4 vs 1). Reacting with ammonium 

acetate in the absence of Cu(OAc)2 was also precedented,46 but in our system this led 

to a significant drop in the yield (entry 5). Additionally, the reaction with 1.0 or less 

equiv. of Cu(OAc)2 proved to be much less pure and required multiple rounds of flash 

column chromatography to purify. Adjustment of solvent (including methanol, entry 

6, to make this amenable to a one-pot synthesis) gave a low yield and did not improve 

purification, leading to the attempt of pyridine formation and oxidation with another 

reagent. 47,48 

 
Table 3-11. Optimization of formation of pyridine 3.120 from 1,5-diketone 3.104 

Symmetrical (3.91) and nonsymmetrical (3.104) diketones were both reacted 

with hydroxylamine hydrochloride in ethanol to form the corresponding tetra-

Cu(OAc)2
(equiv.)

2.5
2.5 
2.5 
1.1
0

2.5

85
95
55
86
50
55

yield (%)

10 h
24 h
48 h

10 ha

10 h
10 hb

time

arun in air; brun in HOAc:CH3OH 1:1

O O
NNH4OAc, Cu(OAc)2

HOAc
120 °C, N2Ph Ph

1
2
3
4
5
6

entry

3.104 3.120
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substituted pyridines with an ease of purification that gave this set of reagents an 

advantage (Scheme 3-35).   

 
Scheme 3-35. Formation of tetra-substituted pyridines using hydroxylamine hydrochloride 

Other 1,5-diketones were also carried through the ammonium acetate and 

Cu(OAc)2 aromatization to yield additional tetra-substituted pyridines in good yields 

(Scheme 3-36).  

 
Scheme 3-36. Additional tetra-substituted pyridines accessed 

To enable the synthesis of pyridines from IHB-synthesized 1,5-diketones in a 

one-pot transformation, the reaction would need to occur in the presence of methanol, 

known to be difficult as a 1:1 mixture of methanol and acetic acid gave low yields of 

desired pyridine product (Table 3-11, entry 6). The one-pot protocol was attempted by 

addition of NH4OAc and Cu(OAc)2 to a microwave vial after 1,5-diketone 3.122 was 

generated in the I-H-B and conjugate addition steps (Scheme 3-37). Dissolving this 

mixture in acetic acid and heating the sealed vial to 120 °C gave the desired pyridine 

in 18 hours and 40% yield over three steps (Scheme 3-37) (though the product was 
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0.4 M CH3OH, 
N2, 120 °C

17 h

O O

Ph PhH3CO R

N

PhPh

RH3CO

a) 3.124, 82%
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contaminated with ~5% yield of 3.119, formed from the diketone derived from 

3.103). 

 
Scheme 3-37. One-pot, three-transformation conversion of alkyl ketone to substituted 

pyridine 
Conditions: i) 2 mol% [Ir(cod)Cl]2, 8 mol% CataCXium® A, 3 equiv. KOH, methanol, O2, 65 °C, 

48 h; ii) 5 equiv. ketone 3.103, 3 equiv. KOH, O2, 18 h; iii) 3 equiv. NH4OAc, 2.5 equiv. 
Cu(OAc)2, HOAc, 120 °C, N2, 18 h; 

The pyridine cyclization was also applied in a one-pot transformation to allow 

symmetrical dimer formation (see Scheme 3-33) and subsequent pyridine cyclization 

and aromatization to allow a one-pot, two-step procedure yielding symmetrical 

pyridines 3.121 and 3.119 (Scheme 3-38).  

 
Scheme 3-38. Symmetrical 1,5-diketone and pyridine formation in one pot 

Conditions: i) 0.5 mol% [Ir(cod)Cl]2, 5 equiv. Cs2CO3, methanol, O2, 65 °C, 48 h; ii) 3 equiv. 
NH4OAc, 2.5 equiv. Cu(OAc)2, HOAc, 120 °C, 18 h; 

Regioselective Baeyer–Villiger reactions (performed by Camilla Shotton, 

Scheme 3-39) were also performed to access diverse products and exemplify the 

utility of this catalytic system. Subjection of PMP ketones which were methylated or 

functionalized with I-H-B reactions gave diverse products at the ester oxidation level. 
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Scheme 3-39. Baeyer–Villiger reaction of PMP ketones (performed and optimized by Camilla 

Shotton) 
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3.3 Conclusion 
The work described herein represents the expansion of promising Ir-catalyzed 

methanol hydrogen borrowing chemistry36 to an α-methylenation method with a one-

pot protocol to add external nucleophiles to activated intermediates.49 Low metal 

loadings and relatively mild conditions allowed access to reactive intermediates from 

diverse ketones, and the 1,4-addition of a second ketone enolate gave access to 1,5-

diketones. Subsequent (or one-pot) cyclization and aromatization to pyridines allows 

access to diverse tetra-substituted pyridines. 

The desired expansion of this methodology included access to differently 

substituted pyridines with the use of masked esters to enable pyridone formation (and 

align with the work completed and detailed in Chapter 2). Additionally, the 

generation of secondary reactive nucleophiles in situ by a tandem oxidation/activation 

system was considered. These efforts were limited due to time constraints and my 

relocation to TSRI.  

Additional efforts performed by colleagues and not covered in this chapter 

include the application of the methodology to other activated, carbonyl-containing 

substrates (i.e. esters, amides, nitriles) by Camilla Shotton. Darren Poole 

demonstrated the use of other nucleophiles for conjugate addition (i.e. 1,4-addition of 

nitro compounds and the use of t-BuOOH to form epoxides), and Di Shen designed an 

elegant improvement of the one-pot, dialkylation procedure (using higher order 

alcohols than methanol) which are covered in our publication.49 A subsequent 

manuscript from the Donohoe group50 demonstrated the application of this chemistry 

to direct alkylation of o-disubstituted phenyl and cyclopropyl ketones directly with 

higher order alcohols. 
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This work has not been applied to the synthesis of natural products or 

biologically active molecules, but the prominence of activated ketone moieties and 

the prevalence of target pyridines in these types of structures (see section 3.1) would 

suggest this is a worthy and likely target use. The method-enabled synthesis of such 

biologically relevant targets is the focus of my subsequent project at TSRI and will be 

covered in Chapter 4. 
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3.4 Experimental  
3.4.1 General experimental details  

See 2.3.1 for general details pertaining to this chapter. 

3.4.2 General procedures 
General procedure 3.A: Ir-catalyzed methylation 
Under an open atmosphere, [Ir(cod)Cl]2, KOH and PPh3 were added to a Biotage® 

microwave vial equipped with a stir bar, followed by methanol (not anhydrous) and 

starting ketone. The vial was sealed with a microwave vial cap (containing a 

ResealTM septum) and a balloon of O2 was inserted via a needle through the septum. 

The reaction was heated to 65 °C for the period of time stated. The reaction was 

quenched by diluting with Et2O and filtering through a pad of SiO2. Purification by 

flash column chromatography afforded the desired product. 

General procedure 3.B: Ir-catalyzed methylenation 
Under an open atmosphere, [Ir(cod)Cl]2, KOH and cataCXium® A were added to a 

Biotage® microwave vial equipped with a stir bar, followed by methanol (not 

anhydrous) and starting ketone. The vial was sealed with a microwave vial cap 

(containing a ResealTM septum) and degassed via a needle with a balloon of O2. The 

reaction was heated to 65 °C for the period of time stated with the O2 balloon 

attached. The reaction was quenched by diluting with Et2O and filtering through a pad 

of silica gel. Purification by flash column chromatography afforded desired product. 

(Note: It is important to keep the balloon properly attached. The reaction mixture 

turning from green to brown indicates insufficient O2 atmosphere.) 

General procedure 3.C: Symmetrical dimer formation 
Under an open atmosphere, [Ir(cod)Cl]2 and Cs2CO3 were added to a Biotage® 

microwave vial equipped with a stir bar, followed by methanol (not anhydrous) and 

starting ketone. The vial was sealed with a microwave vial cap (containing a 

ResealTM septum) and a balloon of O2 was inserted via a needle through the septum. 
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The reaction was heated to 65 °C for 48 h. The reaction was quenched by dilution 

with Et2O and filtering, first through a cotton filter and then through a pad of silica 

gel. Purification by flash column chromatography afforded symmetrical dimer 

products (as an inseparable mixture of diastereomers). 

General procedure 3.D: Pyridine formation (using NH2OH!HCl) 
Under an open atmosphere, starting diketone (1 equiv.) and hydroxylamine 

hydrochloride (3 equiv.) were added to a Biotage® microwave vial equipped with a 

stir bar, followed by ethanol (0.15 mL). The vial was sealed with a microwave vial 

cap (containing a ResealTM septum) and was heated to 80 °C for 24 h. The reaction 

was quenched by adding NaHCO3 (sat.), extracted with CH2Cl2, then washed with 

brine, dried over Na2SO4, filtered and concentrated in vacuo. Purification by flash 

column chromatography afforded the desired pyridines. 

General procedure 3.E: Pyridine formation (using NH4OAc) 
Under an open atmosphere, starting diketone (30 mg, 1 equiv.), NH4OAc (3 equiv.) 

and copper (II) acetate monohydrate (2.5 equiv.) were added to a Biotage® microwave 

vial equipped with a stir bar, followed by HOAc (0.16 mL). The vial was sealed with 

a microwave vial cap (containing a ResealTM septum), degassed with argon and 

heated to 120 °C for 24 h. The reaction was quenched by adding ammonia solution 

(28%–30%, 0.7 mL), extracted with EtOAc, then washed with brine, dried over 

Na2SO4, filtered, concentrated in vacuo. Purification by flash column chromatography 

afforded the desired product. 
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3.4.3 Synthetic procedures and compound characterization 

 
Compound 3.76, 2-methyl-1-phenylpentan-1-one 
1-phenylpentan-1-one (3.75, 49.3 μL, 0.300 mmol), [Ir(cod)Cl]2 (2.0 mg, 

0.0030 mmol), KOH (33.7 mg, 0.602 mmol), PPh3 (3.2 mg, 0.012 mmol) and 

methanol (1.5 mL) were subjected to general procedure 3.A for 48 h. Purification by 

flash column chromatography (SiO2, 11% Et2O/petrol) afforded 3.76 (60.9 mg, 0.239 

mmol, 80%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.92–7.84 (m, 2H), 

7.52–7.34 (m, 3H), 3.41 (sext, J = 6.8 Hz, 1H), 1.78–1.66 (m, 1H), 1.42–1.13 (m, 

3H), 1.12 (d, J = 6.9 Hz, 3H), 0.83 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

204.6, 136.8, 132.8, 128.6, 128.2, 40.3, 35.9, 20.6, 17.2, 14.2. Spectroscopic data are 

consistent with those previously reported.36 

 
Compound 3.89, 2-methylene-1-phenylpentan-1-one 
1-phenylpentan-1-one (3.75, 49.3 μL, 0.300 mmol), [Ir(cod)Cl]2 (4.0 mg, 

0.0060 mmol), KOH (50.0 mg, 0.893 mmol), cataCXium® A (8.4 mg, 0.024 mmol) 

and methanol (3.0 mL) were subjected to general procedure 3.B for 48 h. Purification 

by flash column chromatography (SiO2, 20% Et2O/petrol) afforded 3.89 (6.8 mg, 

0.039 mmol, 13%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.80–7.74 (m, 

2H), 7.60–7.54 (m, 1H), 7.47–7.42 (m, 2H), 5.83 (s, 1H), 5.59 (s, 1H), 2.46 (t, J = 6.9 

Hz, 2H), 1.54 (sext, J = 6.9 Hz, 2H), 0.98 (t, J = 6.9 Hz, 3H); 13C NMR (150 MHz, 

CDCl3) δ 198.5, 148.3, 138.0, 132.2, 129.5, 128.2, 125.3, 34.4, 21.4, 13.8. 

Spectroscopic data were consistent with those previously reported.36 

O

CH3

O
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Compound 3.90, 2-(methoxymethyl)-1-phenylpentan-1-one 
1-phenylpentan-1-one (3.75, 49.3 μL, 0.300 mmol), [Ir(cod)Cl]2 (4.0 mg, 

0.0060 mmol), KOH (50.0 mg, 0.893 mmol), cataCXium® A (8.4 mg, 0.024 mmol) 

and methanol (3.0 mL) were subjected to general procedure 3.B for 48 h. Purification 

by flash column chromatography (SiO2, 20% Et2O/petrol) afforded 3.90 (40.2 mg, 

0.195 mmol, 65%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 8.01–7.96 (m, 

2H), 7.59–7.54 (m, 1H), 7.50–7.44 (m, 2H), 3.81–3.69 (m, 2H), 3.55–3.48 (m, 1H), 

3.30 (s, 3H), 1.77–1.69 (m, 1H), 1.57–1.47 (m, 1H), 1.30 (sext, J = 7.8 Hz, 2H), 0.88 

(t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 203.1, 137.7, 132.9, 128.6, 128.3, 

74.3, 59.1, 46.5, 32.0, 20.6, 14.2. Spectroscopic data were consistent with those 

previously reported.36 

 
Compound 3.91, 1,5-diphenyl-2,4-dipropylpentane-1,5-dione 
Compound 3.91 (as an inseparable mixture of syn-3.91 and anti-3.91) was isolated as 

a byproduct of procedure 3.B (during optimization) and synthesized using procedure 

3.C as follows. 1-phenylpentan-1-one (3.75, 49.3 μL, 0.300 mmol), [Ir(cod)Cl]2 

(2.0 mg, 0.0030 mmol), Cs2CO3 (293 mg, 0.901 mmol) and methanol (0.75 mL) were 

subjected to general procedure 3.C for 48 h. Purification by flash column 

chromatography (SiO2, 20% Et2O/petrol) afforded 3.90 (33.7 mg, 0.0990 mmol, 66%) 

as a colorless oil. Dimers anti-3.90 and syn-3.90 were isolated as a 1:1 mixture of 

inseparable diastereoisomers. Anti-3.90 1H NMR (400 MHz, CDCl3) δ 7.72–7.68 (m, 

4H), 7.46–7.39 (m, 2H), 7.31–7.23 (m, 4H), 3.42–3.33 (m, 2H), 2.10–2.04 (m, 2H), 

O

OCH3

O OO O

syn-3.91 anti-3.91
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1.80–1.58 (m, 4H), 1.49–1.37 (m, 2H), 1.36–1.11 (m, 2H), 0.85 (t, J = 7.3 Hz, 6H); 

13C NMR (100 MHz, CDCl3) δ
 204.9, 137.4, 132.8, 128.5, 128.0, 43.7, 36.2, 34.4, 

20.5, 14.1.  

Syn-3.90 1H NMR (400 MHz, CDCl3) δ 8.04–7.98 (m, 4H), 7.61–7.55 (m, 2H), 7.53–

7.47 (m, 4H), 3.57–3.49 (m, 2H), 2.34–2.25 (m, 1H), 1.79–1.69 (m, 1H), 1.49–1.37 

(m, 2H), 1.36–1.11 (m, 6H), 0.79 (t, J = 7.3 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 

203.9, 137.2, 133.0, 128.7, 128.3, 43.4, 36.2, 34.0, 20.4, 14.1. Spectroscopic data 

were consistent with those previously reported.36 

 
Compound 3.92, 2-(hydroxymethyl)-1-phenylpentan-1-one 
A stirred solution of 1-phenylpentan-1-one (3.75, 1.00 mL, 6.10 mmol) in methanol 

(40 mL) was treated with paraformaldehyde (185 mg, 6.10 mmol) and K2CO3 (84 mg, 

0.61 mmol). The mixture was stirred at 25 °C for 72 h. The solvent was removed, 1 M 

HCl was added and the mixture was extracted with CHCl3. The combined organic 

phase was dried over MgSO4, filtered and concentrated. Purification by flash column 

chromatography (SiO2, CHCl3 to 10% methanol in CHCl3) afforded 3.92 (774 mg, 

4.02 mmol, 66%) as a colorless oil. 1H NMR (400 MHz, CHCl3) δ 8.00–7.93 (m, 2H), 

7.62–7.56 (m, 1H), 7.52–7.46 (m, 2H), 3.97 (dd, J = 11.1, 6.9 Hz, 1H), 3.86 (dd, J = 

11.1, 3.8 Hz, 1H), 3.67–3.59 (m, 1H), 2.25 (br s, 1H), 1.74–1.56 (m, 2H), 1.47–1.30 

(m, 2H), 0.92 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CHCl3) δ 204.7, 136.8, 133.3, 

128.7, 128.3, 62.9, 47.9, 31.3, 20.6, 14.1. Spectroscopic data were consistent with 

those previously reported.36 

O

OH
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Compound 3.104, (±)-(2RR,4RS)-2-benzyl-1,5-diphenyl-4-propylpentane-1,5-
dione 
1-phenylpentan-1-one (3.75, 49.3 μL, 0.300 mmol), [Ir(cod)Cl]2 (4.0 mg, 

0.0060 mmol), KOH (50.0 mg, 0.893 mmol), cataCXium® A (8.4 mg, 0.024 mmol) 

and methanol (3.0 mL) were subjected to general procedure 3.B for 48 h. The reaction 

was cooled, opened and sonicated for 15 min before 1,3-diphenylpropan-1-one (315 

mg, 1.51 mmol) and KOH (50 mg, 0.89 mmol) were added. The vial was sealed and 

heated at 65 °C for 48 h. The crude mixture was diluted with Et2O, filtered through 

SiO2 and concentrated. Purification by flash column chromatography (SiO2, 20% 

Et2O/petrol) afforded 3.104 as an oil (69.6 mg, 0.181 mmol, 61%). Dimers anti-3.104 

and syn-3.104 were isolated as a 1:1 mixture of inseparable diastereoisomers. 1H 

NMR (400 MHz, CDCl3) δ 7.85 (d, J = 7.3 Hz, 8H), 7.55–7.22 (m, 4H), 7.16–6.90 

(m, 18H), 3.79–3.62 (m, 2H), 3.51–3.37 (m, 1H), 3.31–3.20 (m, 1H), 3.12–2.81 (m, 

2H), 2.66 (dd, J = 22.4, 13.7 Hz, 2H), 2.26 (dt, J = 14.1, 7.1 Hz, 1H), 2.02 (dd, J = 

20.8, 10.5 Hz, 2H), 1.66–1.43 (m, 3H), 1.35–1.03 (m, 6H), 0.72 (t, J = 7.3 Hz, 3H), 

0.67 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 204.4, 204.3, 203.8, 203.3, 

139.5, 139.0, 137.4, 137.2, 137.2, 136.9, 133.2, 133.2, 133.0, 133.0, 129.0, 129.0, 

128.9, 128.8, 128.7, 128.5, 128.4, 128.4, 128.4, 128.3, 128.1, 128.0, 126.4, 126.3, 

46.0, 45.7, 43.7, 43.5, 40.0, 38.2, 36.1, 34.6, 34.5, 34.4, 20.6, 20.5, 14.2, 14.2. 

O OO O

syn-3.104 anti-3.104

Ph Ph



 134 

 
Compound 3.110a, 2-benzyl-3-methoxy-1-phenylpropan-1-one 
1,3-diphenylpropan-1-one (3.103, 63.0 mg, 0.300 mmol), [Ir(cod)Cl]2 (4.0 mg, 

0.0060 mmol), KOH (16.7 mg, 0.893 mmol), cataCXium® A (8.4 mg, 0.024 mmol) 

and methanol (3.0 mL) were subjected to general procedure 3.B for 48 h. Purification 

by flash column chromatography (SiO2, 20% Et2O/petrol) afforded 3.110a (41.9 mg, 

0.165 mmol, 55%) as a colorless oil. Compound 3.109a was also isolated (15.0 mg, 

0.0670, 22%) but not characterized. 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 7.7 

Hz, 2H), 7.46–7.40 (m, 1H), 7.35–7.29 (m, 2H), 7.17–7.11 (m, 2H), 7.08 (d, J = 7.3 

Hz, 3H), 3.97–3.88 (m, 1H), 3.66–3.60 (m, 1H), 3.43 (dd, J = 9.0, 5.3 Hz, 1H), 3.18 

(s, 3H), 2.98 (dd, J = 13.7, 7.4 Hz, 1H), 2.80 (dd, J = 13.7, 6.8 Hz, 1H). 

 
Compound 3.110b, 2-(methoxymethyl)-1-(4-methoxyphenyl)hexan-1-one 
1-(4-methoxyphenyl)pentan-1-one (3.107, 61.9 mg, 0.300 mmol), [Ir(cod)Cl]2 (4.0 

mg, 0.0060 mmol), KOH (50.0 mg, 0.893 mmol), cataCXium® A (8.4 mg, 

0.024 mmol) and methanol (3.0 mL) were subjected to general procedure 3.B for 

48 h. Purification by flash column chromatography (SiO2, 20% Et2O/petrol) afforded 

3.110b (41.4 mg, 0.165 mmol, 55%) as a colorless oil. Compound 3.109b was also 

isolated (13.7 mg, 0.00630 mmol, 20%) but not characterized. 1H NMR (400 MHz, 

CDCl3) δ 7.98 (d, J = 8.8 Hz, 2H), 6.95 (d, J = 8.8 Hz, 2H), 3.87 (s, 3H), 3.71–3.68 

(m, 2H), 3.52–3.46 (m, 1H), 3.29 (s, 3H), 1.72–1.67 (m, 1H), 1.56–1.50 (m, 1H), 

1.27–1.24 (m, 2H), 0.84 (t, J = 6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 201.5, 

163.5, 130.7, 129.9, 113.8, 74.4, 59.1, 55.4, 46.3, 29.6, 22.9, 13.9. 

O

Ph

OCH3

O

H3CO OCH3
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Compound 3.110c, 2-benzyl-3-methoxy-1-(4-methoxyphenyl)propan-1-one 
1-(4-methoxyphenyl)-3-phenylpropan-1-one (3.108, 72.1 mg, 0.300 mmol), 

[Ir(cod)Cl]2 (4.0 mg, 0.0060 mmol), KOH (50.0 mg, 0.893 mmol), cataCXium® A 

(8.4 mg, 0.024 mmol) and methanol (3.0 mL) were subjected to general procedure 

3.B for 48 h. Purification by flash column chromatography (SiO2, 20% Et2O/petrol) 

afforded 3.110c (53.7 mg, 0.189 mmol, 65%) as a colorless oil. Compound 3.109c 

was also isolated (2.4 mg, 0.0095, 3%) but was not characterized. 1H NMR (500 

MHz, CDCl3) δ 7.89 (d, J = 8.8 Hz, 2H), 7.25–7.15 (m, 5H), 6.89 (d, J = 9.0 Hz, 2H), 

3.98 (td, J = 7.1, 1.9 Hz, 1H), 3.84 (s, 3H), 3.72 (dd, J = 9.0, 7.4 Hz, 1H), 3.51 (dd, J 

= 9.0, 5.4 Hz, 1H), 3.28 (s, 3H), 3.06 (dd, J = 13.8, 7.5 Hz, 1H), 2.88 (dd, J = 13.8, 

6.7 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 200.5, 163.5, 139.3, 130.7, 130.4, 129.0, 

128.4, 126.3, 113.7, 73.7, 59.1, 55.4, 48.3, 35.5. 

 
Compound 3.117, (±)(2RS,4SS)-2,4-Dibenzyl-1-cyclopropyl-5-(4-
methoxyphenyl)pentane-1,5-dione1 
Under an open atmosphere, [Ir(cod)Cl]2 (13.3 mg, 0.0200 mmol), KOH (167 mg, 

3.00 mmol) and cataCXium® A (28.0 mg, 0.0800 mmol) were added to a Biotage® 

microwave vial equipped with a stir bar, followed by methanol (10 mL, not 

anhydrous) and 1-(4-methoxyphenyl)-3-phenylpropan-1-one (3.108, 240.0 mg, 1.000 

mmol). The vial was sealed with a microwave vial cap (containing a ResealTM 

septum) and a balloon of O2 was inserted via a needle through the septum. The 

reaction was heated to 65 °C for 48 h before being concentrated to 0.4 M (stream of 
                                                
1 Reaction performed by Darren Poole 

O
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H3CO OCH3

O OO O
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Ar) and SiliaMetS DMT (257 mg, 0.160 mmol) was added. The mixture was stirred at 

25 °C open to air for 1 h before 1-cyclopropyl-3-phenylpropan-1-one (3.115, 523 mg, 

3.00 mmol) and KOH (167 mg, 3.00 mmol) were added. The vial was sealed and 

heated at 65 °C under O2 for 21 h. The reaction was cooled, another 2 equiv. of KOH 

(112.0 mg, 1.000 mmol) was added and the reaction was heated for another 24 h. The 

crude mixture was diluted with Et2O, filtered through SiO2 and concentrated in vacuo. 

Purification by flash column chromatography (SiO2, 20% Et2O/petrol) afforded 3.117 

as a light yellow oil (277 mg, 0.650 mmol, 65%). 1H NMR (500 MHz, CDCl3) δ 7.89 

(d, J = 8.8 Hz, 2H), 7.84 (d, J = 9.0 Hz, 2H), 7.30–7.10 (m, 18H), 7.06–7.02 (m, 2H), 

6.92 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.8 Hz, 2H), 3.86–3.82 (m, 3H), 3.81–3.77 (m, 

3H), 3.77–3.64 (m, 2H), 3.14–2.87 (m, 6H), 2.80–2.69 (m, 3H), 2.63 (dd, J = 6.7, 

13.5 Hz, 1H), 2.36 (td, J = 7.1, 14.1 Hz, 1H), 2.14–2.05 (m, 1H), 2.04–1.96 (m, 1H), 

1.94–1.84 (m, 1H), 1.67 (td, J = 6.6, 13.8 Hz, 1H), 1.57–1.48 (m, 1H), 1.07–0.92 (m, 

2H), 0.91–0.79 (m, 3H), 0.79–0.71 (m, 1H), 0.65–0.51 (m, 2H); 13C NMR (125 MHz, 

CDCl3) δ 213.7, 213.1, 202.0, 201.4, 163.6, 163.5, 139.6, 139.4, 139.2, 138.9, 130.7, 

130.6, 130.5, 129.8, 129.0, 129.0, 129.0, 128.5, 128.4, 128.4, 126.4, 126.3, 113.9, 

113.8, 55.5, 55.4, 52.8, 52.6, 45.7, 45.3, 39.9, 39.3, 38.3, 38.1, 33.8, 33.7, 20.9, 20.7, 

11.7, 11.5, 11.5, 11.5 (4 aromatic carbons were not observed due to overlapping); IR 

(neat) νmax 3062, 3027, 2934, 2841, 1598, 1259, 1169, 699 cm−1; HRMS (ESI)+ m/z 

calculated for C29H30O3 [M+H]+ 427.2268, found 427.2259 (∆ −2.1 ppm). 
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Compound 3.116, (±)(2SS,4RS)-2,4-dibenzyl-1-(4-methoxyphenyl)-5-
phenylpentane-1,5-dione2 
Under an open atmosphere, [Ir(cod)Cl]2 (13.3 mg, 0.0200 mmol), KOH (167 mg, 

3.00 mmol) and cataCXium® (28.0 mg, 0.0800 mmol) were added to a Biotage® 

microwave vial equipped with a stir bar, followed by methanol (10 mL, not 

anhydrous) and 1-(4-methoxyphenyl)-3-phenylpropan-1-one (3.108, 240.0 mg, 1.000 

mmol). The vial was sealed with a microwave vial cap (containing a ResealTM 

septum) and a balloon of O2 was inserted via a needle through the septum. The 

reaction was heated to 65 °C for 48 h. It was then cooled and concentrated to 0.4 M 

(stream of Ar) before SiliaMetS DMT (257 mg, 0.161 mmol) was added. The mixture 

was stirred at 25 °C open to air for 1 h before 3-phenylpropiophenone (630 mg, 3.00 

mmol) and KOH (167 mg, 3.00 mmol) were added. The vial was sealed and heated at 

65 °C for 24 h under O2 and another 1 equiv. KOH was added (56 mg, 1.0 mmol) then 

heated for another 18 h. The crude mixture was diluted with Et2O, filtered through 

SiO2 and concentrated. Purification by flash column chromatography (SiO2, 20% 

Et2O/petrol) afforded 3.116 as a light yellow oil (333 mg, 0.721 mmol, 72%). Dimers 

anti-3.116 and syn-3.116 were isolated as a 1:1 mixture of inseparable 

diastereoisomers. 1H NMR (500 MHz, CDCl3) δ 7.90–7.87 (m, 4H), 7.58–7.51 (m, 

5H), 7.46–7.43 (m, 2H), 7.39–7.35 (m, 1H), 7.22–7.08 (m, 18H), 7.01–6.99 (m, 4H), 

6.94–6.92 (m, 2H), 6.64–6.63 (m, 2H), 3.87 (s, 3H), 3.84–3.66 (m, 4H), 3.74 (s, 3H), 

3.07–2.98 (m, 4H), 2.75–2.63 (m, 4H), 2.43–2.38 (m, 1H), 2.15–2.12 (m, 2H), 1.77–

1.72 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 203.9, 203.2, 202.3, 201.5, 163.6, 

163.3, 139.5, 139.3, 139.1, 138.8, 137.2, 136.8, 133.1, 132.7, 130.7, 130.4, 129.8, 
                                                
2 Reaction performed by Darren Poole. 
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129.0, 128.9, 128.9, 128.7, 128.5, 128.4, 128.4, 128.4, 128.4, 128.3, 128.0, 126.4, 

126.3, 126.3, 113.9, 113.5, 55.5, 55.4, 46.0, 45.6, 45.5, 45.2, 39.9, 39.9, 38.5, 38.3, 

34.9, 34.5 (3 carbon signals are not observed due to overlapping); IR (neat) νmax 3061, 

3027, 2923, 2851, 2361, 2341, 1674, 1599, 1259, 1245, 1171, 699 cm−1; HRMS 

(ESI+) m/z calculated for C32H30O3 [M+H]+ 463.2268, found 463.2260 (∆ −1.6 ppm). 

 
Compound 3.118, (2RR,4RS)-2,4-dibenzyl-1,5-bis(4-methoxyphenyl)pentane-1,5-
dione 
1-(4-methoxyphenyl)-3-phenylpropan-1-one (3.108, 72.1 mg, 0.300 mmol), 

[Ir(cod)Cl]2 (2.0 mg, 0.0030 mmol), Cs2CO3 (489 mg, 0.893 mmol) and methanol 

(0.75 mL) were subjected to general procedure 3.C for 48 h. Purification by flash 

column chromatography (SiO2, 20% Et2O/petrol) afforded 3.118 (61.0 mg, 0.124 

mmol, 83%) as a colorless oil. Dimers anti-3.118 and syn-3.118 were isolated as a 1:1 

mixture of inseparable diastereoisomers. 1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 

8.7 Hz, 4H), 7.50 (d, J = 8.8 Hz, 4H), 7.21–7.07 (m, 16H), 6.99 (d, J = 7.1 Hz, 4H), 

6.92 (d, J = 9.0 Hz, 4H), 6.61 (d, J = 8.6 Hz, 4H), 3.86 (s, 6H), 3.74 (s, 6H), 3.76–

3.71 (m, 2H), 3.67–3.60 (m, 2H), 3.06–3.02 (m, 2H), 3.01–2.97 (m, 2H), 2.74–2.69 

(m, 2H), 2.67–2.62 (m, 2H), 2.41–2.35 (m, 1H), 2.12 (t, J = 7.1 Hz, 2H), 1.75–1.69 

(m, 1H); 13C NMR (100 MHz, CDCl3) δ 202.4, 201.6, 163.6, 163.2, 139.6, 139.2, 

130.8, 130.4, 130.4, 129.9, 129.0 (2C), 128.5, 128.4, 126.3, 126.7, 113.9, 113.5, 55.6, 

55.3, 45.6, 45.2, 40.2, 38.5, 35.5, 34.8; IR (neat) νmax 2933, 2839, 1667, 1598, 1510, 

1246, 1170, 1030, 836, 749, 700 cm−1; HRMS (ESI+) m/z calculated for C33H32O4 

[M+H]+ 493.2373, found 493.2367 (∆ −1.3 ppm). 

O OO O

syn-3.118 anti-3.118
H3CO OCH3OCH3 H3COPhPh PhPh
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Compound 3.105, (±)-(2RR,4RS)-2,4-dibenzyl-1,5-diphenylpentane-1,5-dione 
Compound 3.105 (as a mixture of syn- and anti-3.105) was isolated as a byproduct 

from reaction of 3.103 (general procedure 3.B) and was also synthesized using 

procedure 3.C as follows. 1,3-diphenylpropan-1-one (3.103, 63.1 mg, 0.300 mmol), 

[Ir(cod)Cl]2 (2.0 mg, 0.0030 mmol), Cs2CO3 (489 mg, 0.893 mmol) and methanol 

(0.75 mL) were subjected to general procedure 3.C for 48 h. Purification by flash 

column chromatography (SiO2, 10% Et2O/petrol) afforded 3.105 (45.6 mg, 0.105 

mmol, 70%) as a colorless oil. Dimers anti-3.105 and syn-3.105 were isolated as a 1:1 

mixture of inseparable diastereoisomers. 1H NMR (400 MHz, CDCl3) δ 7.80–7.73 (m, 

4H), 7.51–7.41 (m, 6H), 7.41–7.31 (m, 2H), 7.31–7.24 (m, 4H), 7.14–7.02 (m, 16H), 

7.02–6.97 (m, 4H), 6.91–6.84 (m, 4H), 3.65 (dq, J = 30.2, 7.0 Hz, 4H), 2.94 (td, J = 

13.7, 7.3 Hz, 4H), 2.59 (ddd, J = 29.2, 13.7, 6.7 Hz, 4H), 2.31 (dt, J = 14.1, 7.1 Hz, 

1H), 2.06–2.01 (m, 2H), 1.70–1.60 (m, 1H), 0.86–0.76 (m, 2H); 13C NMR (100 MHz, 

CDCl3) δ 203.8, 203.1, 139.2, 138.8, 137.2, 136.8, 133.1, 132.8, 128.9, 128.9, 128.7, 

128.5, 128.4, 128.4, 128.4, 128.0, 126.4, 126.3, 45.9, 45.6, 39.7, 38.3, 34.6, 34.3. 

 
Compound 3.119, 3,5-dibenzyl-2,6-diphenylpyridine 
Compound 3.105 (43.0 mg, 0.0994 mmol) was subjected to general procedure 3.E 

with NH4OAc (23.1 mg, 0.300 mmol) and Cu(OAc)2 (45.0 mg, 0.248 mmol) in HOAc 

(0.25 mL). The mixture was heated for 48 h, cooled then subjected to aqueous workup 

to yield crude product, which was purified by flash column chromatography (SiO2, 

O OO O

syn-3.105 anti-3.105
PhPhPh Ph

N

PhPh
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toluene to 2% Et2O/petrol gradient) to yield 3.119 (33.3 mg, 0.809 mmol, 81%) as a 

colorless oil. 

Compound 3.119 was also synthesized through a one-pot procedure (using modified 

general methods 3.C, 3.E): 1,3-diphenylpropan-1-one (3.103, 63.0 mg, 0.300 mmol), 

[Ir(cod)Cl]2 (2.0 mg, 0.0030 mmol), Cs2CO3 (489 mg, 0.893 mmol) and methanol 

(0.75 mL) were added to a Biotage® microwave vial equipped with a stir bar. The vial 

was sealed with a microwave vial cap (containing a ResealTM septum) and a balloon 

of O2 was inserted via a needle through the septum. The reaction was heated to 65 °C 

for 24 h. The reaction was purged with N2 and HOAc (0.75 mL), Cu(OAc)2 (68.0 mg, 

0.374 mmol) then NH4OAc (35.0 mg, 0.454 mmol) were added. The vial was sealed 

under an N2 atmosphere and stirred at 120 °C for 24 h. The reaction was cooled and 

subjected to an aqueous workup. Crude material was purified by flash column 

chromatography (SiO2, 1–8% Et2O/petrol gradient) to yield 3.119 (35.7 mg, 

0.0867 mmol, 82%). 1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 6.4 Hz, 4H), 7.33–

7.25 (m, 7H), 7.17–7.08 (m, 6H), 6.90 (d, J = 7.1 Hz, 4H), 3.94 (s, 4H); 13C NMR 

(100 MHz, CDCl3) δ 156.6, 141.2, 140.5, 132.5, 129.3, 128.8, 128.5, 128.5, 128.2, 

128.0, 126.2, 38.2. 

 
Compound 3.120, 3-benzyl-2,6-diphenyl-5-propylpyridine 
Compound 3.104 (77.7 mg, 0.0202 mmol) was subjected to general procedure 3.E 

with NH4OAc (46.7 mg, 0.606 mmol) and Cu(OAc)2 (91.8 mg, 0.505 mmol) in HOAc 

(0.50 mL). The mixture was heated for 24 h, cooled then subjected to aqueous workup 

to yield crude product which was purified by flash column chromatography (SiO2, 

petrol to 20% Et2O/petrol gradient) to yield 3.120 (73.0 mg, 0.0202 mmol, quant.). 

N

Ph
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Compound 3.120 was also synthesized through a one-pot procedure: 1-phenylpentan-

1-one (3.75, 49.3 μL, 0.300 mmol), [Ir(cod)Cl]2 (4.0 mg, 0.0060 mmol), KOH 

(50.0 mg, 0.893 mmol) and methanol (3.0 mL) were added to a Biotage® microwave 

vial equipped with a stir bar. The vial was sealed with a microwave vial cap 

(containing a ResealTM septum) and a balloon of O2 was inserted via a needle 

through the septum. The reaction was heated to 65 °C for 48 h. The reaction was 

purged with N2 and 3.103 (315.4 mg, 1.500 mmol), KOH (50 mg, 0.89 mmol) were 

added and the vial was resealed with a balloon of O2. The reaction was heated for 18 h 

then cooled and purged with N2. HOAc (1.5 mL), Cu(OAc)2 (136 mg, 0.745 mmol) 

then NH4OAc (69.0 mg, 0.895 mmol) were added. The vial was sealed under an N2 

atmosphere and stirred at 120 °C for 16 h. The reaction was cooled and subjected to 

an aqueous workup. Crude material was purified by flash column chromatography 

(SiO2, petrol to 15% Et2O/petrol gradient) to yield 3.120 (63.7 mg, 0.100 mmol, 

56%). 1H NMR (400 MHz, CDCl3) δ 7.49–7.39 (m, 4H), 7.39–7.10 (m, 10H), 6.99 

(d, J = 7.3 Hz, 2H), 3.99 (s, 2H), 2.59–2.49 (m, 2H), 1.52–1.35 (m, 2H), 0.77 (t, J = 

7.3 Hz, 3H). 

 
Compound 3.121, 2,6-diphenyl-3,5-dipropylpyridine 
Compound 2.91 was subjected to general procedure 3.D with NH2OH!HCl (13.0 mg, 

0.187 mmol) in EtOH (0.95 mL) and heated for 12 h. Aqueous workup and 

purification by flash column chromatography (SiO2, petrol to 10% Et2O/petrol 

gradient) yielded 3.121 (33.1 mg, 0.105 mmol, 56% yield) as a colorless oil. 

Compound 3.121 was also synthesized through a one-pot procedure: 1-phenylpentan-

1-one (3.75, 49.3 μL, 0.300 mmol), [Ir(cod)Cl]2 (2.0 mg, 0.0030 mmol), Cs2CO3 (489 

N
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mg, 0.893 mmol) and methanol (0.75 mL) were added to a Biotage® microwave vial 

equipped with a stir bar. The vial was sealed with a microwave vial cap (containing a 

ResealTM septum) and a balloon of O2 was inserted via a needle through the septum. 

The reaction was heated to 65 °C for 24 h. The reaction was purged with N2 and 

HOAc (0.75 mL), Cu(OAc)2 (68.0 mg, 0.374 mmol) then NH4OAc (35.0 mg, 0.454 

mmol) were added. The vial was sealed under an N2 atmosphere and stirred at 120 °C 

for 24 h. The reaction was cooled and subjected to an aqueous workup. Crude 

material was purified by flash column chromatography (SiO2, 3–9% Et2O/petrol 

gradient) to yield 3.121 (22.4 mg, 0.0710 mmol, 47%). 1H NMR (400 MHz, CDCl3) δ 

7.44 (d, J = 6.9 Hz, 5H), 7.33 (t, J = 7.3 Hz, 4H), 7.29–7.25 (m, 2H), 2.57 (d, J = 7.7 

Hz, 4H), 1.59–1.44 (m, 4H), 0.82 (t, J = 7.3 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 

155.8, 140.9, 138.7, 133.8, 129.2, 128.0, 127.5, 34.2, 24.2, 14.1. Data were in 

accordance with the literature.51  

 
Compound 3.124, 3,5-dibenzyl-2-(4-methoxyphenyl)-6-phenylpyridine 
Compound 3.122 (66.2 mg, 0.143 mmol) was subjected to general procedure 3.E with 

NH4OAc (33.1 mg, 0.429 mmol) and Cu(OAc)2 (52.4 mg, 0.358 mmol) in HOAc 

(0.36 mL). The mixture was heated for 24 h, cooled then subjected to aqueous workup 

to yield crude product which was purified by flash column chromatography (SiO2, 

petrol to 10% Et2O/petrol gradient) to yield 3.124 (51.7 mg, 0.117 mmol, 82%). 1H 

NMR (500 MHz, CDCl3) δ 7.42 (d, J = 7.6 Hz, 2H), 7.38 (d, J = 7.9 Hz, 2H), 7.33–

7.24 (m, 4H), 7.15 (q, J = 8.0 Hz, 4H), 7.12–7.08 (m, 2H), 6.93 (d, J = 7.6 Hz, 2H), 

6.90 (d, J = 7.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 3.96 (s, 2H), 3.93 (s, 2H), 3.74 (s, 

3H); 13C NMR (125 MHz, CDCl3) δ 159.5, 156.5, 156.3, 141.2, 140.6, 140.2, 132.7, 

N

PhPh

H3CO
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140.5, 132.2, 132.0, 130.6, 129.3, 128.8, 128.8, 128.5, 128.5, 128.1, 127.9, 126.2, 

126.2, 113.6, 55.4, 38.3, 38.2; IR (neat) νmax 3060, 3026, 2932, 2836, 1609, 1434, 

1248, 1175, 728, 699 cm−1; HRMS (ESI+) m/z calculated for C32H27NO [M+H]+ 

442.2165, found 442.2157 (∆ −1.97 ppm). 

 
Compound 3.125, 3,5-dibenzyl-2,6-bis(4-methoxyphenyl)pyridine 
Compound 3.123 (56.8 mg, 0.115 mmol) was subjected to general procedure 3.E with 

NH4OAc (26.7 mg, 0.346 mmol) and Cu(OAc)2 (52.4 mg, 0.288 mmol) in HOAc 

(0.30 mL). The mixture was heated for 24 h, cooled then subjected to aqueous workup 

to yield crude product which was purified by flash column chromatography (SiO2, 

petrol to 10% Et2O/petrol gradient) to yield 3.125 (36.6 mg, 0.0776 mmol, 67%). 1H 

NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.6 Hz, 4H), 7.34 (s, 1H), 7.25 (t, J = 7.7 Hz, 

4H), 7.18 (t, J = 6.8 Hz, 2H), 7.02 (d, J = 7.6 Hz, 4H), 6.93 (d, J = 8.6 Hz, 4H), 4.04 

(s, 4H), 3.83 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 159.6, 156.3, 141.4, 140.8, 

132.9, 131.9, 130.7, 128.8, 128.6, 126.2, 113.6, 55.4, 38.4;  IR (neat) νmax 3015, 2970, 

1609, 1511, 1434, 1294, 1175, 1031, 839 cm−1; HRMS (ESI+) m/z calculated for 

C33H29NO2 [M+H]+: 472.2271, found 472.2264 (∆ −1.6 ppm). 
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Chapter 4 
Activated benzothiadiazin-3-one 1,1-dioxides 

and benzoxathiazin-3-one 1,1-dioxides targeting 
serine hydrolase inhibition 
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4.1 Introduction 
Harnessing the power of chemistry towards biologically relevant discovery is 

the backbone of modern, interesting and successful programs within the field of 

organic chemistry. Herein, I disclose the initial work on a powerful chemical design 

to develop a new class of serine hydrolase inhibitors. 

4.1.1 Introduction to serine hydrolases 
Serine hydrolases are exciting and important targets in the post-genomic era. 

This family of enzymes consists of more than 1% of predicted proteins, making it one 

of the largest and most diverse classes of mammalian enzyme families.1-7 

Additionally, serine hydrolases play important roles in both physiological and 

pathophysiological processes.8,9 The more than 200 human serine hydrolases include 

lipases, peptidases, esterases, thioesterases, and amidases that hydrolyze esters and 

amides found in small molecules, signaling lipids, peptides or post-translational ester 

and thioester protein modifications. Importantly, a large percentage of the serine 

hydrolases remain uncharacterized or unannotated, lacking a known role or 

endogenous substrate, and many more lack specific inhibitors.  

An established program in the Boger group has focused on the serine 

hydrolase fatty acid amide hydrolase (FAAH). The discovery of FAAH, its 

endogenous substrates, its biological role, and the use of potent and selective FAAH 

inhibitors exemplify the potential of investigating serine hydrolases. FAAH was 

discovered along with its endogenous substrates, oleamide (4.1) and anandamide (4.2) 

(Figure 4-1) and is known to degrade these neuromodulatory fatty acid amides 

(through hydrolysis to acids 4.3 and 4.4, respectively) at their site of action, thus 

controlling the intensity and duration of their effects. FAAH has been validated as a 

therapeutic target for the treatment of a wide range of disorders including pain, 

inflammation, and sleep disorders.1,10-13 
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Figure 4-1. Two endogenous fatty acid amide substrates hydrolyzed by FAAH 

The mechanism of serine hydrolase activity is derived from the key serine 

nucleophile in the conserved active site catalytic triads of each member of the family. 

The active site usually also contains acidic (aspartate/glutamate) and basic 

(histidine/lysine) residues that take part in the enzymatic hydrolysis process via 

proton relay. FAAH contains a Ser241–Ser217–Lys142 catalytic triad that upon 

nucleophilic attack of Ser241 on the carbonyl of the substrate anandamide generates a 

tetrahedral intermediate (4.5, Figure 4-2). Collapse of the intermediate yields 

ethanolamine (4.6) and the enzyme-bound arachidonoyl-intermediate 4.7. Lys142 acts 

as a general base-general acid and serves to deprotonate Ser241 and protonate the 

leaving group during this process. The enzyme-substrate bond is hydrolyzed in a 

water-mediated deacylation to release the product carboxylic acid (4.3) with 

simultaneous regeneration of the enzyme. 
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Figure 4-2. Mechanism of action of FAAH on endogenous substrate anandamide (4.1) 

A similar mechanism is preserved by all serine hydrolases and informs the 

search for probes and selective inhibitors for this class of enzymes. 

4.1.2 Covalent serine hydrolase inhibitors 
Early studies identified the endogenous, sleep-inducing molecule 2-octyl 

α-bromoacetoacetate (4.8) as a potent, reversible FAAH inhibitor (Ki = 0.8 μM)1,3,14,15 

(Figure 4-3). Subsequent successful inhibitors designed to target this family of 

enzymes incorporated an electrophilic carbonyl, with notable exceptions including 

fluorophosphonates and sulfonyl fluorides,8,16-22 to harness the serine-mediated 

mechanism through covalent modification of the active site.15,23-29 

 
Figure 4-3. Inhibitors of FAAH (with reactive carbonyl moeities aligned with that of 

endogenous FAAH substrate oleamide 4.2, included for comparison) 
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Library synthesis and substrate-based design have produced inhibitors with 

therapeutic potential including selective, reversible and irreversible covalent 

inhibitors, with most FAAH inhibitors falling into two generalized mechanistic 

classes. The first is a class of α-ketoheterocycle-based inhibitors30-35 (e.g. 4.9, Figure 

4-3), which form a reversible hemiketal with the active site catalytic serine.36-38 The 

libraries of α-ketoheterocycle inhibitors include nearly a thousand examples and have 

resulted in inhibitors for FAAH including OL-135 (4.9), extraordinarily selective over 

other serine hydrolases. They have also been shown to be efficacious analgesics in 

vivo.5,6,39-45  

The second class is that of activated carbamates2,8,17,46,47 (such as 4.10) and 

ureas1,3-7,48,49 (such as 4.11), which form a carbonate or carbamate, respectively, upon 

reaction with the active site serine. These acylation products are more difficult to 

hydrolyze (carbamate > carbonate >> ester) and typically lead to irreversible 

acylation. This class of FAAH inhibitors includes potent inhibitors such as 

WWL658,35,50 (4.10, IC50 = 0.008 μM) and PF-38451,28,33 (4.11, Ki = 0.23 μM). High 

selectivity has been achieved for some irreversible urea and carbamate inhibitors; 

however, the more promiscuous inhibition displayed by others in this class can 

complicate their development as drug candidates. However, such potent and less 

selective inhibition provides the opportunity for developing exploratory probes for 

examining and identifying unannotated serine hydrolases. 

Small molecule libraries have been prepared that include compounds 

incorporating an electrophilic carbonyl including ureas1,3,15,51 and carbamates,8,17,33 as 

well as others not covered herein including activated trifluoromethyl ketones,23,24,26,28,52 

lactones,30,53 lactams36,54 and others,39-41,55 which also act through covalent modification 

of the serine nucleophile. The success of the FAAH inhibitor classes is exemplified in 
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identification and pursuit of potential new therapeutics, some of which are currently 

undergoing clinical trials.56,57 Additionally, inhibitors of other serine hydrolases have 

been developed and approved to treat obesity, diabetes, microbial infections and 

Alzheimer’s disease.58 

The successful program that created such potent inhibitors for FAAH is 

indicative of the success that novel chemotypes can have in the development of new 

covalent serine hydrolase inhibitors. Library synthesis and inhibitor identification has 

been applied to many members of the serine hydrolase family. In addition to 

therapeutics, these tools have contributed greatly to a biological understanding of the 

role of unannotated serine hydrolases, with many more still remaining to be 

elucidated.  

4.1.3 Activity-based protein profiling 
The use of activity-based protein profiling (ABPP)48,49,59,60 paired with such 

exquisitely designed inhibitor classes has allowed the rapid analysis of target serine 

hydrolases and monitoring of enzyme activity in complex systems. ABPP offers a 

distinct set of chemical tools with probes developed for many specific enzyme 

classes, such as fluorophosphonate-rhodamine35,50 for selective serine hydrolase 

labeling. Thus, rapid identification of inhibitor targets, assessment and optimization of 

inhibitor selectivity, and functional assignment of uncharacterized enzymes28,33,54 can 

occur without recombinant enzyme expression, purification of protein and the 

development of specific substrate assays, as required by traditional methods of 

inhibitor examination. This method was first exemplified in the expedited 

development of 4.9,51,62 an exceptional inhibitor which selectively (>100-fold) and 

potently (Ki < 4 nM) inhibits FAAH. OL-135 exhibited in vivo efficacy33,63 and was 

used to validate FAAH as a new therapeutic target for the treatment of pain.  
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ABPP permits the discovery of new inhibitors and evaluation of compound 

libraries through rapid and comprehensive, proteome-wide screening of enzymes in a 

variety of states, including in vitro and in vivo,52,64 and simultaneously probes the 

potency and selectivity of any discovered inhibitor. The assessment of all potential 

competitive enzymes is conducted without expressed or purified enzymes, without a 

competitive substrate and without inhibitor modifications such as a click tag or 

appended fluorophore. The relative potency for competitive enzymes can be 

quantified, even for hydrolases lacking known substrates or function, permitting the 

design and examination of novel chemical groups to harness different reactivity and 

inhibit new targets in the serine hydrolase family. 

4.1.4 A new serine hydrolase-targeted chemotype 
In order to explore new chemotypes and discover new targets accessible 

through chemical interrogation, a new irreversible inhibitor class was required that 

would exhibit high specificity for a particular serine hydrolase. The body of work on 

irreversible inhibitors of serine, cysteine and threonine proteases provides 

inspiration.53,65 Specifically, tethered reactive moieties that acylate, phosphonylate, 

and sulfonylate the serine in the active site were of particular interest (Figure 4-4). 

The saccharin family of serine protease inhibitors (4.12) is described here as a model 

of tethered sulfonamide-containing inhibitors that provides a related examples to our 

novel serine protease inhibitor design. 

 
Figure 4-4. Irreversible inhibitors of proteases with tethered electrophiles 
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This family of 1,2-benzisothiazol-3-one 1,1-dioxides were designed and tested 

for their activity against serine proteases such as human leukocyte elastase (HLE)54 

and human mast cell tryptase55 that act through acylation of the nucleophilic serine 

active site residue. The mechanism of action involves attack on the activated amide 

bond of the heterocyclic ring of 4.12 (Figure 4-5) by the active site serine, which upon 

collapse of the tetrahedral intermediate 4.13 forms an acyl enzyme intermediate in the 

form of an ester 4.14, with concurrent release of the sulfonamide moiety as the 

leaving group (Figure 4-5a). This mechanism is supported by labeling studies 

showing preference for attack at the amide carbonyl over the sulfonamide.58 The side 

chain (R) was originally designed as an acyl or aryl group (4.12a), and early N-

arylsaccharins such as 4.15 inhibit HLE with IC50 values on the order of 1 μM62 while 

N-furoyl saccharin was found to be affective at preventing the development of 

experimental emphysema in vivo.59,60 Further studies led to the discovery of suicide 

inhibitors58,61 with the general structure 4.12b and with a leaving group (LG) that can 

participate in the inhibition mechanism. This is proposed to occur through a second 

addition of a nucleophilic residue to intermediates such as 4.16, forming cross-linked 

acyl enzyme derivatives (4.17). This class has produced potent inhibitors such as 4-

isopropyl-6-methoxybenzisothiazolone derivatives (e.g. 4.18) that show potent HLE 

inhibition (Ki = 14 pM) and increased human blood stability (t1/2 = 110 min).54 



 155 

 
Figure 4-5. Saccharin inhibitors and mechanism of action for (a) acyl or aryl saccharins and 
(b) suicide saccharins; (c) a representative example of both classes of saccharin inhibitors54, 

62 

Structure-activity relationship (SAR) studies have shown that the potency and 
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(numbering shown in Figure 4-5) was shown to affect activity through interaction 

with the recognition pocket of serine hydrolases (for C-4 substitution) and through 

influence of the inactivation rate, reactivation rate, hydrogen-bonding effects and in 

vivo stability (for C-6 substitution).62  
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yields a serine ester, which is more susceptible to deacylation than the carbonates and 

carbamates formed with carbamate and urea inhibitors (see Section 4.1.2). 

The potential to design and examine a new chemotype and scaffold for serine 

hydrolyse inhibition is the focus of the project described herein. The established 

program investigating FAAH inhibition in the Boger group, the use of ABPP methods 

and the inspiration of the saccharin family of inhibitors enabled the pursuit of a novel 

class of activated carbamate- and urea-containing inhibitors. 
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4.2 Results and Discussion 
The proposed inhibitor scaffold pursued is a modification of the saccharin 

parent ring system with an α-insertion of a heteroatom (O, N) adjacent to the carbonyl 

(4.19, Figure 4-6). The mechanism of inhibition proposed is initiated by nucleophilic 

attack of an active site serine on the inhibitor carbonyl (Figure 4-6). Collapse of the 

tetrahedral intermediate 4.20 and release of the leaving group sulfonamide provides a 

covalently bound inhibitor 4.21. The scaffold design provides the formation of a 

carbamate or carbonate bond, depending on the choice of heteroatom (X). This 

increases the stability of this enzyme-inhibitor complex by and increases the time 

until enzyme recovery through hydrolysis.  

 
Figure 4-6. Inspired new scaffold with electrophilic carbamate and urea moieties 
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Figure 4-7. Synthetic design to access the desired inhibitor class 

The inclusion of a side chain similar to that found in OL-135 (R2 = (CH2)5Ph) 

was proposed to allow validation of the new chemotype by initial screening for 

FAAH inhibition. Proteome-wide evaluation by gel-based ABPP would subsequently 

allow the identification of new and uncharacterized targets with the full inhibitors, 

whereas the core structures (R2 = H) would allow fragment-based screening and 

analysis of the broader promiscuity of the scaffold. The scaffold provides a template 

that may be easily expanded. Gel-based ABPP will allow rapid screening and 

subsequent lead optimization to determine selective serine hydrolase inhibition and 

broad trends across serine hydrolase and other enzyme classes. 
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Figure 4-8. Precedented benzothiadiazin-3-one 1,1-dioxides which displayed biological 

activity 

The substitution on the aromatic ring proposed (R1 = OCH3, H, CN) was 

included to determine the electronic impact of the p-substituent on the intrinsic 

reactivity of the candidate inhibitors. The use of reported synthetic methods with 

chlorosulfonyl isocyanate and AlCl3 gave promising results with electron-rich anilines 

4.30 and 4.31, forming 4.35 and 4.36, respectively, in good yields (Scheme 4-1). The 

same method failed when using 4-aminobenzonitrile (4.32). Instead, after successful 

amine addition to the isocyanate to form intermediate 4.34 (R1 = CN), attempts to 

promote electrophilic aromatic substitution led only to isolation of the 

4-cyanophenylurea (4.39) despite a screen of Lewis acids (LA), temperatures, and 

solvents. The successful application of the method to p-bromoaniline (4.33) and 

formation of the 7-bromo benzothiadiazin-3-one 1,1-dioxide core 4.37 allowed the 

exploration of a cyanation reaction for the preparation of 4.38 from 4.37. A variety of 

conditions were screened, and the use of non-toxic potassium ferrocyanide with 

catalytic copper iodide70 was found to produce 4.38 in 69% yield (Scheme 4-1). 

Evidence of a small amount of 4.37 indicated less than full conversion and 

unfortunately proved to be inseparable from the desired product. 

OO

ON
H

NS

4.25 (R1 = Cl, R2 = H); hypoglycemic agent
4.26 (R1 = H, R2 = H); anti-HIV activity
4.27 (R1 = H, R2 = below); sedative

R2

N N FR =

R1
OO

ON

NS Ph

CH3

S

4.28
HIV-1 specific non-nucleoside 
reverse transcriptase inhibitor

Cl
OO

ON

NS

N N F

4.29
RSV fusion inhibitor

(CH2)3



 160 

  
Scheme 4-1. Synthetic access to benzothiadiazin-3-one 1,1-dioxides cores (showing the 
intermediate formed in the reaction, 4.34, and the byproduct formed from p-cyanoaniline, 

4.39) 

The four core urea-containing scaffolds were then subjected to N-alkylation to 

incorporate varied R2 substituents (Figure 4-9a). Preliminary experiments with the 

simplest scaffold 4.35 (R1 = H), with use of NaH and benzyl bromide, yielded a 
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Figure 4-9. (a) Alkylation of benzothiadiazin-3-one 1,1-dioxides cores and (b) X-ray structures 
of 4.40A and 4.40B showing N- and O-benzylation, respectively 

The application of this method to 4.36 and 4.37 proceeded smoothly to give 
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provided a pure sample of 4.43A for testing. The synthesis was also easily applied to 

access the second desired R2 series using NaH and 5-phenyl-1-bromopentane to yield 

4.44A–4.47A, albeit in lower yields due to lower overall conversion (Figure 4-9). 

4.2.2 Biological evaluation of the first-generation scaffold 

Access to the nine originally targeted potential inhibitors along with three 

additional 7-bromo substituted compounds (summarized in Figure 4-10a) permitted 

examination of these benzothiadiazin-3-one 1,1-dioxides for inhibition of the 

enzymatic activity of purified FAAH14 (Figure 4-10b, assay performed by Dan 

Brody). The unsubstituted scaffolds showed no activity (Ki > 100 μM) and the only 

S NH

N
H

OO

O

R1 S N

N
H

OO

O

R2 S N

N
H

OO

O R2

1 equiv. NaH, 2 equiv. R2-Br

H
OCH3

Br
CN

22%
19%
20%
14%

DMF, 24 h

R1 R1

RSM

H
OCH3

Br
CN

31%
20%
23%
3%

9%
10%
10%
n/o

A B

A BA B

52%
54%
64%
47%a

40%
46%
35%
70%

isolated yield isolated yieldR2 =  (CH2)5Ph
R1 =

R2 = Bn
R1 =

product

4.40
4.41
4.42
4.43

product

4.44
4.45
4.46
4.47

a4.43A isolated with trace amounts of 4.42B

4.35–4.38

starting
material

4.35
4.36
4.37
4.38

a)

b)

4.40A  4.40B 



 162 

benzyl benzothiadiazin-3-one 1,1-dioxides to show activity were those with the more 

electron-withdrawing R1 substitution (4.42A and 4.43A). For the pentylphenyl series, 

the compounds exhibited the expected electronic effect, albeit with low activity 

overall. Despite this, the increasingly electron-withdrawing substituents did show 

greater potency (4.46A and 4.47A compared to 4.44A and 4.45A). The most potent 

inhibitor (4.46A) was subjected to the FAAH assay with variation of the inhibitor 

incubation time (0, 3 and 6 h), which did not increase the inhibition potency and is 

characteristic of reversible enzyme inhibition. 

Additionally, the full library was incubated with brain membrane and soluble 

proteome and labeled with IA-rhodamine or FP-rhodamine (Fig. 4-10c–d) to examine 

cysteine and serine hydrolase inhibition. The former gel examination indicated that 

there was some reactivity of our potential inhibitors with cysteine containing 

enzymes. Further investigations (performed by Keriann Backus) by competetive 

isoTOP-ABPP71 showed no appreciable competition of iodoacetamide alkyne 

labeling, indicative of minimal global cysteine reactivity. The reactivity with lysine-

containing enzymes was also explored through use of a KiNativTM kit (Appendix 2), 

yet ultimately none of the above gel-based ABPP studies showed clear targets. 

Reactivity profiling of this series showed >24 h stability of the urea moiety in 

methanol, DMSO and organic solvents as well as weakly acidic and basic aqueous 

media, indicating a lack of hydrolytic reactivity of the carbonyl. These results 

encouraged the further examination of additional inhibitors, with the second-

generation benzoxathiazin-3-one 1,1-dioxides (4.19, X = O) targeted next. 
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Figure 4-10. a) Structure of synthesized potential inhibitors; b) FAAH inhibition activity of 
benzothiadiazin-3-one 1,1-dioxides; c) Competitive gel-based ABPP of benzothiadiazin-3-one 

1,1-dioxides. Mouse brain soluble proteomes were treated with known FAAH inhibitor (PF-
04457845) and compounds (20 μM, 30 min incubation) then IA-rhodamine (2 μM, 1 h). 

Fluorescent images shown in gray scale; d) Competitive gel-based ABPP as in (c) with brain 
membrane proteome samples and FP-rhodamine (1 μM, 0.5 h) 

4.2.3 Second-generation scaffold: benzoxathiazin-3-one 1,1-dioxides 

The benzoxathiazin-3-one 1,1-dioxide core (4.19, X = O) has only one 

synthetic example reported in literature using chlorosulfonyl isocyanate and this is 
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with the substrate p-cresol (R1 = CH3).72a There are very limited examples of any 

substituted derivatives (R2 ≠ H) or the examination of biological activity of any of the 

benzoxathiazin-3-one 1,1-dioxides.72 

p-Bromophenol (4.48) was chosen as a model substrate for initial studies of 

this route. In the reported synthesis, the benzoxathiazin-3-one 1,1-dioxide product of 

p-cresol was isolated as a byproduct during targeted sulfonylisocyanate formation. 

Attempts to repeat the synthesis on 4.48 were unsuccessful (Scheme 4-2a) yielding 

only recovered starting material, 4-bromophenyl carbamate (4.49) and 4-bromophenyl 

sulfamate (4.50), the product of nucleophilic addition to the sulfonyl chloride instead 

of the isocyanate of CSI. Isolation of sulfamoyl chloride intermediate 4.51 (Scheme 

4-2b) allowed resubjection of this intermediate to a variety of reaction conditions and 

Lewis acids to form desired product 4.52, yet only the byproduct 4.49 was observed. 

This indicated that the desired cyclization of 4.51 through electrophilic aromatic 

substitution of the aromatic ring with the sulfamoyl chloride was not occurring in this 

system. 

 
Scheme 4-2. Attempted synthesis of benzoxathiazin-3-one 1,1-dioxides (using CSI) 
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give clean product with 68% overall yield. The final cyclization step was attempted 

with triphosgene, phosgene and 4-nitrobenzoyl chloride yet did not lead to product 

4.52 under any conditions examined. The highly polar, acidic, and reactive nature of 

the product led us to examine an alternative route that provides intermediates with 

increased organic solubility and decreased water solubility. 

 
Scheme 4-3. Attempted stepwise synthesis of benzoxathiazin-3-one 1,1-dioxide core 

Alkylation of 4.55, with a methyl ether serving as a phenol protecting group to 

prevent O-alkylation, proceeded to give benzylated precursor 4.57 in 31% yield 
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Scheme 4-4. Synthesis of benzoxathiazin-3-one 1,1-dioxide (a) precursors and (b) 

substituted final compounds with R1 = Br and H 

The cyanation conditions used previously to access the aryl nitriles (R1 = CN, 

see Scheme 4-1) led to debrominated products when applied to this system using both 

4.57 and 4.59 (attempts not shown). Instead, chlorosulfonylation of a precursor with a 

masked nitrile, 4-methoxybenzamide (4.67, Scheme 4-5a) and subsequent 

dehydration of 4.68 gave the cyano-substituted sulfonyl chloride 4.69. Similarly, 

chlorosulfonylation of 1,4-dimethoxybenzene (4.70) was successfully utilized to 

access the required methoxy-substituted precursor 4.71 (Scheme 4-5b). 
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reacted with 4.69 and 4.71 in a high yielding and facile manner to produce substituted 

sulfonamides 4.72–4.75 (Scheme 4-6). Deprotection of the methyl ether protecting 

group for the p-cyano series required stronger conditions (LiCl, 140 °C, DMF) to 

yield 4.76 and 4.77, while the remaining compounds were obtained by subjection to 

the previously optimized boron tribromide conditions to give 4.78 and 4.79 (Scheme 

4-6).  

  
Scheme 4-6. Synthesis of cyano- and methoxy-containing scaffold precursors 

Preparation of the four additional benzoxathiazin-3-one 1,1-dioxides (4.80–

4.83) proceeded with the addition of phosgene and NaH and subsequent silica gel 

chromatography purification of the isolated products (Scheme 4-7). The structure of 

the designed inhibitors was confirmed through single crystal X-ray structure 

determination of 4.80 (Scheme 4-7). 

 
Scheme 4-7. Synthesis of 7-cyano and 7-methoxy benzoxathiazin-3-one 1,1-dioxides 

derivatives and X-ray structure of benzylated potential inhibitor 4.80 
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4.2.4 Biological evaluation of the second-generation scaffold 

Access to the six carbamates as originally designed and the additional two 

7-bromo-substituted compounds, though not the core scaffold (R2 = H) due to its 

polarity and acidity, allowed the examination of this second series by gel-based 

ABPP. The use of mouse brain tissue (cytosol and membrane fractions of proteome) 

and FP-rhodamine labeling showed clear inhibition of the serine hydrolase ABHD10 

(Figure 4-11) through comparison to the known ABHD10 inhibitor ABL303a. 

 
Figure 4-11. Competitive gel-based ABPP of benzoxathiazin-3-one 1,1-dioxides. Mouse brain 
membrane (left) and soluble (right) proteomes treated with compounds (at 10 μM and 50 μM, 

30 min incubation) then FP-rhodamine (1 μM, 30 min). Fluorescent images shown in gray; 

Screening at a series of concentrations allowed determination of approximate 

IC50 values for ABHD10 inhibition for the series, as well as quantification of low 

micromolar activity against LYPLA1/2 by 4.81 (summarized in Table 4-1, additional 

gels shown in Appendix 2). The results from this initial gel-based screen show 

interesting trends, with very low micromolar inhibition by 4.64 and 4.63, the 7-bromo 
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compounds, similar to the comparatively high potency observed for the bromo-

containing compounds from the first series (see section 4.2.2). Surprisingly, the trend 

of ABHD10 inhibition shows the 7-cyano compounds with the lowest levels of 

inhibition, despite containing the most electron-withdrawing, and presumably the 

most activating, substituent. However, the cyano-containing compound 4.81 is also 

the only compound of the set of eight which shows LYPLA1/2 inhibition. Further 

exploration of both the chemical and biochemical stability and reactivity of these 

compounds was conducted to establish the electronic effects of the varied 

substituents. 

 
Table 4-1. Approximate IC50 values calculated from gel-based ABPP 

Additional gel-based ABPP screens were also performed with cysteine- and 

lysine-selective activity-based probes IA-rhodamine and AlexaFluor, respectively, but 

no reactivity was observed (see Appendix 2 for additional gels). Further investigation 

of the benzoxathiazin-3-one 1,1-dioxides was initiated with probing of the chemical 

and solvolytic stability and reactivity. 

4.2.5 Stability and reactivity of benzoxathiazin-3-one 1,1-dioxides 

The stability and reactivity studies were initially conducted using the 

compound 4.63 (R1 = Br, R2 = Bn) and 4.80 (R1 = CN, R2 = Bn) and both were stable 

in DPBS, H2O, THF and ethanol at 25 °C for over 24 h (Table 4-2). Degradation (to 

unknown products) was observed in Tris-HCl buffer (in less than 1 h at 25 °C) and in 

DMEM buffer (to the hydrolysis products 4.59 or 4.76) in 1–6 h at 25 °C or 37 °C 

OCH3
H
Br
CN
OCH3
H
Br
CN
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>50 µM
3 µM
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(CH2)5Ph
(CH2)5Ph
(CH2)5Ph
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4.63
4.80
4.83
4.66
4.64
4.81*

*Also showed inhibition of LYPLA1/2: IC50 = 7 µM
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(Table 4-2). Samples of 4.63 and 4.80 dissolved in DMSO showed conversion to the 

hydrolysis products 4.59 and 4.76 at both 25 °C (50% conversion in approximately 7 

or 14 days, respectively) and –78 °C (50% conversion in approximately 14 or 21 

days, respectively). 

 
Table 4-2. Stability and reactivity of 4.63 and 4.80 

The use of methanol as solvent provided a different reaction product, shown to 

be 4.84 or 4.85 by NMR studies. This provided the first indication of the propensity 

of the phenol to act as the leaving group (over –SO2NHR2). By subjecting the set of 

Ph(CH2)5-substituted compounds (with R1 = OCH3, H and CN) to the methanol 

reaction, a more direct comparison of the effect of the 7-substitution on the reactivity 

of the carbonyl (Table 4-3) was permitted. The compounds reacted in a predictable 

manner, where the compound with the electron-withdrawing substituent exhibited the 

greatest reactivity and that with the electron-donating substituent exhibited the lowest 

reactivity, displaying a clear electronic effect (Table 4-3). 
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R1 = CN, 4.80

4.59
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Conditions

H2O
EtOH

CH3OH
DMSO

DMSO (–78 °C)
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Tris-HCl
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DMEM (37 °C)

Stability (at 25 °C)a

>24 h
>24 h
1 hb

7 days 
14 days

>24 h
1 h
2 h
<2 h

4.80
R1 = CN, R2 = Bn

>24 h
>24 h
4 hb

14 days
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1 h
6 h
2 h

4.63
R1 = Br, R2  = Bn

Stability (at 25 °C)a

aTime indicated is time to approximately 50% conversion to either the open-
form 4.59 or 4.76, or to an unknown product; bProduct observed was 
instead 4.84 and 4.85
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Table 4-3. Reactivity of substituted inhibitors 

The reactivity toward nucleophiles was also studied through subjection of the 

same series to reactions with benzylamine, benzyl alcohol and benzyl mercaptan 

(Table 4-3). The reactions were performed in an NMR tube in deuterated chloroform 

with dibromomethane as an internal standard and analyzed by 1H NMR to determine 

the reaction time until 75% conversion to products 4.86 (Table 4-3). Neither benzyl 

alcohol nor benzyl mercaptan reacted with the compounds under these conditions. 

The reactivity profile with benzylamine shows a clear trend (Table 4-3), with a very 

rapid reaction observed with the 7-cyano derivative 4.81 (75% conversion in <5 min 

and full conversion in 30 min) and a slower reaction observed for the scaffold with an 

unsubstituted aromatic ring (4.66, R1 = H, 30 min to 75% conversion and 2.75 h to 

full conversion). The 7-methoxy derivative 4.83 showed an even slower rate of 

reaction, with 75% conversion taking over 3 h and full conversion not observed until 

12 h. 

Subsequent studies investigated the irreversibility of serine hydrolase 

inhibition through a gel-base ABPP experiment. After 30 min of incubation of brain 

membrane proteome and compound 4.81, filtration through a desalting column 

removed excess compound and allowed isolation of the enzyme-inhibitor complex. 

Aliquots of the complex were subjected to FP-rhodamine labeling at various time 

Nuc–H

CH3OH
BnNH2
BnOH
BnSH

Reactivity (at 25 °C)a

4.66 
(R1 = H)

4.83 
(R1 = OCH3)

4.81 
(R1 = CN)

aTime until 75% conversion to 4.86; bTime in bracket 
indicates result at 37 °C

32 h
<0.1 h
>24 h
>24 h

>72 h (5 h)b

0.5 h
> 24 h
> 24 h

>72 h (>18 h)b

3.1 h
> 24 h
> 24 h

S N
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OO

O

(CH2)5PhR1

4.66, 4.81, 4.83
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points to show the persistence of inhibition of LYPLA1/2, indicating that binding is 

covalent, since the complex survives column filtration, and irreversible over the time 

scale since the enzyme reactivation was not observed over 4 hours post-filtration 

(Figure 4-12). 

 
Figure 4-12. Demonstration of the irreversibility of the inhibition of LYPLA1/2 by 4.81; 

Incubation of mouse brain membrane proteome with 4.81 (10 μM, 30 min) and desalting 
column filtration led to covalent complex which was then subjected to FP-rhodamine labeling 

(1 μM, 30 min) at various time points post-filtration, as indicated. 

Additional proteome-wide screens of the compounds allowed the comparison 

of reactivity in vitro, by examining ABHD10 activity in cell lysate proteomic samples 

from mouse neuroblastomas (Neuro 2A or N2A cells, Figure 4-13a) and human 

embryonic kidney cells (HEK cells, Figure 4-13b). The three lead compounds were 

used at 1, 50 and 100 μM and showed a clear trend of strongest inhibition with 4.81 

(R1 = CN), and less with 4.66 (R1 = H) and 4.83 (R1 = OCH3) (Figure 4-13) 
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Figure 4-13. In vitro analysis of lead compounds (4.83, 4.66, 4.81) with (a) soluble proteome 
from N2A cell lysates (b) soluble proteome for HEK cell lysates; Proteome samples were 

treated with known ABHD10 inhibitor (10 μM) and compounds for 30 min, then FP-rhodamine 
(1 μM, 30 min). 

The three lead compounds were analyzed by the ABPP/MudPIT protocol 

(Figure 4-14).17,73 This entailed incubating whole cell proteomic samples from 

isotopically labeled HEK cell lysates with compounds (at 25 μM) or DMSO control 

and then the activity-based probe FP-biotin. The FP-biotin-labeled enzymes were 

enriched by avidin chromatography then subjected to an on-bead trypsin digestion. 

The resulting tryptic peptide mixture was analyzed by multidimensional liquid 

chromatography−tandem mass spectrometry (LC/LC-MS/MS). Comparison of 

spectral counts for serine hydrolases in DMSO-treated samples versus compound-

treated samples allowed generation of the data in Figure 4-14 (experiment performed 

by Armand Cognetta). The corresponding gel with HEK cell lysates and compound 

treatment at 25 μM can be found in Appendix 2. The greatest inhibition spectrum was 

seen with the 7-cyano substituted inhibitor 4.81, with ten enzymes inhibited at greater 

than 50% (Figure 4-14a), while only three enzymes were inhibited at this level by 

4.66 (Figure 4-14b) and selective inhibition of only one protein (PNPLA4) was 

observed for 4.83 (Figure 4-14c). This clearly shows the electronic effect of the 7-

substitution on the reactivity of the carbonyl of the benzoxathiazin-3-one 1,1-

dioxides. Additionally, the selectivity of 4.81 for LYPLA1/2 was verified in the 

screen, with no inhibition of these enzymes seen with 4.83 and 4.66 (Figure 4-14). 
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In situ assays with N2A cells (mouse) and HEK cells (human) did not indicate 

facile translation to an in cell system, as low to no activity was observed for the potent 

(a) 4.81 

(b) 4.66 

(c) 4.83 

Figure 4-14. MudPIT analysis of lead compounds showing electronic effect of substituents on 
biological activity; the vertical axis shows SILAC ratios (observed serine hydrolases of the 

compound-treated vs the DMSO-treated samples) 
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inhibitor 4.81, even when running compounds at ten-fold higher concentrations than 

used in vitro. The discovery of DMEM reactivity for 4.63 and 4.80 (after initiation of 

in cell studies, see Table 4-2) led to the subjection of the three 5-phenylpentyl-

susbtituted inhibitors to DMEM media for a 2 h incubation at 37 °C (which are the 

conditions used for incubation in the in situ assay). The expected trend was again 

observed, with full reaction to the hydrolysis product 4.77 observed for the 7-cyano 

substituted inhibitor 4.81, partial reaction (to the hydrolysis product 4.62) observed 

for 4.66 (approximately 50% in 2 h) and <10% reaction (to the hydrolysis product 

4.79) in 2 h for the 7-methoxy derivative 4.83. Further investigations using 4.83 (R1 = 

OCH3) explored the potential of in situ work with this more stable scaffold. 

The use of overexpressed PNPLA4 in HEK cells (provided by Armand 

Cognetta) allowed selective PNPLA4 inhibition with 4.83 to be observed with whole 

cell lysates and membrane proteome fractions, with a calculated IC50 of 800 nM 

(Figure 4-15a). Subjection of these same HEK cell to treatment with 4.83 in FBS-free 

media, provided potent in-cell inhibition (Figure 4-15b, cell treatments performed by 

Armand Cognetta).  
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Figure 4-15. (a) IC50 determination of selective PNPLA4 inhibition by 4.83 using HEK cell 

lysates (whole cell, membrane and soluble fractions) and (b) in cell treatment of transfected 
HEK cells with 4.83 (cell treatment performed by Armand Cognetta, processing by Anne 

Kornahrens) 

The use of a clickable probe, synthesized in three steps as shown in Scheme 4-

8, allowed examination of this scaffold with rhodamine-N3 (in vitro and in situ, see 

Appendix 2). No additional enzymatic targets were identified, but studies will be 

extended to explore possible cross-family targets. 

 
Scheme 4-8. Synthesis of alkyne-containing probe 
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4.3 Conclusion 

The design and testing of a new family of serine hydrolase inhibitors was 

successfully performed to enable the covalent, irreversible inhibition of serine 

hydrolases. The predicted reactivity modulation of the tethered carbonyl by the 

backbone aromatic substitution was confirmed in chemical reactivity assays and 

through ABPP using gel and mass spectrometry analysis. The selective inhibition by 

4.83 of the unannotated serine hydrolase PNPLA4 is a remarkable and exciting 

discovery and suggests this new family of inhibitors has the potential for affinity as 

well as tunable reactivity. 

Further work on this new class of discovered inhibitors will continue to 

explore the potential of the activity and reactivity observed thus far. Additionally, the 

synthesis of various side chain lengths (n = 2–8) will complement the –(CH2)5Ph 

substituted scaffold to allow examination of the effect of R2 on biological activity, 

chemical reactivity and general stability. Lastly, the exploration of exciting PNPLA4 

(patatin-like phospholipase domain-containing protein)-selective activity by 4.83 and 

the use of gel-based ABPP analysis (with overexpressed cell lysates) will allow the 

optimization and development of a selective inhibitor for this unannotated serine 

hydrolase.74-76 The validation of our new scaffold through exploration of the biological 

and chemical activity and reactivity provides the basis for the expansion of this class 

and the continued efforts to target serine hydrolases. 
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4.4 Experimental 
4.4.1 General experimental details 

All commercial reagents were used without further purification unless 

otherwise noted. All reactions were performed in oven-dried (200 °C) glassware and 

under an inert atmosphere of anhydrous N2 unless otherwise noted. Column 

chromatography was performed with silica gel 60. TLC was performed on silica gel 

(250 μm) F254 glass plates from EMD and spots were visualized by UV (254 or 366 

nm). Preparative HPLC was performed using a Shimadzu HPLC on semi-preparative 

Diacel ChiralCel OD column (2×25 cm) with a flow rate of 10 mL/min with UV 

detection at  254 nm. 1H and 13C NMR were recorded on Bruker DRX-500 and DRX-

600 MHz spectrometers. Chemical shifts are reported in ppm from an internal 

standard of residual CHCl3 (7.26 for 1H). Coupling constants (J) (H,H) are given 

in Hz. Coupling patterns are designated as singlet (s), doublet (d), triplet (t), 

quadruplet (q), multiplet (m), or broad singlet (br). High resolution mass spectra were 

obtained on an Agilent Technologies high resolution LC/MSD-TOF, and the detected 

masses given as m/z with m representing the molecular ion. The purity of tested 

compounds were confirmed to >95% by 1H NMR. 

4.4.2 General procedures 
General procedure 4.A: Alkylation of benzothiadiazin-3-one 1,1-dioxide cores 
A solution of the benzothiadiazin-3-one 1,1-dioxide core in DMF (0.5 M) was treated 

with NaH (60% in oil, 2 equiv.) followed by alkyl bromide (1 equiv.) at 25 °C. The 

reaction mixture was stirred for 24 h at 25 °C before the reaction was quenched with 

the addition of water, and extracted three times with EtOAc. The combined organic 

layers were dried with Na2SO4 and concentrated to yield a crude mixture of N- and O-

alkylated products, which was purified by flash column chromatography (SiO2, 

EtOAc/hexanes) to yield alkylated products. 
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General procedure 4.B: Substituted sulfonamide synthesis (using alkyl bromides) 
A solution of substituted 2-methoxyphenylsulfonamide in DMF (0.25 M) was treated 

with alkyl bromide (2 equiv.) and triethylamine (1 equiv.) at 25 °C. The reaction 

mixture was stirred at 25 °C until sufficient conversion was observed (monitored by 

TLC) before the reaction was quenched by the addition of water. The aqueous layer 

was extracted three times with EtOAc, and the combined organic layers were washed 

with saturated aqueous NaCl, dried with Na2SO4 and concentrated. The crude material 

was purified by flash column chromatography to yield pure product.  

General procedure 4.C: Substituted sulfonamide synthesis (using primary 
amines) 
A solution of sulfonyl chloride in CH2Cl2 (0.5 M) was treated with primary amine 

(2 equiv.) and triethylamine (0.15 equiv.) at 0 °C. The reaction mixture was stirred at 

25 °C until completion (monitored by TLC) before the reaction was quenched by the 

addition of water. The aqueous layer was extracted three times with EtOAc, and the 

combined organic layers were washed with saturated aqueous NaCl, dried with 

Na2SO4 and concentrated. The crude material was purified by flash column 

chromatography to yield pure product.  

General procedure 4.D: Phenol deprotection (using boron tribromide) 
A solution of the 2-methoxybenzenesulfonamides in anhydrous CH2Cl2 was cooled to 

the specified temperature and then slowly subjected to boron tribromide (1 M solution 

in CH2Cl2, 1–1.5 equiv.). Upon warming to 25 °C and stirring for the duration of the 

reaction (as monitored by TLC), the solution was carefully quenched with the 

addition of water. The aqueous layer was extracted three times with EtOAc and the 

combined organic layers were dried with Na2SO4 and concentrated to yield crude 

product, which was then purified by flash column chromatography. 
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General procedure 4.E: Cyclic carbamate formation 
The 2-hydroxybenzenesulfonamides in CH2Cl2 (0.25 M) was treated with NaH (60% 

in oil, 5 equiv.) at 0 °C and the solution was stirred for 5 min. Phosgene (15% in 

toluene, 1.9 equiv.) was added to the sealed solution and the mixture was stirred while 

allowing to warm to 25 °C. The reaction was quenched (carefully!) with the addition 

water and then extracted three times with EtOAc, dried with Na2SO4 and concentrated 

to provide the crude product. The desired compound was purified by flash column 

chromatography. 

4.4.3 Synthetic procedures and compound characterization 

 
Compound 4.35, 2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide 
A solution of chlorosulfonyl isocyanate (4.24, CSI) (0.48 mL, 5.6 mmol) in 

nitromethane (5.6 mL) was treated with a solution of aniline (4.30, 0.46 mL, 5 mmol) 

in nitromethane (3.7 mL) dropwise at –40 °C. The reaction mixture was stirred for 15 

min before AlCl3(s) (740 mg, 5.6 mmol) was added and the reaction mixture was 

heated to 110 °C for 45 min. The resulting clear brown mixture was cooled and 

poured onto ice. The precipitate that formed was collected by filtration and dried to 

yield 4.35 (791 mg, 80%). The compound was purified by dissolving in saturated 

aqueous NaHCO3, treating with charcoal, filtering over Celite® and re-acidifying to 

pH 1, affording 4.35 as a fine white solid (465 mg, 47%). 1H NMR (400 MHz, 

DMSO-d6) δ 12.67 (br s, 1H), 11.23 (s, 1H), 7.77 (d, J = 7.7 Hz, 1H), 7.64 (t, J = 

8.4 Hz, 1H), 7.31–7.24 (m, 2H); 13C NMR (150 MHz, DMSO-d6) δ 151.5, 135.9, 

134.8, 124.3, 123.4, 122.9, 117.9; IR (neat) νmax 3202, 2980, 1680, 1599, 1381, 1309, 

1158, 1134, 759, 583, 423 cm–1; Data in accordance with literature.77 
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Compound 4.36, 7-methoxy-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide 
A solution of chlorosulfonyl isocyanate (4.24, CSI) (0.776 mL, 8.9 mmol) in 

nitromethane (9.7 mL) was treated with a solution of p-methoxyaniline (4.31, 1.0 g, 

8.1 mmol) in nitromethane (6.4 mL) dropwise at –40 °C. The reaction mixture was 

stirred for 30 min before AlCl3(s) (740 mg, 5.6 mmol) was added and reaction 

mixture was heated to 110 °C for 1 h. The resulting purple solution was cooled and 

poured onto ice. The precipitate that formed was collected by filtration and dried to 

yield 4.36 as a purple solid (1.28 g, 69%). 1H NMR (600 MHz, DMSO-d6) δ 11.09 (br 

s, 1H), 7.27–7.25 (dd, J = 2.8, 9.1 Hz, 1H), 7.22 (d, J = 2.7 Hz, 1H), 7.19 (d, J = 

9.0 Hz, 1H), 3.81 (s, 3H); 13C NMR (150 MHz, DMSO-d6) δ 155.1, 150.9, 128.5, 

123.0, 121.7, 118.7, 104.6, 55.9; IR (neat) νmax 3017, 1692, 1317, 1165 cm–1; Data in 

accordance with literature.64 

 
Compound 4.37, 7-bromo-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide 
A solution of chlorosulfonyl isocyanate (4.24, CSI) (0.48 mL, 4.8 mmol) in 

nitromethane (4.8 mL) was treated with a solution of p-bromoaniline (4.33, 688 mg, 4 

mmol) in nitromethane (3.2 mL) dropwise at –5 °C. The reaction mixture was stirred 

for 15 min before AlCl3 (5.2 mL, 1 M in nitrobenzene, 5.2 mmol) was added and the 

mixture was heated to 100 °C for 45 min. The resulting clear brown mixture was 

cooled and poured onto ice. The precipitate that formed was collected by filtration 

and dried to yield 4.37 (571 mg, 51%). The compound was purified by dissolving in a 

saturated solution of NaHCO3 in 1:1 H2O/methanol, treating with charcoal, filtering 
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over Celite® and re-acidifying to pH 1, affording 4.37 as a fine white solid (523 mg, 

47%). 1H NMR (600 MHz, DMSO-d6) δ 11.38 (br s, 1H), 7.91 (s, 1H), 7.82 (d, J = 

9.0 Hz, 1H), 7.19 (d, J = 8.6 Hz, 1H); 13C NMR (150 MHz, DMSO-d6) δ 151.1, 

136.5, 134.5, 124.3, 123.9, 119.3, 114.5; IR (neat) νmax 3117, 1679, 1312, 1148 cm–1. 

 
Compound 4.38, 3-oxo-3,4-dihydro-2H-benzo[e][1,2,4]thiadiazine-7-carbonitrile 
1,1-dioxide 
A solution of 4.37 (139 mg, 0.5 mmol) in DMF (0.5 mL) in a microwave vial was 

treated with CuI (29 mg, 0.15 mmol), K4[Fe(CN)6] (dried for 12 h at 80 °C) (42 mg, 

0.10 mmol) and n-butylimidazole (131 μL, 1.0 mmol). The mixture was purged with 

N2, capped and heated at 160 °C for 24 h at which time the dark black mixture was 

transferred to a centrifuge tube with 5 mL CH2Cl2 and spun at 4000 rpm at 5 °C for 

15 min. This was repeated twice with CH2Cl2 and then twice with 5 mL of a saturated 

aqueous solution of NH4Cl. The solution was dissolved in DMF and filtered through a 

nylon microfilter (pore size 0.45 μM), and concentrated to provide 4.38 (139 mg) as a 

brown solid, which was used without further purification. 1H NMR (500 MHz, 

DMSO-d6) δ 9.96 (s, 1H), 7.85 (s, 1H) 7.71 (d, J = 8.5 Hz, 1H), 7.21 (br s, 1H) 7.08 

(d, J = 8.5 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) δ 153.6, 141.9, 134.6, 127.4, 

123.6, 118.8, 116.2, 102.2; IR (neat) νmax 3017 (w), 2359, 2330, 6111, 1328, 1140 cm–

1. 
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Compound 4.40A, 2-benzyl-3-hydroxy-2H-benzo[e][1,2,4]thiadiazine 1,1-dioxide 
and 4.40B, 3-(benzyloxy)-2H-benzo[e][1,2,4]thiadiazine 1,1-dioxide 
Compound 4.35 (150 mg, 0.76 mmol) was subjected to general procedure 4.A with 

NaH (30 mg, 0.76 mmol) and benzyl bromide (180 μL, 1.5 mmol) in DMF (1.5 mL) 

at 25 °C for 24 hours. The 2:1 crude mixture of N- and O-alkylated products was 

purified by flash column chromatography (SiO2, 0–50% EtOAc/hexanes gradient) to 

yield 4.40A (114 mg, 52%) and 4.40B (49 mg, 26%) as white solids. For 4.40A: 1H 

NMR (500 MHz, DMSO-d6) δ 11.49 (s, NH), 7.88 (d, J = 7.8 Hz, 1H), 7.72 (t, J = 7.5 

Hz, 1H), 7.35–7.30 (m, 6H), 7.26 (t, J = 7.0 Hz, 1H), 4.98 (s, 2H); 13C NMR (125 

MHz, DMSO-d6) δ 149.7, 136.5, 134.9, 134.5, 128.4, 127.7, 127.6, 123.5, 122.08, 

122.04, 117.2, 43.5; IR (neat) νmax 3056, 2908, 1693, 1352, 1181, 721 cm–1; HRMS-

ESI-TOF m/z 289.0644 (C14H13N2O3S+H+ requires 289.0647). For 4.40B: 1H NMR 

(500 MHz, DMSO-d6) δ 7.79 (d, J = 8.0 Hz, 1H), 7.64 (t, J = 8.0 Hz, 1H), 7.52 (d, J = 

7.1 Hz, 2H), 7.46–7.35 (m, 4H), 7.25 (d, J = 8.0 Hz, 1H), 5.37 (s, 2H); 13C NMR (125 

MHz, DMSO-d6) δ 153.3, 134.7, 134.4, 133.3, 128.8, 128.7, 128.6, 125.1, 123.4, 

121.4, 117.0, 69.7; IR (neat) νmax 3243, 2919, 2849, 1607, 1253, 1169, 681 cm–1; 

HRMS-ESI-TOF m/z 289.0644 (C14H13N2O3S+H+ requires 289.0647). 

 
Compound 4.41A, 2-benzyl-7-methoxy-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 
1,1-dioxide 
Compound 4.36 (150 mg, 0.66 mmol) was subjected to general procedure 4.A with 

NaH (26 mg, 0.66 mmol) and benzyl bromide (156 μL, 1.3 mmol) in DMF (1.31 mL) 

at 25 °C for 24 h. The 3:1 crude mixture of N- and O-alkylated products was purified 
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by flash column chromatography (SiO2, 0–100% EtOAc/hexanes gradient) to yield 

4.41A (112 mg, 54%) as a light brown solid. 1H NMR (500 MHz, DMSO-d6) δ 7.34–

7.32 (s, 6H), 7.30–7.19 (m, 2H), 4.97 (s, 2H), 3.83 (s, 3H); 13C NMR (125 MHz, 

DMSO-d6) δ 163.6, 155.9, 150.4, 129.3, 128.5, 128.4, 123.6, 123.5, 119.9, 105.4, 

56.9, 44.3; IR (neat) νmax 2923, 1686, 1494, 1385, 1163 cm–1. 

 
Compound 4.42A, 2-benzyl-7-bromo-3-hydroxy-3,4-dihydro-2H-
benzo[e][1,2,4]thiadiazine 1,1-dioxide 
Compound 4.37 (150 mg, 0.54 mmol) was subjected to general procedure 4.A with 

NaH (22 mg, 0.54 mmol) and benzyl bromide (129 μL, 1.08 mmol) in DMF (1.08 

mL) at 25 °C for 24 h. The 3:1 crude mixture of N- and O-alkylated products was 

purified by flash column chromatography (SiO2, 0–33% EtOAc/hexanes gradient) to 

yield 4.42A (93 mg, 64%) as a white solid. 1H NMR (500 MHz, CD3OD) δ 7.98 (s, 

1H), 7.80 (d, J = 8.8 Hz, 1H), 7.40 (d, J = 6.7 Hz, 2H), 7.32–7.25 (m, 3H), 7.15 (d, J 

= 8.2 Hz, 1H), 5.02 (s, 2H); 13C NMR (150 MHz, CD3OD) δ 151.7, 138.8, 137.8, 

135.5, 129.6, 129.5, 129.0, 126.1, 125.9, 120.3, 116.4, 45.5; IR (neat) νmax 2918, 

1687, 1349, 1172, 593 cm–1. 

 
Compound 4.43A, 2-benzyl-3-oxo-3,4-dihydro-2H-benzo[e][1,2,4]thiadiazine-7-
carbonitrile 1,1-dioxide  
Compound 4.38 (150 mg, 0.54 mmol) was subjected to general procedure 4.A with 

NaH (22 mg, 0.54 mmol) and benzyl bromide (129 μL, 1.08 mmol) in DMF (1.08 

mL) at 25 °C for 24 h. The 9:1 crude mixture of N- and O-alkylated products was 

purified by flash column chromatography (SiO2, 20–80% EtOAc/hexanes gradient) to 
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yield 4.43A (33 mg, 35%) as an off-white solid. 4.43A was slightly impure 

(contaminated with 4.42B) and was subjected to additional purification by 

semipreparative HPLC (ChiralCel OD column, 2×25 cm, 50% i-PrOH–hexane, 10 

mL/min). 1H NMR (600 MHz, DMSO-d6) δ 11.98 (s, 1H), 8.50 (s, 1H), 8.12–8.10 (m, 

1H), 7.44–7.27 (m, 6H), 4.99 (s, 2H); 13C NMR (150 MHz, DMSO-d6) δ 149.3, 

138.3, 138.1, 136.1, 128.5, 127.8, 127.7, 127.5, 122.6, 118.41, 117.34, 105.9, 44.15. 

 
Compound 4.44A, 2-(5-phenylpentyl)-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 
1,1-dioxide 
Compound 4.35 (150 mg, 0.76 mmol) was subjected to general procedure 4.A with 

NaH (30 mg, 0.76 mmol) and 1-bromo-5-phenylpentane (280 μL, 1.52 mmol) in 

DMF (1.52 mL) at 25 °C for 48 h. The crude mixture was purified by flash column 

chromatography (SiO2, 10–75% EtOAc/hexane to 20% MeOH in EtOAc) to yield 

4.44A (80 mg, 31%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 10.26 (br s, 1H), 

7.73 (d, J = 7.9 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H), 7.16 (t, J = 7.5 Hz, 3H), 7.10–6.99 

(m, 4H), 3.86 (t, J = 8.1 Hz, 2H), 2.53 (t, J = 8.1 Hz, 2H), 1.76 (p, J = 7.6 Hz, 2H), 

1.58 (p, J = 7.6 Hz, 2H), 1.35 (p, J = 7.6 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 

152.0, 142.5, 134.5, 134.2, 128.5, 128.41, 128.39, 125.8, 123.9, 122.7, 117.1, 41.9, 

35.8, 31.0, 29.3, 26.3; IR (neat) νmax 2927, 1686, 1601, 1337, 1262, 715 cm–1. 

 
Compound 4.45A, 7-methoxy-2-(5-phenylpentyl)-2H-benzo[e][1,2,4]thiadiazin-
3(4H)-one 1,1-dioxide 
Compound 4.35 (150 mg, 0.66 mmol) was subjected to general procedure 4.A with 

NaH (26 mg, 0.66 mmol) and 1-bromo-5-phenylpentane (243 μL, 1.31 mmol) in 
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DMF (1.31 mL) at 25 °C for 48 h. The crude mixture was purified by flash column 

chromatography (SiO2, 10–50% EtOAc/hexane gradient) to yield 4.45A (58 mg, 

25%) as a brown solid. 1H NMR (500 MHz, CDCl3) δ 8.81 (br s, 1H), 7.30–7.25 (m, 

3H), 7.19–7.13 (m, 4H), 7.00 (d, J = 8.9 Hz, 1H), 3.92 (t, J = 7.6 Hz, 2H), 3.87 (s, 

3H), 2.64 (t, J = 7.9 Hz, 2H), 1.84 (p, J = 7.7 Hz, 2H), 1.69 (p, J = 7.7 Hz, 2H), 1.44 

(p, J = 7.7 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 155.4, 151.3, 141.9, 128.0, 127.9, 

127.1, 125.3, 122.5, 122.2, 118.2, 104.4, 55.6, 41.3, 35.2, 30.4, 28.8, 25.8; IR (neat) 

νmax 2932, 1681, 1503, 1163, 827, 570 cm–1. 

 
Compound 4.46A, 7-bromo-2-(5-phenylpentyl)-2H-benzo[e][1,2,4]thiadiazin-
3(4H)-one 1,1-dioxide 

Compound 4.37 (150 mg, 0.54 mmol) was subjected to general procedure 4.A with 

NaH (22 mg, 0.54 mmol) and 1-bromo-5-phenylpentane (200 μL, 1.08 mmol) in 

DMF (1.08 mL) at 25 °C for 48 h. The crude mixture was purified by flash column 

chromatography (SiO2, 10–100% EtOAc/hexane gradient) to yield 4.46A (39 mg, 

17%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 9.48 (s, 7H), 7.27 (d, J = 

1.8 Hz, 1H), 6.92 (dd, J = 8.6, 1.9 Hz, 1H), 6.62–6.53 (m, 3H), 6.48 (t, J = 8.7 Hz, 

3H), 6.30 (d, J = 8.6 Hz, 3H), 3.24 (t, J = 7.5 Hz, 2H), 1.94 (t, J = 7.7 Hz, 2H), 1.15 

(p, J = 7.8 Hz, 2H), 1.00 (p, J = 7.7 Hz, 1H), 0.74 (p, J = 7.7 Hz, 1H); 13C NMR (125 

MHz, CDCl3) δ 151.4, 142.4, 137.5, 133.1, 128.52, 128.45, 125.9, 125.4, 124.2, 

118.7, 116.2, 42.3, 35.8, 31.0, 29.3, 26.3; IR (neat) νmax 2921, 1697, 1330, 1170, 594 

cm–1. 
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Compound 4.47A, 3-oxo-2-(5-phenylpentyl)-3,4-dihydro-2H-
benzo[e][1,2,4]thiadiazine-7-carbonitrile 1,1-dioxide 
Compound 4.38 (100 mg, 0.45 mmol) was subjected to general procedure 4.A with 

NaH (18 mg, 0.45 mmol) and 1-bromo-5-phenylpentane (165 μL, 0.90 mmol) in 

DMF (0.90 mL) at 25 °C for 48 h. The crude mixture was purified by flash column 

chromatography (SiO2, 10–75% EtOAc/hexane gradient) to yield 4.47A (11 mg, 

17%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 8.15 (s, 1H), 7.79 (d, J = 

10.1 Hz, 1H), 7.29–7.26 (m, 2H), 7.22 (d, J = 8.5 Hz, 1H), 7.19–7.13 (m, 3H), 3.93 (t, 

J = 7.9 Hz, 2H), 2.63 (d, J = 7.9 Hz, 2H), 1.88–1.79 (m, 2H), 1.74–1.63 (m, 2H), 

1.47–1.39 (m, 2H); 13C NMR (150 MHz, DMSO-d6) δ 149.6, 142.5, 138.6, 128.7, 

128.6, 127.8, 126.1, 123.0, 118.7, 117.8, 106.14, 41.7, 35.3, 30.8, 29.0, 26.0 (one 

carbon not observed in 13C NMR due to overlapping signals). 

 
Compound 4.55, 5-bromo-2-methoxybenzenesulfonamide 

Commercially available 2-methoxybenzenesulfonyl chloride (595 mg, 2.88 mmol) 

was dissolved in acetonitrile (15 mL) and cooled to 0 °C. NH4OH (1.14 mL, 28.8 

mmol) was added slowly and the reaction mixture was stirred for 2 h at 25 °C. The 

solvent was evaporated and the product was collected by filtration to yield 4.55 (501 

mg, 2.67 mmol, 93%) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 7.80–7.75 

(m, 2H), 7.27 (s, 2H), 7.21 (d, J = 8.8 Hz, 1H), 3.91 (s, 3H); 13C NMR (150 MHz, 

DMSO-d6) δ 155.4, 136.1, 133.0, 129.7, 115.3, 110.7, 56.5. The data were in 

accordance with literature.78 
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Compound 4.57, N-benzyl-5-bromo-2-methoxybenzenesulfonamide 
Compound 4.55 (200 mg, 0.75 mmol) was subjected to general procedure 4.B with 

benzyl bromide at 25 °C for 5.5 h. Crude product was purified by flash column 

chromatography (SiO2, 10–100% EtOAc/hexane gradient) to yield 4.57 (82 mg, 31%) 

as a white solid. 1H NMR (500 MHz, CDCl3) δ 8.06 (s, 1H), 7.63 (dd, J = 8.8, 2.5 Hz, 

1H), 7.35–7.23 (m, 3H), 7.17 (m, 2H), 6.83 (d, J = 8.8 Hz, 1H), 5.28 (s, 1H), 4.17 (d, 

J = 6.3 Hz, 2H), 3.86 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 155.2, 137.1, 136.1, 

132.9, 129.4, 128.7, 128.0, 113.9, 112.9, 56.6, 47.9. 

 
Compound 4.58, 5-bromo-2-methoxy-N-(5-phenylpentyl)benzenesulfonamide 
Compound 4.55 (100 mg, 0.376 mmol) was subjected to general procedure 4.B with 

5-bromo-1-phenylpentane at 25 °C for 16 h. Crude product was purified by flash 

column chromatography (SiO2, 10–50% EtOAc/hexane gradient) to yield 4.58 

(102 mg, 66%). 1H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 2.4 Hz, 1H), 7.70 (dd, J = 

8.8, 2.4 Hz, 1H), 7.37–7.32 (m, 2H), 7.25 (t, J = 7.4 Hz, 1H), 7.21 (d, J = 7.3 Hz, 2H), 

6.98 (d, J = 8.8 Hz, 1H), 4.93 (t, J = 6.1 Hz, 1H), 3.42 (s, 3H), 2.97 (q, J = 6.7 Hz, 

2H), 2.64 (t, J = 7.6 Hz, 2H), 1.64 (p, J = 8.0 Hz, 2H), 1.56 (p, J = 7.3 Hz, 2H), 1.37 

(p, J = 7.6 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 155.3, 142.3, 137.1, 133.0, 129.3, 

128.48, 128.45, 125.9, 114.0, 113.0, 56.8, 43.6, 35.8, 31.0, 29.5, 26.3. 
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Compound 4.59, N-benzyl-5-bromo-2-hydroxybenzenesulfonamide 
Compound 4.57 (101 mg, 0.284 mmol) in CH2Cl2 (0.1 M) at –78 °C was subjected to 

general procedure 4.D (1.5 equiv. BBr3) for 16 h. Purification by flash column 

chromatography (SiO2, 50% EtOAc/hexane gradient) gave 4.59 (82 mg, 84%) as a 

white solid. 1H NMR (400 MHz, CDCl3) δ 8.62 (br s, 1H), 7.71 (d, J = 2.4 Hz, 1H), 

7.53 (dd, J = 8.8, 2.4 Hz, 1H), 7.32–7.26 (m, 3H), 7.22–7.19 (m, 2H), 6.91 (d, J = 

8.8 Hz, 1H), 4.96 (br s, 1H), 4.19 (d, J = 6.1 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 

154.2, 138.2, 135.3, 130.7, 129.0, 128.5, 128.0, 124.5, 120.9, 112.3, 47.4. 

 
Compound 4.60, 5-bromo-2-hydroxy-N-(5-phenylpentyl)benzenesulfonamide 
Compound 4.58 (95 mg, 0.23 mmol) in CH2Cl2 (0.1 M) at –78 °C was subjected to 

general procedure 4.D (1.5 equiv. BBr3) for 13 h. Purification by flash column 

chromatography (SiO2, 50% EtOAc/hexane gradient) gave 4.60 (85 mg, 93%) as a 

brown oil. 1H NMR (600 MHz, CDCl3) δ 8.69 (s, 1H), 7.78 (d, J = 2.3 Hz, 1H), 7.56 

(dd, J = 8.8, 2.0 Hz, 1H), 7.30 (t, J = 7.5 Hz, 2H), 7.21 (t, J = 7.3 Hz, 1H), 7.17 (d, J = 

7.4 Hz, 2H), 6.95 (d, J = 8.8 Hz, 1H), 4.79 (br s, 1H), 3.00 (q, J = 6.7 Hz, 2H), 2.60 (t, 

J = 7.7 Hz, 2H), 1.60 (p, J = 7.7 Hz, 2H), 1.54 (p, J = 7.3 Hz, 2H), 1.36–1.31 (m, 2H); 

13C NMR (150 MHz, CDCl3) δ 154.2, 142.2, 138.1, 130.6, 128.48, 128.45, 125.9, 

124.4, 120.9, 112.2, 43.2, 35.8, 30.9, 29.4, 26.1. 
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Compound 4.61, N-benzyl-2-hydroxybenzenesulfonamide 
A solution of 4.59 (20 mg, 0.058 mmol) in methanol (0.29 mL) at 25 °C was treated 

with Pd/C (1.9 mg, 10 wt%, 0.03 mmol) and placed under a balloon atmosphere of 

H2. The reaction mixture was stirred for 24 h and then filtered through Celite®. 

Purification of the crude material by flash column chromatography (SiO2, 10–50% 

EtOAc/hexane gradient) gave 4.61 (14 mg, 92%) as a white solid. 1H NMR (400 

MHz, CDCl3) δ 8.68 (s, 1H), 7.65 (d, J = 9.0 Hz, 1H), 7.49 (t, J = 8.1 Hz, 1H), 7.31–

7.26 (m, 3H), 7.21–7.17 (m, 2H), 7.02 (m, 2H), 5.00 (br s, 1H), 4.17 (d, J = 6.1 Hz, 

2H); 13C NMR (100 MHz, CDCl3) δ 155.1, 135.5, 135.4, 128.8, 128.4, 128.2, 127.9, 

122.4, 120.6, 118.9, 47.2. 

 
Compound 4.62, 2-hydroxy-N-(5-phenylpentyl)benzenesulfonamide 
A solution of 4.60 (53 mg, 0.13 mmol) in methanol (0.66 mL) at 25 °C was treated 

with Pd/C (4.2 mg, 10 wt%, 0.004 mmol) and placed under a balloon atmosphere of 

H2. The reaction mixture was stirred for 15 h and then filtered through Celite®. 

Purification of the crude material by flash column chromatography (SiO2, 10–50% 

EtOAc/hexanes gradient) gave 4.62 (31 mg, 91%) as a clear oil. 1H NMR (600 MHz, 

CDCl3) δ 8.74 (s, 1H), 7.66 (dd, J = 8.0, 1.6 Hz, 1H), 7.48 (t, J = 8.6 Hz, 1H), 7.32–

7.27 (m, 2H), 7.21 (t, J = 7.4 Hz, 1H), 7.16 (d, J = 7.0 Hz, 2H), 7.07–7.00 (m, 2H), 

4.86 (t, J = 5.9 Hz, 1H), 2.98 (q, J = 6.2 Hz, 4H), 2.58 (t, J = 7.8 Hz, 2H), 1.57 (p, J = 

8.1 Hz, 2H), 1.50 (p, J = 8.1 Hz, 2H), 1.35–1.29 (m, 2H); 13C NMR (150 MHz, 

CDCl3) δ 155.0, 142.1, 135.1, 128.3, 128.2, 125.7, 122.4, 120.4, 118.7, 42.9, 35.5, 

30.7, 29.1, 25.9. 
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Compound 4.71, 2,5-dimethoxybenzenesulfonyl chloride 
Compound 4.71 was synthesized following a literature procedure.79 A solution of 1,4-

dimethoxybenzene (4.70, 1.65 g, 11.9 mmol) in CH2Cl2 (10 mL) was cooled to 0 °C 

in an open round bottom flask. Chlorosulfonic acid (3 mL, 3.8 mmol) was added 

slowly and the reaction mixture was stirred for 5 min. Water (20 mL) was added 

slowly and the two phases were separated. The aqueous phase was extracted three 

times with CH2Cl2, and the combined organic layers were washed with saturated 

aqueous NaCl and dried with Na2SO4 to yield 4.71 (1.48 g, 52%) as a yellow solid 

which was used without further purification. 1H NMR (600 MHz, CDCl3) δ 7.48 (d, J 

= 3.1 Hz, 1H), 7.26 (dd, J = 9.1, 3.1 Hz, 1H), 7.09 (d, J = 9.1 Hz, 1H), 4.04 (s, 3H), 

3.85 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 152.6, 151.5, 131.8, 123.8, 114.7, 113.3, 

57.0, 56.1. 

 
Compound 4.74, N-benzyl-2,5-dimethoxybenzenesulfonamide 
Compound 4.71 (157 mg, 0.66 mmol) was subjected to general procedure 4.C with 

benzylamine (at 25 °C) for 20 hours. Purification (by flash column chromatography, 

elution solvent = 1:1 hexane/EtOAc) gave 4.74 (190 mg, 93%) as a yellow solid. 1H 

NMR (400 MHz, CDCl3) δ 7.48 (d, J = 3.1 Hz, 1H), 7.30–7.23 (m, 3H), 7.21–7.14 (m, 

2H), 7.07 (dd, J = 9.0, 3.1 Hz, 1H), 6.90 (d, J = 9.0 Hz, 1H), 5.20 (t, J = 6.0 Hz, 1H), 

4.10 (d, J = 6.2 Hz, 2H), 3.83 (d, J = 8.1 Hz, 6H); 13C NMR (150 MHz, CDCl3) δ 

153.2, 149.9, 136.2, 128.5, 127.8, 127.7, 120.4, 114.5, 113.5, 56.6, 56.0, 47.7. 
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Compound 4.75, 2,5-dimethoxy-N-(5-phenylpentyl)benzenesulfonamide 
Compound 4.71 (174 mg, 0.74 mmol) and triethylamine (103 μL, 1 equiv.) in CH2Cl2 

(at 25 °C) was subjected to general procedure 4.C with 5-phenylpentylamine (241 mg, 

2 equiv.) for 17 h. Purification by flash column chromatography (SiO2, 10–100% 

EtOAc/hexanes gradient) gave 4.75 (242 mg, 91%) as a yellow solid. 1H NMR (400 

MHz, CDCl3) δ 7.46 (d, J = 3.1 Hz, 1H), 7.28 (t, J = 7.4 Hz, 2H), 7.17 (m, 3H), 7.08 

(dd, J = 9.0, 3.1 Hz, 1H), 6.97 (d, J = 9.0 Hz, 1H), 4.96 (t, J = 6.2 Hz, 1H), 3.91 (s, 

3H), 3.82 (s, 3H), 2.89 (q, J = 6.8 Hz, 2H), 2.57 (t, J = 7.6 Hz, 2H), 1.64–1.43 (m, 

4H), 1.31 (p, J = 7.7 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 153.4, 150.2, 142.3, 

128.44, 128.38, 128.0, 125.8, 120.4, 114.7, 113.8, 57.0, 56.1, 43.6, 35.8, 31.0, 29.4, 

26.3. 

 
Compound 4.78, N-benzyl-2-hydroxy-5-methoxybenzenesulfonamide 

Compound 4.74 (25 mg, 0.081 mmol) in CH2Cl2 (0.024 M) at –30 °C was subjected 

to general procedure 4.C for 15 min. Purification of the crude material by flash 

column chromatography (SiO2, 2–10% EtOAc/CH2Cl2 gradient) gave 4.78 (20 mg, 

82%) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 8.20 (s, 1H), 7.30–7.27 (m, 3H), 

7.22–7.19 (m, 2H), 7.11–7.03 (m, 2H), 6.97 (d, J = 8.8 Hz, 1H), 4.97 (t, J = 5.7 Hz, 

2H), 4.17 (d, J = 6.1 Hz, 2H), 3.76 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 153.2, 

149.3, 135.7, 128.9, 128.3, 128.0, 123.3, 122.3, 120.2, 111.0, 56.1, 47.3; IR (neat) 

νmax 3306 (br), 2929, 1493, 1150, 1035 cm–1. 
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Compound 4.79, 2-hydroxy-5-methoxy-N-(5-phenylpentyl)benzenesulfonamide 
Compound 4.75 (100 mg, 0.28 mmol) in CH2Cl2 (0.1 M, at 25 °C) was subjected to 

general procedure 4.C (1.5 equiv. BBr3) for 30 min. Purification of the crude material 

by flash column chromatography (SiO2, 2% EtOAc/hexanes gradient) gave 4.79 

(77 mg, 80%) as a brown oil. 1H NMR (400 MHz, CDCl3) δ 8.23 (s, 1H), 7.37–7.26 

(m, 2H), 7.22–7.11 (m, 4H), 7.07 (dd, J = 9.0, 3.0 Hz, 1H), 6.98 (d, J = 9.0 Hz, 1H), 

4.69 (br s, 1H), 3.79 (s, 3H), 2.99 (q, J = 6.8 Hz, 2H), 2.58 (t, J = 7.6 Hz, 2H), 1.55 

(m, 4H), 1.36–1.28 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 153.1, 149.2, 142.3, 

128.47, 128.45, 125.9, 123.0, 122.3, 120.1, 111.0, 56.1, 43.2, 35.8, 30.9, 29.4, 26.2. 

 
Compound 4.68, 5-carbamoyl-2-methoxybenzenesulfonyl chloride 
4-Methoxybenzamide (4.67, 1.51 g, 10 mmol) was cooled to 0 °C in an open round 

bottom flask. Chlorosulfonic acid (9.97 mL, 150 mmol) was added slowly and the 

reaction was stirred for 12 h, while allowed to warm to 25 °C. The reaction was then 

heated to 50 °C for 3 h. The reaction was cooled and then quenched by slowly adding 

ice to the mixture (carefully!). The milky solution was dissolved in water and EtOAc 

and the two phases were separated. The aqueous phase was extracted three times with 

EtOAc, and the combined organic layers were washed with water, saturated aqueous 

NaCl and dried with Na2SO4 to yield 4.68 (2.27 g, 91%) as a white solid, which was 

used without further purification. 1H NMR (400 MHz, DMSO-d6) δ 8.23 (d, J = 

2.4 Hz, 1H), 7.84 (dd, J = 8.5, 2.4 Hz, 1H), 7.00 (d, J = 8.6 Hz, 1H), 3.80 (s, 3H); 13C 

NMR (150 MHz, DMSO-d6) δ 167.5, 158.6, 135.0, 129.9, 128.5, 125.0, 111.1, 55.6. 
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3-(N-benzylsulfamoyl)-4-methoxybenzamide 
Compound 4.68 (100 mg, 0.401 mmol) was subjected to general procedure 4.C with 

benzylamine (at 25 °C) for 10 h. Purification by flash column chromatography (SiO2, 

50–100% EtOAc/hexane gradient) gave 4.68 (100 mg, 80%) as a white solid. 1H 

NMR (500 MHz, CDCl3) δ 8.24 (s, 1H), 8.15 (dd, J = 8.7, 2.3 Hz, 2H), 7.27 (s, 3H), 

7.12 (d, J = 7.4 Hz, 2H), 7.00 (d, J = 8.7 Hz, 1H), 5.16 (t, J = 7.5 Hz, 1H), 4.14 (d, J = 

6.2 Hz, 2H), 3.90 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 158.9, 138.1, 135.7, 134.3, 

129.4, 128.5, 128.0, 127.9, 117.5, 112.7, 104.5, 56.7, 47.7. 

 
Compound 4.69, 5-cyano-2-methoxybenzenesulfonyl chloride 
A solution of 4.68 (100 mg, 0.401 mmol) and DMF (1.5 μL) in anhydrous EtOAc 

(1.21 mL) at 0 °C was treated with thionyl chloride (145 μL, 2.00 mmol). The 

reaction mixture was heated to 55 °C and stirred for 3 h. Upon completion, the 

solvent was evaporated, the mixture was dissolved in EtOAc, and the organic layer 

was washed with water, saturated aqueous NaCl and dried with Na2SO4 to yield 4.69 

(82 mg, 88%) as a slightly yellow oil, which was used without further purification. 1H 

NMR (600 MHz, CDCl3) δ 8.28 (d, J = 2.2 Hz, 1H), 7.97 (dd, J = 8.8, 2.1 Hz, 1H), 

7.25 (d, J = 8.7 Hz, 1H), 4.16 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 159.6, 140.0, 

133.5, 132.1, 116.2, 113.7, 104.1, 56.9. 
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Compound 4.72, N-benzyl-5-cyano-2-methoxybenzenesulfonamide 

A solution of 3-(N-benzylsulfamoyl)-4-methoxybenzamide (205 mg, 0.639 mmol) 

and DMF (2.5 μL) in anhydrous EtOAc (1.94 mL) at 0 °C was treated with thionyl 

chloride (232 μL, 3.20 mmol). The reaction mixture was heated to 55 °C and stirred 

for 5 h. Upon completion, the solvent was evaporated. The brown mixture was 

dissolved in EtOAc, and the organic layer was washed with water, saturated aqueous 

NaCl and dried with Na2SO4. The crude mixture was purified by flash column 

chromatography (SiO2, 20–100% EtOAc/hexanes gradient) to yield 4.72 (181 mg, 

93%) as a yellow solid. 4.72 was also synthesized from 4.69 (51 mg, 0.22 mmol) 

using general procedure 4.C with triethylamine (4.6 µL, 0.033 mmol) and benzyl 

amine (76 µL, 0.44 mmol) in CH2Cl2 (0.44 mL) at 25 °C for 19 h. The crude product 

was purified by flash column chromatography (SiO2, 50–100% EtOAc/hexane 

gradient) to yield 4.72 (54 mg, 81%). 1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 

2.0 Hz, 1H), 7.76 (dd, J = 8.7, 2.0 Hz, 1H), 7.24–7.18 (m, 3H), 7.11–7.06 (m, 2H), 

6.94 (d, J = 8.7 Hz, 1H), 5.26 (br s, 1H), 4.18 (d, J = 6.3 Hz, 2H), 3.90 (s, 3H); 13C 

NMR (150 MHz, CDCl3) δ 159.2, 138.5, 136.0, 134.7, 129.8, 128.9, 128.4, 128.2, 

117.8, 113.0, 105.0, 57.1, 48.1. 

 
4-Methoxy-3-(N-(5-phenylpentyl)sulfamoyl)benzamide 
Compound 4.68 (119 mg, 0.475 mmol) was subjected to general procedure 4.C with 

5-phenylpentylamine at 25 °C for 5 h. Purification by flash column chromatography 

(SiO2, 50–100% EtOAc/hexanes gradient) gave the title compound (131 mg, 73%) as 
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an off-white solid. 1H NMR (400 MHz, CDCl3) δ 8.30 (s, 1H), 8.18 (d, J = 10.3 Hz, 

1H), 7.32–7.22 (m, 2H), 7.20–7.15 (m, 1H), 7.16–7.05 (m, 3H), 4.00 (s, 3H), 2.90 (t, 

J = 6.8 Hz, 2H), 2.56 (t, J = 7.6 Hz, 2H), 1.65–1.42 (m, 4H), 1.35–1.17 (m, 2H); 13C 

NMR (150 MHz, CDCl3) δ 167.6, 159.1, 142.5, 135.4, 129.4, 128.70, 128.68, 127.6, 

126.1, 126.0, 112.7, 57.1, 43.8, 36.1, 31.2, 29.8, 26.5. 

 
Compound 4.73, 5-cyano-2-methoxy-N-(5-phenylpentyl)benzenesulfonamide 

A solution of 4-methoxy-3-(N-(5-phenylpentyl)sulfamoyl)benzamide (100 mg, 

0.27 mmol) and DMF (1 μL) in anhydrous EtOAc (0.80 mL) at 0 °C was treated with 

thionyl chloride (96 μL, 1.3 mmol). The reaction mixture was heated to 55 °C and 

stirred for 13 h. Upon completion, the solvent was evaporated and the mixture was 

dissolved in EtOAc. The organic layer was washed with water, saturated aqueous 

NaCl and dried with Na2SO4. The crude mixture was purified by flash column 

chromatography (SiO2, 20–100% EtOAc/hexanes gradient) to yield 4.73 (77 mg, 

81%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 2.2 Hz, 1H), 7.84 

(dd, J = 8.7, 2.2 Hz, 1H), 7.30–7.26 (m, 4H), 7.19 (t, J = 7.5 Hz, 1H), 7.17–7.10 (m, 

3H), 5.06 (br s, 1H), 4.02 (s, 3H), 2.92 (q, J = 6.7 Hz, 2H), 2.57 (t, J = 7.6 Hz, 2H), 

1.63–1.45 (m, 4H), 1.34–1.27 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 159.3, 142.2, 

138.3, 134.5, 129.2, 128.42, 128.41, 125.9, 117.6, 113.0, 104.7, 57.0, 43.5, 35.8, 30.9, 

29.5, 26.2. 
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Compound 4.76, N-benzyl-5-cyano-2-hydroxybenzenesulfonamide 
Compound 4.72 (75 mg, 0.29 mmol) in anhydrous DMF (0.475 mL, 0.6 M) at 0 °C 

was treated with LiCl (48 mg, 1.1 mmol). The solution was heated to 140 °C for 22 h. 

Upon cooling, the solvent was evaporated and the mixture was dry-loaded onto silica 

gel and purified by flash column chromatography (SiO2, 2–40% EtOAc/CH2Cl2 

gradient with 1% HOAc) to give 4.76 (75 mg, 91%) as an yellow/orange amorphous 

solid. 1H NMR (400 MHz, CDCl3) δ 9.20 (s, 1H), 7.86 (s, 1H), 7.67 (d, J = 10.5 Hz, 

1H), 7.36–7.26 (m, 3H), 7.20–7.16 (m, 2H), 7.09 (d, J = 8.7 Hz, 1H), 5.03 (s, 1H), 

4.25 (d, J = 6.0 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 158.1, 137.8, 134.7, 133.4, 

128.8, 128.4, 127.8, 124.5, 120.0, 117.3, 104.1, 47.3. 

 
Compound 4.77, 5-cyano-2-hydroxy-N-(5-phenylpentyl)benzenesulfonamide 
Compound 4.73 (78 mg, 0.22 mmol) in anhydrous DMF (0.36 mL, 0.6 M) at 0 °C 

was treated with LiCl (37 mg, 0.87 mmol). The solution was heated to 140 °C for 

15 h. Upon cooling, the solvent was evaporated and the mixture was dry-loaded onto 

silica gel and purified by flash column chromatography (SiO2, 2–100% 

EtOAc/CH2Cl2 gradient with 1% HOAc) to give 4.77 (64 mg, 86%) as a yellow oil. 

1H NMR (500 MHz, CDCl3) δ 8.05 (s, 1H), 7.77 (d, J = 8.6 Hz, 1H), 7.38–7.34 (m, 

2H), 7.27 (t, J = 7.4 Hz, 1H), 7.20 (dd, J = 16.1, 8.0 Hz, 3H), 4.90 (br s, 1H), 3.07 (s, 

2H), 2.66 (t, J = 7.5 Hz, 2H), 1.77–1.52 (m, 4H), 1.47–1.30 (m, 2H); 13C NMR (150 

MHz, CDCl3) δ 157.9, 141.5, 137.5, 132.8, 127.9, 127.9, 125.4, 123.8, 119.8, 116.9, 

104.0, 42.7, 35.1, 30.2, 28.9, 25.5; IR (neat) νmax 3291 (br), 2934, 2858, 2229, 1603, 

1321, 1150 cm–1. 
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Compound 4.63, 2-benzyl-7-bromobenzo[e][1,4,3]oxathiazin-3(2H)-one 1,1-
dioxide 
Compound 4.59 (152 mg, 0.44 mmol) was subjected to general procedure 4.E with 

NaH (89 mg, 2.22 mmol) and phosgene (15% in toluene, 601 µL, 0.84 mmol) in 

CH2Cl2 (1.77 mL) at 0 °C. The reaction mixture was stirred for 9 h at 25 °C. The 

crude product was purified by flash column chromatography (SiO2, hexanes then 2–

100% EtOAc/CH2Cl2 gradient) to yield 4.63 (144 mg, 88%) as a white solid. 1H NMR 

(600 MHz, CDCl3) δ 8.00 (s, 1H), 7.80 (dd, J = 8.8, 2.1 Hz, 1H), 7.50–7.48 (m, 2H), 

7.38–7.29 (m, 3H), 7.27–7.23 (m, 1H), 5.06 (s, 2H); 13C NMR (125 MHz, CDCl3) δ 

146.6, 138.6, 134.3, 129.3, 128.9, 128.8, 125.7, 125.5, 120.7, 118.7, 46.9 (one carbon 

not observed in 13C NMR due to overlapping signals); HRMS-ESI-TOF m/z 366.9514 

(C14H10BrNO4S+H+ requires 367.9592). 

 
Compound 4.64, 7-bromo-2-(5-phenylpentyl)benzo[e][1,4,3]oxathiazin-3(2H)-one 
1,1-dioxide 
Compound 4.60 (124 mg, 0.31 mmol) was subjected to general procedure 4.E with 

NaH (62 mg, 1.6 mmol) and phosgene (15% in toluene, 421 μL, 0.59 mmol) in 

CH2Cl2 (1.60 mL) at 0 °C. The reaction mixture was stirred for 6 h at 25 °C. The 

crude product was purified by flash column chromatography (SiO2, hexanes then 0–

2% EtOAc/CH2Cl2 gradient) to yield 4.64 (91 mg, 69%) as a white solid. 1H NMR 

(600 MHz, CDCl3) δ 8.00 (d, J = 2.3 Hz, 1H), 7.83 (dd, J = 8.8, 2.3 Hz, 1H), 7.32–

7.28 (m, 2H), 7.22–7.19 (m, 3H), 3.93 (t, J = 8.2 Hz, 2H), 2.66 (t, J = 7.7 Hz, 2H), 

1.88 (p, J = 7.7 Hz, 2H), 1.71 (p, J = 7.7 Hz, 2H), 1.45 (p, J = 7.7 Hz, 3H); 13C NMR 

(150 MHz, CDCl3) δ 146.6, 146.5, 142.3, 138.5, 128.5, 128.4, 125.9, 125.5, 125.4, 
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120.6, 118.6, 77.4, 77.2, 77.0, 44.2, 35.7, 30.9, 28.6, 26.2; IR (neat) νmax 2925, 2855, 

1756, 1468, 1355, 1174, 736, 594 cm–1; HRMS-ESI-TOF m/z 426.0128 

(C18H18BrNO4S+H+ requires 426.0198). 

 
Compound 4.65, 2-benzylbenzo[e][1,4,3]oxathiazin-3(2H)-one 1,1-dioxide 
Compound 4.61 (51 mg, 0.19 mmol) was subjected to general procedure 4.E with 

NaH (39 mg, 0.97 mmol) and phosgene (15% in toluene, 262 μL, 0.37 mmol) in 

CH2Cl2 (0.97 mL) at 0 °C and stirred for 9 h at 25 °C. The crude product was purified 

by flash column chromatography (SiO2, hexanes then 0–50% EtOAc/CH2Cl2 gradient) 

to yield 4.65 (45 mg, 80%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.89 (d, J 

= 9.0 Hz, 1H), 7.71 (t, J = 7.9 Hz, 1H), 7.51 (d, J = 7.6 Hz, 2H), 7.45 (t, J = 7.7 Hz, 

1H), 7.40–7.29 (m, 4H), 5.07 (s, 2H); 13C NMR (125 MHz, CDCl3) δ 147.5, 147.0, 

135.6, 134.6, 129.2, 128.8, 128.6, 126.0, 124.2, 122.9, 118.9, 46.6; IR (neat) νmax 

1754, 1351, 1190, 761 cm–1; HRMS-ESI-TOF m/z 290.0482 (C14H11NO4S+H+ 

requires 290.0477). 

 
Compound 4.66, 2-(5-phenylpentyl)benzo[e][1,4,3]oxathiazin-3(2H)-one 1,1-
dioxide 
Compound 4.62 (32 mg, 0.101 mmol) was subjected to general procedure 4.E with 

NaH (20 mg, 0.51 mmol) and phosgene (15% in toluene, 128 μL, 0.193 mmol) in 

CH2Cl2 (0.404 mL) at 0 °C. The reaction mixture was stirred for 9 h at 25 °C. The 

crude product was purified by flash column chromatography (SiO2, hexanes then 0–

50% EtOAc/CH2Cl2 gradient) to yield 4.66 (34 mg, 97%) as a clear oil. 1H NMR (400 

MHz, CDCl3) δ 7.87 (d, J = 7.6 Hz, 1H), 7.73 (t, J = 7.7 Hz, 1H), 7.46 (t, J = 7.7 Hz, 
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1H), 7.38 (d, J = 8.3 Hz, 1H), 7.29–7.27 (m, 2H), 7.20–7.18 (m, 3H), 3.92 (t, J = 8.1 

Hz, 2H), 2.63 (t, J = 7.6 Hz, 2H), 1.91–1.83 (m, 2H), 1.76–1.63 (m, 2H), 1.49–1.38 

(m, 2H); 13C NMR (100 MHz, CDCl3) δ 147.6, 147.0, 142.3, 135.5, 128.5, 128.4, 

126.0, 125.8, 124.1, 122.9, 118.8, 43.9, 35.8, 31.1, 28.7, 26.2; IR (neat) νmax 2931, 

2858, 1757, 1352, 1214, 761 cm–1; HRMS-ESI-TOF m/z 346.1104 (C18H19NO4S+H+ 

requires 346.1107). 

 
Compound 4.76, 2-benzyl-3-oxo-2,3-dihydrobenzo[e][1,4,3]oxathiazine-7-
carbonitrile 1,1-dioxide  
Compound 4.72 (70 mg, 0.24 mmol) was subjected to general procedure 4.E with 

NaH (49 mg, 1.21 mmol) and phosgene (15% in toluene, 329 μL, 0.46 mmol) in 

CH2Cl2 (0.96 mL) at 0 °C. The reaction mixture was stirred at 25 °C for 5.5 h. The 

crude product was purified by flash column chromatography (SiO2, hexanes then 0–

4% EtOAc/CH2Cl2 gradient) to yield 4.76 (47 mg, 65%) as a white solid. 1H NMR 

(600 MHz, CDCl3) δ 8.20 (s, 1H), 7.97 (d, J = 8.6 Hz, 1H), 7.49 (d, J = 7.0 Hz, 4H), 

7.36 (d, J = 7.2 Hz, 3H), 5.07 (s, 2H); 13C NMR (150 MHz, CDCl3) δ 150.1, 145.8, 

138.8, 133.9, 129.4, 129.00, 128.96, 127.6, 125.7, 120.5, 116.0, 110.7, 47.3; IR (neat) 

νmax 2922, 2361, 1757, 1171, 702 cm–1; HRMS-ESI-TOF m/z 337.0966 

(C15H10N2O4S+Na+ requires 337.0966). 

 
Compound 4.77, 3-oxo-2-(5-phenylpentyl)-2,3-dihydrobenzo[e][1,4,3]oxathiazine-
7-carbonitrile 1,1-dioxide 

Compound 4.73 (68 mg, 0.20 mmol) was subjected to general procedure 4.E with 

NaH (39 mg, 0.58 mmol) and phosgene (15% in toluene, 266 μL, 0.22 mmol) in 
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CH2Cl2 (0.79 mL) at 0 °C. The reaction mixture was stirred at 25 °C for 9 h. The 

crude product was purified by flash column chromatography (SiO2, hexanes then 0–

50% EtOAc/CH2Cl2 gradient) to yield 4.77 (50 mg, 68%) as a white solid. 1H NMR 

(600 MHz, CDCl3) δ 8.17 (d, J = 1.9 Hz, 1H), 7.98 (dd, J = 8.6, 1.9 Hz, 1H), 7.50 (d, 

J = 8.6 Hz, 1H), 7.28 (t, J = 7.4 Hz, 2H), 7.21–7.15 (m, 3H), 3.92 (t, J = 7.8 Hz, 2H), 

2.63 (t, J = 7.7 Hz, 2H), 1.86 (p, J = 7.7 Hz, 2H), 1.69 (p, J = 7.7 Hz, 2H), 1.42 (p, J = 

7.8 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 150.2, 145.7, 142.2, 138.7, 128.52, 

128.46, 127.5, 125.9, 125.6, 120.4, 116.1, 110.6, 44.6, 35.8, 30.9, 28.6, 26.2; IR 

(neat) νmax 2929, 1764, 1605, 1499, 1211, 1172, 703 cm–1; HRMS-ESI-TOF m/z 

371.1076 (C19H18N2O4S+H+ requires 371.1066). 

 
Compound 4.78, 2-benzyl-7-methoxybenzo[e][1,4,3]oxathiazin-3(2H)-one 1,1-
dioxide 
Compound 4.74 (32 mg, 0.104 mmol) was subjected to general procedure 4.E with 

NaH (22 mg, 0.55 mmol) and phosgene (15% in toluene, 148 μL, 0.21 mmol) in 

CH2Cl2 (0.42 mL) at 0 °C. The reaction was stirred at 25 °C for 5.5 h. The crude 

product was purified by flash column chromatography (SiO2, hexanes then 0–50% 

EtOAc/CH2Cl2 gradient) to yield 4.78 (38 mg, quant) as a white solid. 1H NMR (400 

MHz, CDCl3) δ 7.50 (d, J = 6.5 Hz, 1H), 7.42–7.19 (m, 2H), 5.07 (s, 1H), 3.90 (s, 

1H); 13C NMR (150 MHz, CDCl3) δ 157.1, 147.3, 141.2, 134.7, 129.2, 128.8, 128.6, 

124.4, 123.0, 120.3, 105.3, 56.4, 46.5; HRMS-ESI-TOF m/z 320.0586 

(C15H13NO5S+H+ requires 320.0587). 
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Compound 4.79, 7-methoxy-2-(5-phenylpentyl)benzo[e][1,4,3]oxathiazin-3(2H)-
one 1,1-dioxide 
Compound 4.75 (55 mg, 0.16 mmol) was subjected to general procedure 4.E with 

NaH (31 mg, 0.78 mmol) and phosgene (15% in toluene, 213 μL, 0.30 mmol) in 

CH2Cl2 (0.63 mL) at 0 °C. The reaction mixture was stirred at 25 °C for 7 h. The 

crude product was purified by flash column chromatography (SiO2, hexanes then 0–

50% EtOAc/CH2Cl2 gradient) to yield 4.79 (33 mg, 56%) as a slightly brown oil. 1H 

NMR (600 MHz, CDCl3) δ 7.31–7.26 (m, 4H), 7.25–7.22 (m, 1H), 7.22–7.16 (m, 

3H), 3.94–3.88 (m, 5H), 2.64 (t, J = 8.4 Hz, 2H), 1.87 (p, J = 7.7 Hz, 2H), 1.70 (p, J = 

7.7 Hz, 2H), 1.44 (p, J = 7.7 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 157.1, 147.2, 

142.4, 141.4, 128.5, 128.4, 125.9, 124.2, 123.0, 120.2, 105.2, 56.4, 43.9, 35.8, 31.0, 

28.7, 26.3; IR (neat) νmax 2931, 2857, 1752, 1492, 1350, 1173 cm–1; HRMS-ESI-TOF 

m/z 376.1216 (C19H21NO5S+H+ requires 376.1213). 

4.4.4 Biological assay procedures 
FAAH inhibition assay (performed by Dan Brody)  
14C-labeled oleamide was prepared from 14C-labeled oleic acid as described.80 The 

truncated rat FAAH (rFAAH) was expressed in E. coli and purified as described.14 

The purified recombinant rFAAH was used in the inhibition assays as described.80 

The enzyme reaction was initiated by mixing 1 nM of rFAAH (800, 500, or 200 pM 

rFAAH for inhibitors with Ki ≤ 1–2 nM) with 20 μM of 14C-labeled oleamide in 500 

μL of reaction buffer (125 mM TrisCl, 1 mM EDTA, 0.2% glycerol, 0.02% Triton X-

100, 0.4 mM Hepes, pH 9.0) at room temperature in the presence of three different 

concentrations of inhibitor. The enzyme reaction was terminated by transferring 20 

μL of the reaction mixture to 500 μL of 0.1 N HCl at three different time points. The 
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14C-labeled oleamide (substrate) and oleic acid (product) were extracted with EtOAc 

and analyzed by TLC. The Ki of the inhibitor was calculated using a Dixon plot.  

Preparation of mouse tissue proteomes 
Mouse brains were Dounce-homogenized on ice in DPBS (pH 7.5) followed by a 

low-speed spin (1,400 × g, 5 min) to remove debris. After sonication, the supernatant 

was then centrifuged (100,000 × g, 45 min) to provide the cytosolic fraction in the 

supernatant and the membrane fraction as a pellet. The pellet was washed and re-

suspended in PBS by sonication. Protein concentrations were determined using a 

protein assay kit (Bio-Rad). Samples were stored at –80 °C until use. 

In vitro competitive activity-based protein profiling 
Proteomes (brain membrane or soluble fractions or cell lysates) (50 μL, 1.0 mg/mL 

total protein concentration in DPBS) were preincubated with varying concentrations 

of inhibitors at 37 °C. After 30 min, FP-Rh (1.0 μL, 50 μM in DMSO) was added, and 

the mixture was incubated for another 30 min at room temperature. Reactions were 

quenched with SDS loading buffer (20 μL) and run on SDS-PAGE. Following gel 

imaging, serine hydrolase activity was determined by measuring fluorescent intensity 

of gel bands with ImageJ software. 

In situ treatment of N2A and HEK cells 
Neuro2A murine neuroblastoma (N2A) cells and human embryonic kidney (HEK) 

cells were grown in DMEM media supplemented with 10% fetal bovine serum and 2 

mM L-glutamine in a humidified 5% CO2 incubator at 37 °C. 

Cells were treated with compound at the indicated concentrations (15 μL of a 200× 

DMSO stock) in a 6 cm dish (3 mL total media volume). Cells were harvested and 

separated into membrane and soluble fractions. Total protein concentrations of each 

fraction were adjusted to 1 mg/mL in PBS (50 μL total reaction volume), labeled with 

FP-Rh and analyzed as described above. The percentage of activity remaining was 
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quantified by measuring the integrated optical density of the individual serine 

hydrolase band relative to a DMSO-only (no compound) control using ImageJ 

software. 
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Appendix 1 
HPLC traces & NMR spectra for asymmetric 

Suzuki–Miyaura reaction 
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Figure A1-1 HPLC trace of 2.47 with impurity 
Conditions: Chiral HPLC (Chiralpak OD, 15 % IPA in heptane, 1.5 mL/min, λ = 254 nm) tR = 
9.6 min, 15.8 and 20.1 min. 

Impurity Retention time (min) 

Stille product (2.42) 6.9 
Boronate ester (2.46) 2.9 

PPh3 2.6 
PPh3O 4.5 

(R)-BINAP 2.7 
De-boronated D ring (2.54) 6.8 

D-ring dimer (2.80) 5.1 
De-brominated Stille product (2.55) 16.2 
Table A1-1 Potential Impurities and retention times on HPLC 
Conditions: Chiral HPLC (Chiralpak OD, 15 % IPA in heptane, 1.5 mL/min, λ = 254 nm) 

 

 
Compound 2.80, 2,2'-Bis(benzyloxy)-3,3',4,4'-tetramethoxy-1,1'-biphenyl 
Aryl boronate ester 2.46 (0.017 g, 0.05 mmol) was added to a solution of 2.45 (0.010 
g, 0.03 mmol), tetrakis(triphenylphosphine)palladium (0.004 g, 0.003 mmol) and 
potassium phosphate tribasic (0.020 mmol, 0.09 mmol) in dioxane:water (3:1 by 
volume, 0.31 mL total). The reaction mixture was degassed and refilled with argon 
five times, then heated to 101 °C in a sealed tube for 16 h. The mixture was allowed 

OBn

OCH3
OCH3

BnO

H3CO
OCH3
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to cool to rt, diluted with EtOAc (1 mL) and washed with brine (1 mL). The organic 
phase was dried over Na2SO4, filtered and concentrated in vacuo. The crude product 
was purified by column chromatography (9:1 Pet:EtOAc, Rf 0.34) to afford 2,2'-
Bis(benzyloxy)-3,3',4,4'-tetramethoxy-1,1'-biphenyl as a light brown solid (0.015 g, 
0.03 mmol, 99%). δH (CDCl3, 400 MHz):  7.21-7.20 (6H, m, Ph-H); 7.08-7.06 (4H, 
m, Ph-H); 6.95 (2H, d, J = = 8.5, Ar-H); 6.72 (2H, d, J = 8.7, Ar-H); 4.82 (4H, s, 
OCH2Ph); 3.93 (6H, s, OCH3); 3.87 (6H, s, OCH3); δC (CDCl3, 101 MHz): 153.1, 
150.9, 142.5, 137.9, 128.0, 127.5, 126.0, 125.7, 107.1 (2 x C), 74.8, 61.0, 56.1; νmax 
(film) cm-1: 2936 (w), 2361 (m),1594 (w), 1484 (s), 1452 (m), 1423 (w), 1370 (w), 
1285 (m), 1219 (w), 1166 (w), 1093 (s), 1008 (m), 798 (w), 750 (w); HRMS 
calculated for C30H30O6 [M+Na]+: 509.1935; Found: 509.1928. 
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Figure A1-2. HPLC trace of racemic sample of 2.47 
Conditions: Chiral HPLC (Chiralpak OD, 10 % IPA in heptane, 1.0 mL/min, λ = 254 nm) tR = 
20.5 min and 47.7 min. Note: (‘skim’) shoulder correction fitted to first peak. 

 
Figure A1-3 HPLC trace of enantiomerically enriched 2.47 (using (R)-BINAP) 
Conditions: Chiral HPLC (Chiralpak OD, 10 % IPA in heptane, 1.0 mL/min, λ = 254 nm); tR 
(major) = 19.3 min, tR = 36.2 min. 

Operator:tjdgroup  Timebase:TJGSUPERCOMP_1   Sequence:Project AA Page 1-1
15/5/2013  3:48 PM

DEFAULT/Integration
Chromeleon (c) Dionex 1996-2006

Version 6.80 SR8 Build 2623 (156243)

156 272f13-35 (MeCN, OD, 10%, 1mL)

Sample Name: 272f13-35 (MeCN, OD, 10%, 1mL) Injection Volume: 20.0  
Vial Number: 160 Channel: UV_VIS_1
Sample Type: unknown Wavelength: 254
Control Program: AFK 10pc1mL Bandwidth: n.a.
Quantif. Method: Trial Dilution Factor: 1.0000  
Recording Time: 29/1/2013 16:51 Sample Weight: 1.0000  
Run Time (min): 89.15 Sample Amount: 1.0000  

No. Ret.Time Peak Name Height Area Rel.Area Amount Type 
min mAU mAU*min %

1  19.27      n.a. 1632.242 3482.232 63.36    n.a.  MB*
2  36.21      n.a. 205.200 2013.889 36.64    n.a. BMB*

Total: 1837.442 5496.121 100.00    0.000 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 89.1
-200

0

200

400

600
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1,000

1,200

1,400
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1,800 Project AA #156 [modified by tjdgroup] 272f13-35 (MeCN, OD, 10%, 1mL) UV_VIS_1
mAU

min

1 - 19.273

2 - 36.207

WVL:254 nm

Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)
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Figure A1-4. HPLC trace of enantiomerically enriched 2.47 (from phosphino hydrazone 2.63) 
Chiral HPLC (Chiralpak OD, 10 % IPA in heptane, 1.0 mL/min, λ = 254 nm) tR (major) = 39.1 
min, tR (minor) = 19.6 min. 
 

Operator:tjdgroup  Timebase:TJGSUPERCOMP_1   Sequence:Project AA Page 1-1
15/5/2013  3:48 PM

DEFAULT/Integration
Chromeleon (c) Dionex 1996-2006

Version 6.80 SR8 Build 2623 (156243)

157 286c2f9-18 (MeCN, OD, 10%, 1mL)

Sample Name: 286c2f9-18 (MeCN, OD, 10%, 1mL) Injection Volume: 20.0  
Vial Number: 161 Channel: UV_VIS_1
Sample Type: unknown Wavelength: 254
Control Program: AFK 10pc1mL Bandwidth: n.a.
Quantif. Method: Trial Dilution Factor: 1.0000  
Recording Time: 12/2/2013 23:42 Sample Weight: 1.0000  
Run Time (min): 71.52 Sample Amount: 1.0000  

No. Ret.Time Peak Name Height Area Rel.Area Amount Type 
min mAU mAU*min %

1  19.59      n.a. 236.202 442.127 29.22    n.a.  MB*
2  39.09      n.a. 109.858 1070.985 70.78    n.a. BMB*

Total: 346.060 1513.112 100.00    0.000 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 71.5
-50

0

50

100

150

200

250

300 Project AA #157 [modified by tjdgroup] 286c2f9-18 (MeCN, OD, 10%, 1mL) UV_VIS_1
mAU

min

1 - 19.587

2 - 39.093

WVL:254 nm

Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)



A- 6 

 

 

����������
���	����������������������
����
��
�����

������

�

�����

�����


����

	����

�����

�����

�����

�����

�����

�����

�����

�����

�����

�����

�
�
��
�

�
�
�	
�

�
�
�	
	

�
�
��
	

�
�
��
�

�
�
��
�

�
�
��
�

�
�
�

�

�
�
��
�



�
�






�
��
�



	
��
�



�
��
�

�
�
�

�

�
�
�

	

�
�
��
�

�
�
��
�

�
�
	
��
�

�
�
�
��
�

�
�
�
��



�
�
�
��
�

�
�
�
��
�

�
�
	
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
	
�	



�
�
�
��
�

�
�
�
��
	

�
�
�
��
�

�
�
�
��
�

�




�

�

�




�

�

�������
���
�����

126 MHz (d8-toluene)

N

H2N Me

N

OMe
MeO

OMe

OMe
OMe

OBn

O

O
Ph

F3C OMe

1:1 mixture, 13C 
NMR 

2.76 

�������
��
�����

������������������������������������
��
��������	��	������������
��
�����

�����

�

����

����

����

����

����


���

����

	���

����

�����

�����

�����

�����

�
��
�



��
�

�
��
�

�
��
�



��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��



�
��
�

�
�
�	
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
�	



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�

�



��





��
�



��





��





�	
�

�
��
�

�
�

�

�
��
�

	
��
�

	
��
	

	
��
�

	
��
�

�
��
�

�
��
�

400 MHz (d8-toluene)

N

H2N Me

N

OMe
MeO

OMe

OMe
OMe

OBn

O

O
Ph

F3C OMe

2.76 

1:1 mixture, 1H NMR 



A- 7 

  

����������������		����	������
����������
������	�����������

��
�����

�

����

�����

�����

�����

�����

�����

�����

�����

�����

�
�
�
��
�

�
�
�
��
�

�������
���
�����

472 MHz (d8-toluene)

N

H2N Me

N

OMe
MeO

OMe

OMe
OMe

OBn

O

O
Ph

F3C OMe

2.76 

1:1 mixture, 19F 
NMR 



A- 8 

 

�����������
�������	������
���
���
���
���
���
���

��
���
	��
�
��
�����

����

�

���

���


��

	��

����

����

����

�
��

�	��

����

����

����

�
��

�	��

����

����

�
��
	

�
��
�

�
��
�

�
�

�

�
�

�

�
�

�

�!�!%���!#��&�'
(���


���)
%�� �!��

��#���#��'
*+,
��$�!'�

�����������
�������	������
���
���
���
���
���
���

��
���
	��
�
��
�����

�

���

���

���

���

���


��

���

	��

���

����

�
��
�

�
��
�

�
��
�

�
�

�

�
�

�

�
�

�

�������
��
���� �!��
"���


#�$��!

N

H2N Me

N

OMe
MeO

OMe

OMe
OMe

OBn

O

O
Ph

F3C OMe

1:1 mixture, 1HNMR  



A- 9 

 

 
 
 

 
 
 
 
 
 

Appendix 2 
Additional gel-based ABPP assays 
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Figure A2-1. Competitive gel-based ABPP of benzothiadiazin-3-one 1,1-dioxides. Mouse 

brain membrane (left) and soluble (right) proteomes treated with compounds (all at 50 μM, 30 
min incubation) then ATP-biotin (with KiNativTM kit). Fluorescent images shown in gray; 

 
Figure A2-2. Competitive gel-based ABPP of benzoxathiazin-3-one 1,1-dioxides. Mouse 

brain soluble proteome fractions treated with compounds (with R1 = H or CN, at 0.01–50 μM, 
30 min incubation) then FP-rhodamine (1 μM, 30 min). Fluorescent images shown in gray; 
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Figure A11-3. Competitive gel-based ABPP of benzoxathiazin-3-one 1,1-dioxides. Mouse 
brain membrane and soluble proteome fractions treated with compounds (with R1 = Br, at 
0.01–50 μM, 30 min incubation) then FP-rhodamine (1 μM, 30 min). Fluorescent images 

shown in gray; 

 
Figure A2-4. Competitive gel-based ABPP of benzoxathiazin-3-one 1,1-dioxides. Mouse 

brain membrane and soluble proteome fractions treated with compounds (with R1 = OCH3, at 
0.01–50 μM, 30 min incubation) then FP-rhodamine (1 μM, 30 min). Fluorescent images 

shown in gray; 
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Figure A12-5. Competitive gel-based ABPP of benzoxathiazin-3-one 1,1-dioxides. Mouse 

brain membrane and soluble proteome fractions treated with compounds (all at 20 μM, 30 min 
incubation) then IA-rhodamine (1 μM, 30 min). Fluorescent images shown in gray; 

 
Figure A2-6. Competitive gel-based ABPP of benzothiadiazin-3-one 1,1-dioxides and 

benzoxathiazin-3-one 1,1-dioxides. Mouse brain membrane proteome fractions treated with 
compounds (all at 20 μM, 30 min incubation) then AlexaFluor (10 μM, 30 min). Fluorescent 

images shown in gray; 
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Figure A2-7. In vitro analysis of lead compounds (4.83, 4.66, 4.81) as well as 4.64 

(Br/(CH2)5Ph compound) with membrane and soluble proteome from HEK cell lysates; 
Proteome samples were treated with compounds (25 μM for 30 min) then FP-rhodamine (1 

μM, 30 min). 
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Appendix 3 

X-ray crystallography data 
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Compound 4.40A 
CCDC 1501165 

Data obtained by Arnold L. Rheingold, UCSD Crystallography Lab 
Crystal data 

Identification code boger08 
Empirical formula  C14H12N2O3S 
Formula weight   288.32 
Temperature   100(2) K 
Wavelength   0.71073 Å 
Crystal system   Monoclinic 
Space group   P c 
Unit cell dimensions a = 12.916(3) Å α = 90°. 
    b = 7.5579(17) Å β = 99.551(9)°. 
    c = 25.872(5) Å γ = 90°. 
Volume   2490.5(9) Å3 
Z    8 
Density (calculated) 1.538 Mg/m3 
Absorption coefficient 0.269 mm-1 
F(000)   1200 
Crystal size   0.280 x 0.080 x 0.030 mm3 
Theta range for data collection 1.596 to 25.735°. 
Index ranges  -15<=h<=15, -9<=k<=7, -31<=l<=24 
Reflections collected 11508 
Independent reflections 6994 [R(int) = 0.0644] 
Completeness to theta = 25.000° 99.9 %  
Absorption correction Multi-scan 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6994 / 2 / 679 
Goodness-of-fit on F2 1.116 
Final R indices [I>2sigma(I)] R1 = 0.0849, wR2 = 0.2013 
R indices (all data) R1 = 0.1230, wR2 = 0.2263 
Absolute structure parameter 0.51(16) 
Extinction coefficient n/a 
Largest diff. peak and hole 1.945 and -0.549 e. Å-3 
 
 
 
 
 
 
 

N
H

S N

O O
H Ph

O
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2 x 103) for boger08.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
___________________________________________________________________  
          x  y z U(eq) 
___________________________________________________________________ 
S(1A) 1511(2) 4458(4) 4874(1) 25(1) 
S(1B) 5676(2) 9323(4) 3364(1) 25(1) 
S(1C) 8479(2) 2903(4) 5145(1) 23(1) 
S(1D) 4349(2) 8097(4) 6667(1) 27(1) 
O(1A) 674(6) 5710(11) 4807(3) 28(2) 
O(1B) 5815(7) 10578(13) 2973(3) 35(2) 
O(1D) 4786(7) 9806(11) 6793(3) 29(2) 
O(1C) 9308(7) 1621(12) 5213(3) 30(2) 
O(2A) 1319(6) 2772(11) 4626(3) 24(2) 
O(2B) 5218(7) 7671(11) 3205(3) 29(2) 
O(2D) 4265(7) 6873(12) 7077(3) 30(2) 
O(2C) 8663(7) 4576(11) 5389(4) 27(2) 
O(3D) 5730(8) 7324(12) 5510(4) 23(2) 
O(3C) 5771(7) 2343(12) 5496(4) 24(2) 
O(3A) 4198(7) 4977(12) 4525(4) 20(2) 
O(3B) 4220(7) 9960(12) 4512(4) 20(2) 
N(1A) 3733(8) 3717(14) 5251(4) 26(3) 
N(1B) 5777(8) 8599(14) 4486(4) 26(2) 
N(1C) 6264(8) 3680(15) 4776(4) 27(2) 
N(1D) 4198(9) 8743(14) 5539(4) 29(3) 
N(2C) 7454(8) 1959(14) 5353(4) 24(2) 
N(2D) 5050(8) 7085(14) 6264(4) 24(2) 
N(2B) 4967(8) 10292(14) 3768(4) 25(2) 
N(2A) 2543(8) 5430(14) 4672(4) 23(2) 
C(1A) 2055(10) 4182(15) 5536(5) 17(3) 
C(1D) 3197(11) 8368(17) 6240(6) 24(3) 
C(1C) 8001(12) 3242(18) 4513(6) 30(3) 
C(1B) 6837(10) 8977(18) 3799(6) 30(3) 
C(2B) 7786(10) 8976(17) 3604(6) 22(3) 
C(2C) 8627(10) 3207(17) 4093(5) 18(3) 
C(2A) 1439(13) 4120(20) 5921(8) 43(5) 
C(2D) 2190(16) 8400(20) 6413(7) 48(5) 
C(3B) 8706(10) 8365(18) 4001(6) 23(3) 
C(3C) 8094(14) 3770(20) 3576(5) 34(4) 
C(3A) 1816(11) 3688(17) 6398(6) 25(3) 
C(3D) 1345(12) 8891(18) 6111(6) 31(4) 
C(4C) 7122(12) 4282(17) 3501(6) 30(3) 
C(4B) 8587(11) 7917(17) 4482(6) 29(3) 
C(4A) 2886(11) 3127(17) 6535(5) 25(3) 
C(4D) 1389(12) 9398(17) 5587(6) 32(3) 
C(5D) 2316(10) 9362(16) 5422(6) 25(2) 
C(5A) 3498(10) 3159(16) 6148(6) 25(2) 
C(5B) 7641(10) 7984(17) 4660(5) 20(3) 
C(5C) 6485(12) 4287(19) 3875(5) 28(3) 
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C(6C) 6867(11) 3722(17) 4366(6) 22(3) 
C(6B) 6734(10) 8556(17) 4303(5) 19(2) 
C(6D) 3196(12) 8822(18) 5715(6) 25(3) 
C(6A) 3074(10) 3706(17) 5635(5) 19(2) 
C(7D) 5054(11) 7754(17) 5758(5) 29(3) 
C(7C) 6463(10) 2688(16) 5221(5) 26(3) 
C(7A) 3534(11) 4709(16) 4798(5) 26(3) 
C(7B) 4951(10) 9640(17) 4264(5) 24(3) 
C(8C) 7653(10) 657(17) 5799(5) 25(3) 
C(8A) 2318(9) 6714(16) 4225(5) 26(3) 
C(8D) 5863(10) 5776(17) 6473(5) 26(3) 
C(8B) 4148(10) 11610(17) 3544(5) 27(3) 
C(9C) 7848(10) 1419(17) 6321(5) 21(3) 
C(9D) 6930(10) 6558(18) 6641(5) 20(2) 
C(9B) 3017(12) 10849(19) 3354(5) 24(3) 
C(9A) 2069(10) 5902(17) 3689(5) 20(2) 
C(10A) 1070(11) 5356(19) 3510(5) 25(3) 
C(10B) 2824(10) 10029(18) 2889(6) 21(3) 
C(10D) 7233(15) 7390(19) 7135(6) 34(4) 
C(10C) 8851(12) 2039(17) 6540(6) 24(3) 
C(11A) 839(13) 4661(19) 3012(6) 25(2) 
C(11D) 8238(12) 8004(19) 7264(5) 25(2) 
C(11B) 1787(11) 9500(18) 2661(5) 23(3) 
C(11C) 9089(13) 2813(18) 7037(6) 26(3) 
C(12B) 1028(12) 9705(19) 3002(6) 29(3) 
C(12C) 8305(13) 2920(20) 7304(6) 30(2) 
C(12A) 1615(13) 4440(19) 2670(6) 30(2) 
C(12D) 9005(14) 7790(20) 6988(7) 34(4) 
C(13B) 1250(13) 10435(19) 3493(6) 27(3) 
C(13A) 2655(12) 5018(19) 2897(6) 27(2) 
C(13D) 8729(11) 6906(18) 6506(6) 27(2) 
C(13C) 7316(13) 2324(19) 7151(6) 29(3) 
C(14D) 7709(10) 6273(17) 6330(5) 21(3) 
C(14A) 2829(10) 5768(18) 3371(5) 23(3) 
C(14C) 7026(12) 1620(20) 6630(6) 27(3) 
C(14B) 2243(12) 10992(19) 3658(6) 27(3) 
_____________________________________________________________________  
 
 
Table 3.   Bond lengths [Å] and angles [°] for boger08. 
_______________________________          _________________________________ 
S(1A)-O(1A)  1.425(8) 
S(1A)-O(2A)  1.430(9) 
S(1A)-N(2A)  1.681(10) 
S(1A)-C(1A)  1.752(12) 
S(1B)-O(2B)  1.413(9) 
S(1B)-O(1B)  1.421(9) 
S(1B)-N(2B)  1.668(10) 
S(1B)-C(1B)  1.738(14) 
S(1C)-O(2C)  1.416(9) 

S(1C)-O(1C)  1.433(9) 
S(1C)-C(1C)  1.667(15) 
S(1C)-N(2C)  1.671(10) 
S(1D)-O(1D)  1.426(9) 
S(1D)-O(2D)  1.426(9) 
S(1D)-N(2D)  1.674(10) 
S(1D)-C(1D)  1.711(14) 
O(3D)-C(7D)  1.210(16) 
O(3C)-C(7C)  1.260(16) 
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O(3A)-C(7A)  1.215(15) 
O(3B)-C(7B)  1.248(15) 
N(1A)-C(7A)  1.380(16) 
N(1A)-C(6A)  1.410(16) 
N(1B)-C(7B)  1.373(16) 
N(1B)-C(6B)  1.395(17) 
N(1C)-C(7C)  1.361(17) 
N(1C)-C(6C)  1.416(17) 
N(1D)-C(7D)  1.377(18) 
N(1D)-C(6D)  1.443(18) 
N(2C)-C(7C)  1.382(16) 
N(2C)-C(8C)  1.505(16) 
N(2D)-C(7D)  1.405(16) 
N(2D)-C(8D)  1.477(16) 
N(2B)-C(7B)  1.379(16) 
N(2B)-C(8B)  1.497(15) 
N(2A)-C(7A)  1.379(16) 
N(2A)-C(8A)  1.500(15) 
C(1A)-C(6A)  1.347(18) 
C(1A)-C(2A)  1.37(2) 
C(1D)-C(6D)  1.40(2) 
C(1D)-C(2D)  1.44(2) 
C(1C)-C(2C)  1.458(18) 
C(1C)-C(6C)  1.50(2) 
C(1B)-C(6B)  1.37(2) 
C(1B)-C(2B)  1.402(18) 
C(2B)-C(3B)  1.508(19) 
C(2C)-C(3C)  1.464(19) 
C(2A)-C(3A)  1.29(2) 
C(2D)-C(3D)  1.29(2) 
C(3B)-C(4B)  1.32(2) 
C(3C)-C(4C)  1.30(2) 
C(3A)-C(4A)  1.432(18) 
C(3D)-C(4D)  1.42(2) 
C(4C)-C(5C)  1.369(19) 
C(4B)-C(5B)  1.376(18) 
C(4A)-C(5A)  1.376(19) 
C(4D)-C(5D)  1.337(19) 
C(5D)-C(6D)  1.32(2) 
C(5A)-C(6A)  1.412(19) 
C(5B)-C(6B)  1.433(18) 
C(5C)-C(6C)  1.35(2) 
C(8C)-C(9C)  1.451(19) 
C(8A)-C(9A)  1.503(19) 
C(8D)-C(9D)  1.496(18) 
C(8B)-C(9B)  1.571(19) 
C(9C)-C(10C)  1.41(2) 
C(9C)-C(14C)  1.438(18) 
C(9D)-C(14D)  1.406(18) 
C(9D)-C(10D)  1.42(2) 

C(9B)-C(10B)   1.34(2) 
C(9B)-C(14B)   1.38(2) 
C(9A)-C(10A)   1.360(19) 
C(9A)-C(14A)   1.384(18) 
C(10A)-C(11A)   1.38(2) 
C(10B)-C(11B)   1.427(19) 
C(10D)-C(11D)   1.37(2) 
C(10C)-C(11C)   1.40(2) 
C(11A)-C(12A)   1.45(2) 
C(11D)-C(12D)   1.32(2) 
C(11B)-C(12B)   1.43(2) 
C(11C)-C(12C)   1.32(2) 
C(12B)-C(13B)   1.37(2) 
C(12C)-C(13C)   1.35(2) 
C(12A)-C(13A)   1.44(2) 
C(12D)-C(13D)   1.41(2) 
C(13B)-C(14B)   1.35(2) 
C(13A)-C(14A)   1.34(2) 
C(13D)-C(14D)   1.405(19) 
C(13C)-C(14C)   1.44(2) 
O(1A)-S(1A)-O(2A) 117.8(5) 
O(1A)-S(1A)-N(2A) 107.3(5) 
O(2A)-S(1A)-N(2A) 109.7(5) 
O(1A)-S(1A)-C(1A) 111.8(6) 
O(2A)-S(1A)-C(1A) 110.1(5) 
N(2A)-S(1A)-C(1A) 98.4(5) 
O(2B)-S(1B)-O(1B) 118.6(6) 
O(2B)-S(1B)-N(2B) 108.9(6) 
O(1B)-S(1B)-N(2B) 107.5(5) 
O(2B)-S(1B)-C(1B) 109.3(6) 
O(1B)-S(1B)-C(1B) 111.4(6) 
N(2B)-S(1B)-C(1B) 99.5(6) 
O(2C)-S(1C)-O(1C) 118.8(6) 
O(2C)-S(1C)-C(1C) 107.9(6) 
O(1C)-S(1C)-C(1C) 111.8(6) 
O(2C)-S(1C)-N(2C) 108.7(5) 
O(1C)-S(1C)-N(2C) 106.7(5) 
C(1C)-S(1C)-N(2C) 101.4(7) 
O(1D)-S(1D)-O(2D) 119.6(6) 
O(1D)-S(1D)-N(2D) 108.7(5) 
O(2D)-S(1D)-N(2D) 106.4(5) 
O(1D)-S(1D)-C(1D) 108.0(6) 
O(2D)-S(1D)-C(1D) 113.1(6) 
N(2D)-S(1D)-C(1D) 99.0(6) 
C(7A)-N(1A)-C(6A) 123.5(11) 
C(7B)-N(1B)-C(6B) 122.9(11) 
C(7C)-N(1C)-C(6C) 126.5(11) 
C(7D)-N(1D)-C(6D) 126.4(12) 
C(7C)-N(2C)-C(8C) 119.0(10) 
C(7C)-N(2C)-S(1C) 120.0(9) 
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C(8C)-N(2C)-S(1C) 118.9(8) 
C(7D)-N(2D)-C(8D) 118.0(10) 
C(7D)-N(2D)-S(1D) 120.1(9) 
C(8D)-N(2D)-S(1D) 120.3(8) 
C(7B)-N(2B)-C(8B) 118.6(10) 
C(7B)-N(2B)-S(1B) 121.4(8) 
C(8B)-N(2B)-S(1B) 118.4(8) 
C(7A)-N(2A)-C(8A) 119.4(10) 
C(7A)-N(2A)-S(1A) 120.5(9) 
C(8A)-N(2A)-S(1A) 117.4(8) 
C(6A)-C(1A)-C(2A) 121.3(13) 
C(6A)-C(1A)-S(1A) 116.0(10) 
C(2A)-C(1A)-S(1A) 121.7(11) 
C(6D)-C(1D)-C(2D) 116.2(14) 
C(6D)-C(1D)-S(1D) 121.0(11) 
C(2D)-C(1D)-S(1D) 122.2(13) 
C(2C)-C(1C)-C(6C) 117.1(12) 
C(2C)-C(1C)-S(1C) 124.5(11) 
C(6C)-C(1C)-S(1C) 118.3(11) 
C(6B)-C(1B)-C(2B) 124.9(13) 
C(6B)-C(1B)-S(1B) 116.2(10) 
C(2B)-C(1B)-S(1B) 118.6(11) 
C(1B)-C(2B)-C(3B) 113.1(12) 
C(1C)-C(2C)-C(3C) 116.1(12) 
C(3A)-C(2A)-C(1A) 121.9(15) 
C(3D)-C(2D)-C(1D) 122.1(16) 
C(4B)-C(3B)-C(2B) 121.2(13) 
C(4C)-C(3C)-C(2C) 121.3(13) 
C(2A)-C(3A)-C(4A) 120.5(14) 
C(2D)-C(3D)-C(4D) 119.7(14) 
C(3C)-C(4C)-C(5C) 125.2(14) 
C(3B)-C(4B)-C(5B) 123.5(13) 
C(5A)-C(4A)-C(3A) 117.5(12) 
C(5D)-C(4D)-C(3D) 118.7(15) 
C(6D)-C(5D)-C(4D) 123.5(15) 
C(4A)-C(5A)-C(6A) 120.6(12) 
C(4B)-C(5B)-C(6B) 118.2(12) 
C(6C)-C(5C)-C(4C) 119.6(14) 
C(5C)-C(6C)-N(1C) 123.4(13) 
C(5C)-C(6C)-C(1C) 120.3(13) 
N(1C)-C(6C)-C(1C) 116.2(12) 
C(1B)-C(6B)-N(1B) 123.3(12) 
C(1B)-C(6B)-C(5B) 119.1(12) 
N(1B)-C(6B)-C(5B) 117.6(11) 
C(5D)-C(6D)-C(1D) 119.7(13) 
C(5D)-C(6D)-N(1D) 124.1(13) 
C(1D)-C(6D)-N(1D) 116.1(14) 
C(1A)-C(6A)-C(5A) 118.1(12) 
C(1A)-C(6A)-N(1A) 123.3(12) 
________________________________ 

C(5A)-C(6A)-N(1A) 118.6(11) 
O(3D)-C(7D)-N(1D) 121.9(12) 
O(3D)-C(7D)-N(2D) 120.8(12) 
N(1D)-C(7D)-N(2D) 116.9(12) 
O(3C)-C(7C)-N(1C) 122.7(12) 
O(3C)-C(7C)-N(2C) 119.4(12) 
N(1C)-C(7C)-N(2C) 117.8(11) 
O(3A)-C(7A)-N(1A) 122.3(12) 
O(3A)-C(7A)-N(2A) 120.9(11) 
N(1A)-C(7A)-N(2A) 116.8(11) 
O(3B)-C(7B)-N(1B) 120.0(11) 
O(3B)-C(7B)-N(2B) 122.5(11) 
N(1B)-C(7B)-N(2B) 117.5(10) 
C(9C)-C(8C)-N(2C) 115.7(11) 
N(2A)-C(8A)-C(9A) 115.6(10) 
N(2D)-C(8D)-C(9D) 113.9(11) 
N(2B)-C(8B)-C(9B) 116.0(10) 
C(10C)-C(9C)-C(14C) 117.1(13) 
C(10C)-C(9C)-C(8C) 120.9(12) 
C(14C)-C(9C)-C(8C) 121.9(12) 
C(14D)-C(9D)-C(10D) 117.8(13) 
C(14D)-C(9D)-C(8D) 119.0(12) 
C(10D)-C(9D)-C(8D) 122.7(13) 
C(10B)-C(9B)-C(14B) 120.3(14) 
C(10B)-C(9B)-C(8B) 118.4(13) 
C(14B)-C(9B)-C(8B) 121.3(12) 
C(10A)-C(9A)-C(14A) 120.1(13) 
C(10A)-C(9A)-C(8A) 119.0(12) 
C(14A)-C(9A)-C(8A) 120.9(12) 
C(9A)-C(10A)-C(11A) 118.7(14) 
C(9B)-C(10B)-C(11B) 121.6(13) 
C(11D)-C(10D)-C(9D) 118.5(14) 
C(11C)-C(10C)-C(9C) 123.9(14) 
C(10A)-C(11A)-C(12A) 123.3(14) 
C(12D)-C(11D)-C(10D) 126.3(14) 
C(12B)-C(11B)-C(10B) 113.9(11) 
C(12C)-C(11C)-C(10C) 115.8(15) 
C(13B)-C(12B)-C(11B) 123.7(14) 
C(11C)-C(12C)-C(13C) 126.7(14) 
C(13A)-C(12A)-C(11A) 114.1(12) 
C(11D)-C(12D)-C(13D) 115.8(15) 
C(14B)-C(13B)-C(12B) 117.4(15) 
C(14A)-C(13A)-C(12A) 120.4(13) 
C(12D)-C(13D)-C(14D) 122.3(14) 
C(12C)-C(13C)-C(14C) 118.9(14) 
C(13D)-C(14D)-C(9D) 119.0(13) 
C(13A)-C(14A)-C(9A) 123.2(14) 
C(9C)-C(14C)-C(13C) 117.3(14) 
C(13B)-C(14B)-C(9B) 122.5(14) 
_______________________________
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Table 4. Anisotropic displacement parameters (Å2 x 103) for boger08. The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12] 
_____________________________________________________________________ 
  U11  U22  U33 U23 U13  U12 
_____________________________________________________________________ 
S(1A) 23(2)  24(2) 29(2)  -1(1) 6(1)  2(1) 
S(1B) 27(2)  24(2) 25(2)  2(1) 7(1)  1(1) 
S(1C) 20(2)  21(2) 28(2)  0(1) 8(1)  2(1) 
S(1D) 26(2)  26(2) 30(2)  2(1) 8(2)  3(1) 
O(1A) 20(4)  26(5) 39(5)  -1(4) 4(4)  5(4) 
O(1B) 39(5)  41(6) 27(5)  2(4) 15(4)  4(4) 
O(1D) 30(5)  23(5) 33(5)  -4(4) 4(4)  -1(4) 
O(1C) 26(5)  30(5) 35(5)  0(4) 9(4)  2(4) 
O(2A) 26(5)  20(5) 25(4)  -1(4) 0(4)  -8(3) 
O(2B) 26(5)  26(5) 32(5)  2(4) 0(4)  3(4) 
O(2D) 39(5)  22(5) 32(5)  6(4) 13(4)  6(4) 
O(2C) 21(4)  23(5) 37(5)  -4(4) 8(4)  -1(3) 
O(3D) 29(6)  21(5) 19(5)  2(4) 3(5)  -13(4) 
O(3C) 17(5)  21(5) 32(5)  3(4) 0(5)  -9(4) 
O(3A) 18(4)  22(4) 23(4)  9(3) 11(4)  15(3) 
O(3B) 18(4)  22(4) 23(4)  9(3) 11(4)  15(3) 
N(1A) 28(6)  24(6) 28(6)  6(5) 10(5)  2(5) 
N(1B) 20(6)  30(7) 30(6)  4(5) 10(5)  4(5) 
N(1C) 26(6)  28(7) 28(6)  -2(5) 12(5)  -1(5) 
N(1D) 32(6)  21(6) 37(7)  -3(5) 10(5)  2(5) 
N(2C) 21(5)  19(6) 33(6)  1(5) 7(5)  -3(4) 
N(2D) 25(5)  30(6) 18(5)  -3(5) 5(4)  0(5) 
N(2B) 22(5)  26(6) 25(5)  2(5) 2(5)  8(5) 
N(2A) 22(5)  22(6) 24(5)  3(5) 4(4)  3(4) 
C(1A) 17(6)  16(6) 19(6)  -1(5) 5(5)  4(5) 
C(1D) 33(8)  8(6) 29(7)  7(6) -2(6)  -1(5) 
C(1C) 35(8)  20(7) 36(8)  -10(6) 5(7)  -1(6) 
C(1B) 23(7)  22(7) 44(9)  2(6) 7(7)  10(6) 
C(2B) 13(6)  19(7) 32(7)  6(6) -1(6)  6(5) 
C(2C) 27(7)  18(7) 11(6)  -3(5) 12(5)  0(5) 
C(2A) 32(9)  8(8) 91(14)  -9(8) 13(10)  2(6) 
C(2D) 76(13)  27(9) 51(10)  -15(8) 41(11)  -23(9) 
C(3B) 11(6)  20(7) 37(8)  -8(6) 3(6)  3(5) 
C(3C) 67(11)  32(9) 4(6)  -4(6) 7(7)  -6(8) 
C(3A) 26(7)  14(7) 38(8)  1(6) 12(7)  4(6) 
C(3D) 37(8)  19(8) 42(9)  16(7) 14(7)  8(6) 
C(4C) 39(9)  21(8) 29(8)  2(6) 4(7)  -1(6) 
C(4B) 30(8)  19(7) 35(8)  11(6) -3(7)  0(5) 
C(4A) 30(7)  24(7) 22(7)  -1(6) 5(6)  -2(6) 
C(4D) 31(8)  17(7) 49(9)  -8(7) 11(7)  3(6) 
C(5D) 21(5)  9(4) 40(6)  -1(4) -9(4)  0(3) 
C(5A) 21(5)  9(4) 40(6)  -1(4) -9(4)  0(3) 
C(5B) 21(6)  26(7) 12(5)  -3(5) 3(5)  2(5) 
C(5C) 35(8)  32(8) 17(6)  -1(6) 4(6)  -5(6) 
C(6C) 30(7)  8(6) 30(7)  -5(5) 13(6)  -2(5) 
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C(6B) 19(4)  18(5) 21(4)  -3(3) 2(4)  0(3) 
C(6D) 35(7)  10(6) 34(7)  -9(5) 20(6)  -4(5) 
C(6A) 19(4)  18(5) 21(4)  -3(3) 2(4)  0(3) 
C(7D) 37(8)  21(7) 27(7)  0(6) 6(7)  0(6) 
C(7C) 20(6)  15(7) 44(8)  -9(6) 6(6)  3(5) 
C(7A) 32(7)  16(7) 27(7)  5(5) 1(6)  6(5) 
C(7B) 17(6)  28(7) 29(7)  4(6) 6(6)  0(5) 
C(8C) 25(6)  21(7) 31(7)  -2(6) 11(6)  3(5) 
C(8A) 18(6)  14(6) 45(8)  5(6) 1(6)  3(5) 
C(8D) 34(7)  27(7) 17(6)  2(5) 9(6)  0(6) 
C(8B) 32(7)  20(7) 31(7)  3(6) 9(6)  3(6) 
C(9C) 25(7)  11(6) 28(7)  3(5) 7(6)  -3(5) 
C(9D) 20(5)  15(5) 25(5)  4(4) 4(4)  5(4) 
C(9B) 37(8)  20(7) 13(6)  5(6) -2(6)  3(6) 
C(9A) 20(5)  15(5) 25(5)  4(4) 4(4)  5(4) 
C(10A) 31(8)  32(8) 12(6)  3(6) 5(6)  -6(6) 
C(10B) 16(6)  18(7) 31(7)  6(6) 8(6)  1(5) 
C(10D) 65(11)  18(8) 21(7)  -6(6) 16(7)  6(7) 
C(10C) 29(8)  9(7) 36(8)  4(6) 10(7)  9(5) 
C(11A) 39(6)  17(5) 19(5)  0(4) 0(5)  4(4) 
C(11D) 39(6)  17(5) 19(5)  0(4) 0(5)  4(4) 
C(11B) 34(7)  25(7) 12(6)  -8(5) 8(5)  -4(5) 
C(11C) 28(7)  12(7) 39(8)  8(6) 4(7)  3(5) 
C(12B) 27(8)  21(8) 36(8)  -9(6) -3(7)  -11(6) 
C(12C) 47(5)  19(4) 21(4)  -4(3) 2(4)  6(4) 
C(12A) 47(5)  19(4) 21(4)  -4(3) 2(4)  6(4) 
C(12D) 34(9)  24(8) 43(9)  16(7) 7(8)  7(6) 
C(13B) 34(8)  23(8) 25(7)  2(6) 3(7)  -12(6) 
C(13A) 21(5)  20(5) 43(6)  12(5) 16(5)  13(4) 
C(13D) 21(5)  20(5) 43(6)  12(5) 16(5)  13(4) 
C(13C) 46(9)  18(7) 27(7)  11(6) 12(7)  11(6) 
C(14D) 18(6)  19(7) 26(7)  -2(5) 5(6)  -8(5) 
C(14A) 23(7)  18(7) 28(7)  9(6) 6(6)  7(5) 
C(14C) 33(8)  20(7) 29(7)  4(6) 12(7)  3(6) 
C(14B) 43(9)  17(7) 21(7)  0(6) 3(7)  14(6) 
____________________________________________________________________  
 
 Table 5.   Hydrogen coordinates (x104) and isotropic displacement parameters (Å2 x 
103) 
____________________________________________________________________ 
  x   y       z U(eq) 
___________________________________________________________________   
H(3D) 5573  7694 5201 34 
H(3C) 5201  2815 5362 36 
H(3A) 4751  4436 4650 30 
H(3B) 4345  9470 4807 30 
H(2BB) 7844  9325 3257 26 
H(2CB) 9340  2838 4152 22 
H(2AB) 715  4411 5834 52 
H(2DB) 2149  8036 6761 57 
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H(3BA) 9382  8300 3904 27 
H(3CA) 8468  3770 3289 41 
H(3AA) 1381  3741 6659 30 
H(3DA) 697  8917 6238 38 
H(4CA) 6828  4682 3161 36 
H(4BA) 9188  7529 4718 35 
H(4AA) 3162  2747 6881 30 
H(4DA) 772  9755 5358 39 
H(5DA) 2344  9746 5075 29 
H(5AA) 4214  2809 6226 29 
H(5BA) 7590  7659 5009 23 
H(5CA) 5779  4684 3790 34 
H(8CA) 7038  -139 5774 30 
H(8CB) 8266  -79 5753 30 
H(8AA) 2935  7497 4235 31 
H(8AB) 1718  7465 4281 31 
H(8DA) 5906  4874 6199 31 
H(8DB) 5645  5168 6776 31 
H(8BA) 4386  12204 3244 33 
H(8BB) 4102  12525 3813 33 
H(10A) 543  5453 3724 30 
H(10B) 3389  9794 2707 26 
H(10C) 6748  7517 7372 40 
H(10D) 9400  1924 6340 29 
H(11A) 137  4309 2886 30 
H(11B) 8402  8650 7582 30 
H(11C) 1617  9052 2314 28 
H(11D) 9772  3239 7173 32 
H(12A) 331  9313 2881 35 
H(12B) 8453  3462 7639 36 
H(12C) 1452  3956 2328 36 
H(12E) 9699  8197 7108 40 
H(13A) 726  10544 3709 33 
H(13B) 3220  4865 2708 32 
H(13C) 9251  6733 6291 32 
H(13D) 6819  2368 7384 35 
H(14A) 7547  5661 6006 25 
H(14B) 3507  6233 3497 27 
H(14C) 6321  1308 6495 32 
H(14D) 2412  11503 3997 33 
________________________________________________________________ 
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Compound 4.40B 
CCDC 1501166 

Data obtained by Arnold L. Rheingold, UCSD Crystallography Lab 
 

Crystal Data 
Identification code  boger07 
Empirical formula  C14H12N2O3S 
Formula weight   288.32 
Temperature   273(2) K 
Wavelength   0.71073 Å 
Crystal system   Monoclinic 
Space group   P 21/c 
Unit cell dimensions a = 6.3237(14) Å α = 90°. 
    b = 13.019(3) Å β = 91.713(14)°. 
    c = 15.609(4) Å γ = 90°. 
Volume   1284.6(5) Å3 
Z    4 
Density (calculated) 1.491 Mg/m3 
Absorption coefficient 0.261 mm-1 
F(000)   600 
Crystal size   0.450 x 0.080 x 0.030 mm3 
Theta range for data collection 2.037 to 28.421°. 
Index ranges  -8<=h<=7, -14<=k<=17, -19<=l<=20 
Reflections collected 8811 
Independent reflections 3230 [R(int) = 0.0630] 
Completeness to theta = 25.000° 100.0 %  
Absorption correction Multi-scan 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3230 / 0 / 181 
Goodness-of-fit on F2 0.986 
Final R indices [I>2sigma(I)] R1 = 0.0503, wR2 = 0.1032 
R indices (all data) R1 = 0.0990, wR2 = 0.1209 
Extinction coefficient n/a 
Largest diff. peak and hole 0.389 and -0.433 e.Å-3 
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Table 2. Atomic coordinates (x104) and equivalent isotropic displacement parameters 
(Å3 x 103) for boger07. U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
___________________________________________________________________  
     x   y z U(eq) 
___________________________________________________________________   
S(1) 6150(1)  5196(1) 1921(1) 18(1) 
O(1) 2553(2)  3006(1) 1281(1) 18(1) 
O(2) 5153(3)  5825(1) 2559(1) 26(1) 
O(3) 7303(3)  5741(1) 1285(1) 27(1) 
N(1) 4371(3)  4510(1) 1450(1) 17(1) 
N(2) 5393(3)  2957(1) 2135(1) 17(1) 
C(1) 11122(4)  4009(2) 3203(2) 21(1) 
C(2) 9782(4)  4686(2) 2793(2) 19(1) 
C(3) 7851(4)  4339(2) 2444(1) 15(1) 
C(4) 4150(3)  3540(2) 1625(2) 16(1) 
C(5) 1107(4)  3549(2) 695(2) 18(1) 
C(6) -597(3)  2810(2) 423(2) 16(1) 
C(7) -2451(3)  3197(2) 39(2) 20(1) 
C(8) -4040(4)  2543(2) -244(2) 24(1) 
C(9) -3817(4)  1496(2) -153(2) 26(1) 
C(10) -1968(4)  1101(2) 222(2) 27(1) 
C(11) -374(4)  1750(2) 508(2) 22(1) 
C(12) 7291(3)  3308(2) 2505(2) 15(1) 
C(13) 8659(4)  2633(2) 2933(2) 17(1) 
C(14) 10550(4)  2980(2) 3275(2) 19(1) 
___________________________________________________________________  
 
 Table 3.   Bond lengths [Å] and angles [°] for boger07. 
_______________________________          ______________________________  
S(1)-O(3)   1.4361(18) 
S(1)-O(2)   1.4478(19) 
S(1)-N(1)   1.5987(19) 
S(1)-C(3)   1.737(2) 
O(1)-C(4)   1.326(3) 
O(1)-C(5)   1.456(3) 
N(1)-C(4)   1.300(3) 
N(2)-C(4)   1.338(3) 
N(2)-C(12)  1.393(3) 
C(1)-C(2)   1.369(3) 
C(1)-C(14)  1.393(3) 
C(2)-C(3)   1.397(3) 
C(3)-C(12)  1.392(3) 
C(5)-C(6)   1.497(3) 
C(6)-C(11)  1.393(3) 
C(6)-C(7)   1.395(3) 
C(7)-C(8)   1.380(3) 
C(8)-C(9)   1.377(4) 
C(9)-C(10)  1.391(3) 
C(10)-C(11) 1.379(3) 

C(12)-C(13)   1.391(3) 
C(13)-C(14)   1.371(3) 
O(3)-S(1)-O(2)  115.91(11) 
O(3)-S(1)-N(1)  108.87(11) 
O(2)-S(1)-N(1)  108.50(11) 
O(3)-S(1)-C(3)  108.80(11) 
O(2)-S(1)-C(3)  108.39(11) 
N(1)-S(1)-C(3)  105.91(11) 
C(4)-O(1)-C(5)  117.10(17) 
C(4)-N(1)-S(1)  121.69(17) 
C(4)-N(2)-C(12)  122.9(2) 
C(2)-C(1)-C(14)  119.9(2) 
C(1)-C(2)-C(3)  119.7(2) 
C(12)-C(3)-C(2)  120.5(2) 
C(12)-C(3)-S(1)  119.72(17) 
C(2)-C(3)-S(1)  119.82(18) 
N(1)-C(4)-O(1)  120.6(2) 
N(1)-C(4)-N(2)  127.6(2) 
O(1)-C(4)-N(2)  111.73(19) 
O(1)-C(5)-C(6)  107.39(18) 
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C(11)-C(6)-C(7)  118.7(2) 
C(11)-C(6)-C(5)  122.7(2) 
C(7)-C(6)-C(5)  118.5(2) 
C(8)-C(7)-C(6)  120.6(2) 
C(9)-C(8)-C(7)  120.4(2) 
C(8)-C(9)-C(10)  119.5(2) 
C(11)-C(10)-C(9) 120.4(2) 
_______________________________ 
 

C(10)-C(11)-C(6) 120.4(2) 
C(13)-C(12)-C(3) 119.1(2) 
C(13)-C(12)-N(2) 120.5(2) 
C(3)-C(12)-N(2)  120.4(2) 
C(14)-C(13)-C(12) 120.1(2) 
C(13)-C(14)-C(1) 120.7(2) 
_______________________________  
 

 
Table 4. Anisotropic displacement parameters (Å2 x 103) for boger07.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12] 
________________________________________________________________________  
  U11  U22  U33 U23 U13  U12 
________________________________________________________________________  
S(1)  23(1)  7(1) 24(1)  1(1) -2(1)  0(1) 
O(1)  19(1)  10(1) 23(1)  2(1) -4(1)  -2(1) 
O(2)  32(1)  11(1) 34(1)  -7(1) -2(1)  6(1) 
O(3)  29(1)  18(1) 33(1)  12(1) -2(1)  -8(1) 
N(1)  21(1)  10(1) 22(1)  0(1) 0(1)  0(1) 
N(2)  19(1)  7(1) 24(1)  2(1) -1(1)  -3(1) 
C(1)  19(1)  25(1) 17(1)  -2(1) -1(1)  -4(1) 
C(2)  26(1)  13(1) 18(1)  -1(1) 1(1)  -2(1) 
C(3)  20(1)  10(1) 15(1)  0(1) 1(1)  2(1) 
C(4)  18(1)  12(1) 18(1)  1(1) 3(1)  2(1) 
C(5)  24(1)  14(1) 17(1)  3(1) -3(1)  3(1) 
C(6)  18(1)  18(1) 13(1)  0(1) 2(1)  0(1) 
C(7)  21(1)  19(1) 20(1)  -1(1) 1(1)  5(1) 
C(8)  17(1)  34(2) 22(1)  3(1) -1(1)  4(1) 
C(9)  24(1)  28(2) 28(2)  3(1) -4(1)  -8(1) 
C(10)  32(2)  18(1) 31(2)  6(1) -7(1)  -5(1) 
C(11)  23(1)  16(1) 27(2)  5(1) -5(1)  0(1) 
C(12)  18(1)  10(1) 15(1)  -2(1) 3(1)  1(1) 
C(13)  23(1)  9(1) 19(1)  1(1) 4(1)  2(1) 
C(14)  21(1)  16(1) 21(1)  0(1) 0(1)  6(1) 
________________________________________________________________________  
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Table 5. Hydrogen coordinates (x104) and isotropic displacement parameters (Å2 x 103) for 
boger07. 
________________________________________________________________________  
  x   y  z  U(eq) 
________________________________________________________________________  
H(9)  5002  2338 2240 20 
H(1)  12414 4235 3433 25 
H(12) 10154 5375 2747 23 
H(8)  1854  3791 200 22 
H(3)  500  4137 980 22 
H(7)  -2617  3903 -27 24 
H(6)  -5270  2811 -498 29 
H(2)  -4894  1057 -340 32 
H(4)  -1805  394 281 33 
H(5)  856  1478 758 27 
H(11 ) 8291  1945 2988 21 
H(10) 11461 2523 3557 23 
_______________________________________________________________________  
 
 
 
  



A- 27 

 
Compound 4.76 
CCDC 1501167 

Data obtained by Dr. Milan Gembicky, UCSD Crystallography Lab 
 
Crystal Data 
Identification code  Boger42 
Empirical formula  C15 H10 N2 O4 S 
Molecular formula  C15 H10 N2 O4 S 
Formula weight   314.31 
Temperature   100.15 K 
Wavelength   0.71073 Å 
Crystal system   Monoclinic 
Space group   P 1 21/n 1 
Unit cell dimensions a = 7.3868(2) Å α = 90°. 
    b = 11.9333(4) Å β = 98.1460(10)°. 
    c = 15.7316(4) Å γ = 90°. 
Volume   1372.73(7) Å3 
Z    4 
Density (calculated) 1.521 Mg/m3 
Absorption coefficient 0.256 mm-1 
F(000)   648 
Crystal size   0.38 x 0.28 x 0.25 mm3 
Crystal color, habit colorless block 
Theta range for data collection 2.150 to 26.032°. 
Index ranges  -9<=h<=9, -14<=k<=13, -19<=l<=19 
Reflections collected 19964 
Independent reflections 2713 [R(int) = 0.0291] 
Completeness to theta = 26.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.4906 and 0.4467 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2713 / 0 / 199 
Goodness-of-fit on F2 1.059 
Final R indices [I>2sigma(I)] R1 = 0.0291, wR2 = 0.0759 
R indices (all data) R1 = 0.0323, wR2 = 0.0783 
Extinction coefficient n/a 
Largest diff. peak and hole 0.366 and -0.419 e.Å-3 
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Table 2.  Atomic coordinates (x104) and equivalent isotropic displacement parameters 
(Å2 x 103) for Boger42. U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
__________________________________________________________________  
  x  y z U(eq) 
__________________________________________________________________ 
S(1)  5889(1) 7385(1) 5893(1) 13(1) 
O(1)  8512(1) 8989(1) 6827(1) 16(1) 
O(2)  10892(1) 7968(1) 6606(1) 20(1) 
O(3)  5566(1) 6775(1) 6638(1) 19(1) 
O(4)  5047(2) 7012(1) 5071(1) 21(1) 
N(1)  123(2) 11136(1) 5633(1) 22(1) 
N(2)  8139(2) 7464(1) 5867(1) 13(1) 
C(1)  1577(2) 10790(1) 5804(1) 16(1) 
C(2)  3395(2) 10338(1) 6025(1) 14(1) 
C(3)  4762(2) 10970(1) 6516(1) 17(1) 
C(4)  6483(2) 10521(1) 6763(1) 16(1) 
C(5)  6809(2) 9426(1) 6533(1) 13(1) 
C(6)  5455(2) 8801(1) 6046(1) 12(1) 
C(7)  3741(2) 9249(1) 5775(1) 13(1) 
C(8)  9279(2) 8110(1) 6439(1) 14(1) 
C(9)  9012(2) 6556(1) 5406(1) 14(1) 
C(10)  9539(2) 5527(1) 5943(1) 14(1) 
C(11)  11321(2) 5404(1) 6362(1) 16(1) 
C(12)  11835(2) 4439(1) 6830(1) 20(1) 
C(13)  10577(2) 3588(1) 6878(1) 21(1) 
C(14)  8798(2) 3699(1) 6453(1) 20(1) 
C(15)  8283(2) 4666(1) 5992(1) 17(1) 
 
 
 
Table 3.   Bond lengths [Å] and angles [°] for  Boger42_a. 
________________________________         ________________________________  
S(1)-O(3)   1.4278(10) 
S(1)-O(4)   1.4258(11) 
S(1)-N(2)   1.6707(12) 
S(1)-C(6)   1.7423(14) 
O(1)-C(5)   1.3799(16) 
O(1)-C(8)   1.3744(17) 
O(2)-C(8)   1.1955(18) 
N(1)-C(1)   1.146(2) 
N(2)-C(8)   1.3786(18) 
N(2)-C(9)   1.4997(17) 
C(1)-C(2)   1.443(2) 
C(2)-C(3)   1.401(2) 
C(2)-C(7)   1.392(2) 
C(3)-H(3)   0.9500 
C(3)-C(4)   1.383(2) 
C(4)-H(4)   0.9500 
C(4)-C(5)   1.387(2) 

C(5)-C(6)   1.3873(19) 
C(6)-C(7)   1.3851(19) 
C(7)-H(7)    0.9500 
C(9)-H(9A)   0.9900 
C(9)-H(9B)   0.9900 
C(9)-C(10)   1.5099(19) 
C(10)-C(11)   1.394(2) 
C(10)-C(15)   1.394(2) 
C(11)-H(11)   0.9500 
C(11)-C(12)   1.390(2) 
C(12)-H(12)   0.9500 
C(12)-C(13)   1.386(2) 
C(13)-H(13)   0.9500 
C(13)-C(14)   1.393(2) 
C(14)-H(14)   0.9500 
C(14)-C(15)   1.387(2) 
C(15)-H(15)   0.9500 
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O(3)-S(1)-N(2)  109.35(6) 
O(3)-S(1)-C(6)  109.04(6) 
O(4)-S(1)-O(3)  118.89(7) 
O(4)-S(1)-N(2)  107.60(6) 
O(4)-S(1)-C(6)  111.28(6) 
N(2)-S(1)-C(6)  98.77(6) 
C(8)-O(1)-C(5)  123.56(11) 
C(8)-N(2)-S(1)  122.18(10) 
C(8)-N(2)-C(9)  117.11(11) 
C(9)-N(2)-S(1)  117.99(9) 
N(1)-C(1)-C(2)  179.07(16) 
C(3)-C(2)-C(1)  120.37(13) 
C(7)-C(2)-C(1)  118.83(13) 
C(7)-C(2)-C(3)  120.74(13) 
C(2)-C(3)-H(3)  119.7 
C(4)-C(3)-C(2)  120.58(13) 
C(4)-C(3)-H(3)  119.7 
C(3)-C(4)-H(4)  120.7 
C(3)-C(4)-C(5)  118.56(13) 
C(5)-C(4)-H(4)  120.7 
O(1)-C(5)-C(4)  116.90(12) 
O(1)-C(5)-C(6)  122.25(13) 
C(4)-C(5)-C(6)  120.83(13) 
C(5)-C(6)-S(1)  117.69(11) 
C(7)-C(6)-S(1)  120.65(11) 
C(7)-C(6)-C(5)  121.24(13) 
C(2)-C(7)-H(7)  121.0 
C(6)-C(7)-C(2)  118.00(13) 
 
_______________________________ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C(6)-C(7)-H(7)  121.0 
O(1)-C(8)-N(2)  117.70(12) 
O(2)-C(8)-O(1)  118.14(12) 
O(2)-C(8)-N(2)  124.15(13) 
N(2)-C(9)-H(9A)  108.7 
N(2)-C(9)-H(9B)  108.7 
N(2)-C(9)-C(10)  114.26(11) 
H(9A)-C(9)-H(9B) 107.6 
C(10)-C(9)-H(9A) 108.7 
C(10)-C(9)-H(9B) 108.7 
C(11)-C(10)-C(9) 120.08(13) 
C(15)-C(10)-C(9) 120.63(13) 
C(15)-C(10)-C(11) 119.21(13) 
C(10)-C(11)-H(11) 119.8 
C(12)-C(11)-C(10) 120.38(14) 
C(12)-C(11)-H(11) 119.8 
C(11)-C(12)-H(12) 120.0 
C(13)-C(12)-C(11) 120.06(14) 
C(13)-C(12)-H(12) 120.0 
C(12)-C(13)-H(13) 120.1 
C(12)-C(13)-C(14) 119.87(14) 
C(14)-C(13)-H(13) 120.1 
C(13)-C(14)-H(14) 120.0 
C(15)-C(14)-C(13) 120.05(14) 
C(15)-C(14)-H(14) 120.0 
C(10)-C(15)-H(15) 119.8 
C(14)-C(15)-C(10) 120.42(14) 
C(14)-C(15)-H(15) 119.8 
 
_______________________________



Table 4.   Anisotropic displacement parameters (Å2 x 103) for Boger42_a. The 
anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k 
a* b* U12] 
____________________________________________________________________ 
  U11  U22  U33 U23 U13  U12 
____________________________________________________________________ 
S(1)  11(1)  10(1) 16(1)  -1(1) 0(1)  -1(1) 
O(1)  14(1)  16(1) 17(1)  -4(1) -2(1)  1(1) 
O(2)  12(1)  21(1) 27(1)  -5(1) 1(1)  -1(1) 
O(3)  17(1)  14(1) 27(1)  5(1) 7(1)  1(1) 
O(4)  19(1)  18(1) 24(1)  -7(1) -6(1)  0(1) 
N(1)  22(1)  17(1) 26(1)  -1(1) 0(1)  3(1) 
N(2)  12(1)  14(1) 13(1)  -3(1) 2(1)  -1(1) 
C(1)  22(1)  11(1) 15(1)  0(1) 2(1)  -1(1) 
C(2)  16(1)  13(1) 13(1)  4(1) 3(1)  1(1) 
C(3)  22(1)  12(1) 16(1)  0(1) 4(1)  0(1) 
C(4)  18(1)  14(1) 15(1)  -2(1) 2(1)  -5(1) 
C(5)  14(1)  15(1) 10(1)  2(1) 1(1)  -1(1) 
C(6)  16(1)  11(1) 11(1)  1(1) 3(1)  -1(1) 
C(7)  14(1)  14(1) 11(1)  2(1) 2(1)  -2(1) 
C(8)  16(1)  14(1) 13(1)  0(1) 3(1)  -2(1) 
C(9)  17(1)  15(1) 12(1)  -2(1) 4(1)  2(1) 
C(10)  18(1)  14(1) 10(1)  -2(1) 4(1)  1(1) 
C(11)  18(1)  18(1) 14(1)  -3(1) 3(1)  -1(1) 
C(12)  23(1)  23(1) 13(1)  -2(1) 1(1)  6(1) 
C(13)  33(1)  17(1) 14(1)  2(1) 7(1)  8(1) 
C(14)  28(1)  15(1) 20(1)  -2(1) 12(1)  -3(1) 
C(15)  17(1)  18(1) 16(1)  -4(1) 4(1)  0(1) 
___________________________________________________________________  
 
Table 5. Hydrogen coordinates (x104) and isotropic displacement parameters (Å2 x 
103) for Boger42_a. 
__________________________________________________________________  
  x   y  z  U(eq) 
__________________________________________________________________   
H(3)  4505  11712 6681 20 
H(4)  7421  10954 7084 19 
H(7)  2828  8826 5428 16 
H(9A) 10122 6862 5204 17 
H(9B) 8154  6331 4893 17 
H(11) 12190 5984 6328 20 
H(12) 13050 4363 7117 24 
H(13) 10926 2930 7200 25 
H(14) 7938  3113 6479 24 
H(15) 7066  4741 5707 20 
__________________________________________________________________  
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ABSTRACT: The total synthesis of (±)-streptonigrin, a
potent tetracyclic aminoquinoline-5,8-dione antitumor anti-
biotic that reached phase II clinical trials in the 1970s, is
described. Two routes to construct a key pentasubstituted
pyridine fragment are depicted, both relying on ring-closing
metathesis but differing in the substitution and complexity of
the precursor to cyclization. Both routes are short and high
yielding, with the second-generation approach ultimately
furnishing (±)-streptonigrin in 14 linear steps and 11% overall
yield from inexpensive ethyl glyoxalate. This synthesis will
allow for the design and creation of druglike late-stage natural product analogues to address pharmacological limitations.
Furthermore, assessment of a number of chiral ligands in a challenging asymmetric Suzuki−Miyaura cross-coupling reaction has
enabled enantioenriched (up to 42% ee) synthetic streptonigrin intermediates to be prepared for the first time.

■ INTRODUCTION
Ever since its isolation from Streptomyces f locculus in 1959 by
Rao and Cullen, the chemistry of streptonigrin (1) (Figure 1)

has received considerable interest from both the synthetic
organic and biochemical communities.1,2 Rao, Biemann, and
Woodward established the structure of the metabolite four
years later through a series of elegant spectroscopic and
chemical degradation studies, and the connectivity was then
confirmed in 1975 by Chiu and Lipscomb via X-ray
crystallographic analysis.3,4

The broad-spectrum anticancer activity displayed by
streptonigrin has made it extremely attractive for medical
application, reaching phase II clinical trials in the late 1970s.5

However, allied to this activity was an unavoidably high degree

of toxicity that caused the cessation of these trials. Subsequent
structure−activity investigations involving 1 and a series of
truncated analogs, as well as recent genome scanning studies,
have led to a proposed biosynthesis and established the
cytotoxic mode of action.6−14 Mechanistically, it is believed that
streptonigrin binds irreversibly to DNA in the presence of
certain metal cations (e.g., Zn, Cu, Fe, Mn, Cd, Au) and is then
activated via a one- or two-electron reductase, with NAD(P)H
as a cofactor, to form a semiquinone or hydroquinone
intermediate. Both of these species can react with in situ
oxygen, through a Fenton-type reaction catalyzed by the metal,
to regenerate streptonigrin and produce hydroxyl radicals that
are ultimately responsible for DNA strand cleavage. The key
structural elements responsible for this activity include the two
pyridyl nitrogens in rings B and C, the C-ring carboxylic acid,
and the 7-aminoquinoline-5,8-dione AB-ring system. Interest-
ingly, streptonigrin has also been shown to be a potent and
selective protein arginine deiminase (PAD 4) inhibitor.15

Another important structural feature of streptonigrin is the
configurationally stable C−D ring axis, which accounts for the
observed optical activity of the natural product; circular
dichroism studies determined the absolute stereochemistry as
M.16
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Figure 1. Streptonigrin.
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Prior to our recent communication,17 Weinreb and co-
workers had reported the only total synthesis of streptonigrin in
1980.18,19 Two subsequent formal syntheses from the groups of
Kende20 in 1981 and Boger21 in 1985 stopped five and seven
steps short of the target, respectively. Strategically, Weinreb
constructed the pyridine C-ring via an imino Diels−Alder
reaction, Kende utilized a regioselective condensation of a β-
ketoenamine with methyl acetoacetate, and Boger employed an
inverse-electron-demand Diels−Alder reaction of a heterocyclic
azadiene.
Despite the termination of clinical trials, interest has

remained in generating analogues of streptonigrin as potential
drug candidates.2 However, these compounds have tended to
be abridged versions of 1, as the synthetic routes available to
late-stage analogues can be lengthy.18−21 Elsewhere, attempts to
derivatize the metabolite itself have been limited to basic
transformations,16,22 as direct isolation from the fermentation
of Streptomyces species yields only 13 mg per 1 L of culture
filtrates.23 The ability to generate late-stage streptonigrin
analogues would enable a range of previously untried structural
elements to be evaluated at key sites on 1, therein revealing the
potential to address the fundamental pharmacological limi-
tations of streptonigrin. In order to facilitate this, it became
evident that a more efficient and convergent pathway to 1 was
required. To this end, we recently communicated a total
synthesis of (±)-streptonigrin that should enable the
preparation of such a set of compounds.17 Herein, we report
our full investigations into the synthesis of 1, including a first-
generation route to the core pentasubstituted pyridine fragment
that is higher yielding overall, but two steps longer than the
second generation approach. There is also a full discussion of
Weinreb’s end game, which proved capricious in our hands, and
how we came to a revised route, plus recent studies evaluating
chiral ligands for a demanding asymmetric Suzuki−Miyaura
cross-coupling reaction.
Synthesis Plan. With a view toward future analogue

preparation, our principal design objective was to assemble the
core tetracyclic framework of streptonigrin at a late stage of the
synthesis to allow for the greatest amount of derivatization on
each ring prior to convergence. Inspired by reports on the
coupling of biaryl fragments of streptonigrin,24−28 we devised a
retrosynthetic strategy that would see both the challenging 2,2′-
bipyridyl AB-C linkage and the chiral C−D ring axis
constructed via metal-catalyzed cross-coupling reactions,
leaving the dual-activated pyridine C-ring 2 as the key fragment
(Scheme 1). Here, we would also study the innate reactivity
differences between the C-4 and C-6 leaving groups on the
pyridine. It was envisaged that pentasubstituted pyridine 2
could be readily accessed through methodology recently
developed in the group,29−31 namely the generation of
heteroaromatic compounds utilizing a ring closing metathesis
(RCM) reaction as the cyclization step (Scheme 1 bottom).
Subsequent elimination of the N-methoxy leaving group,
functionalization, and aromatization would furnish pyridine 2.
The relatively sensitive quinoline-5,8-dione moiety 3 would be
generated via a late-stage oxidation of a functionalized methoxy
quinoline component, while the D-ring precursor 4 would
come from commercial 2,3-dimethoxyphenol.

■ RESULTS AND DISCUSSION
Synthesis of Pentasubstituted Pyridine: First-Gener-

ation Route. According to the proposed RCM methodology, a
suitable diene of type 6 was easily prepared in 92% yield over

three steps from ethyl glyoxalate 7 (Scheme 2). Initial
condensation of methoxyamine hydrochloride with ethyl
glyoxalate, followed by a regioselective zinc-mediated crotyla-
tion of the resulting oxime ether 8, furnished methoxyamine 9
in 96% yield over the two steps and as an inconsequential 3:2
mixture of diastereoisomers. Next, acylation with acryloyl
chloride proceeded smoothly to generate the RCM precursor
10. Pleasingly, the key RCM step was effected extremely
efficiently using Hoveyda−Grubbs second-generation catalyst
(3.0 mol % catalyst loading), which afforded dihydropyridone
11 in 97% yield. This reaction has been carried out on a 3.5 g
(14.5 mmol) scale, and the catalyst loading can also be lowered
to 1.0 mol % without a drop in yield, although reducing the
amount of catalyst resulted in an increase in reaction time
(from 24 to 72 h).
Next, elimination of the methoxy leaving group on nitrogen

was effected using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
as the base. Having observed a mixture of ethyl and methyl
ester dihydropyridones when ethanol was used as the solvent,
complete transesterification to a single methyl ester product 12
was achieved when the reaction was performed in methanol

Scheme 1. Retrosynthetic Analysis

Scheme 2. Synthesis of Disubstituted Pyridone 12
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(note: this ester interconversion enabled our route to converge
to a late-stage formal intermediate from Weinreb’s synthesis).18

With the core pyridone 12 in hand, we had to attach the
appropriate functionality that adorns pyridine 2. Central to our
synthetic strategy is the ability to control the regioselectivity of
the first of the late-stage cross-coupling reactions with dual-
activated pyridine 2, as there will be two sites capable of
undergoing oxidative addition (C-4 and C-6). While pyridine is
known to exert an innate preference for addition of Pd(0) into
C−X bonds ortho to the pyridyl nitrogen,32 aryl bromotriflates
have been shown to undergo oxidative addition into either
activated bond through the appropriate selection of reaction
conditions.33 It was therefore reasoned that installation of a
bromine atom at the C-4 position of 2 and a trifluorometha-
nesulfonyl group at C-6 should offer both reagent and substrate
control as potential sources of regioselectivity.
Owing to the inherent preference of pyridone 12 to undergo

electrophilic substitution at C-5, it followed that nitration was
the next step, and we were pleased to find that heating 12 in a
2:1 mixture of nitric and sulfuric acids in a sealed tube afforded
the highly polar nitropyridone 13 in an excellent 88% yield
(Scheme 3). This process proved capricious upon scale-up

(>3.0 mmol) due to competing ester hydrolysis. Despite
attempts to reliably reproduce the nitration on larger scales, the
extent to which hydrolysis occurred proved to be highly batch-
specific. While a good amount of nitropyridone was generated
via this route and some of the acid byproduct could be restored
to the methyl ester upon a separate addition of methanol, we
would ultimately seek an alternative strategy for the synthesis of
pyridine 2 to facilitate our objective of producing gram-
quantities of late-stage streptonigrin compounds (vide infra).
Nevertheless, with nitropyridone 13 in hand, we treated this

compound with triflic anhydride and 2,6-di-tert-butyl-4-
methylpyridine (DTBMP) to furnish 6-triflylpyridine 14 in
80% yield. Reduction of the nitro group in the presence of iron
powder and acetic acid afforded the free amine, and subsequent
bromination with N-bromosuccinimide (NBS) gave the desired
pyridine 15 in nine steps and 56% overall yield from ethyl
glyoxalate. X-ray crystallographic analysis of 15 confirmed the
correct substitution pattern around the pyridine core (see the
Supporting Information).34

Synthesis of Pentasubstituted Pyridine 15: Second-
Generation Route. During the course of our investigations
into the synthesis of pyridine 15, it became evident that the
nitration of pyridone 12 was unreliable upon scale-up. As such
we devised a shorter and more convergent RCM route to 15
that would not require this late-stage functionalization (Scheme
4). Introduction of the amine prior to RCM was a much more

challenging proposition for the methodology, as it not only
necessitated tolerating a bulky 1,1-disubstituted alkene 17, but
also an enamine moiety which had not previously been
employed.
The choice of a suitable protecting group for α-amino acrylic

acid 18 was crucial to the success of this new approach, as it
had to be compatible with RCM as well as being easy to
prepare and then remove following cyclization. Initial attempts
to couple commercially available 2-acetamidoacrylic acid with
methoxyamine 9 proved unsuccessful: the preparation of
activated acids from peptide coupling reagents (HOBt, CDI,
and DCC), a pentafluorophenyl ester, mixed anhydrides, and
acid chloride all led to decomposition. Although no products
could be isolated, it was postulated that the nucleophilic nature
of the acetamide carbonyl oxygen was causing competing
reactivity. With this in mind, we investigated the suitability of a
phthalimide group, as the imide carbonyl was anticipated to be
less nucleophilic than the amide and the requisite protected
acid 20 can be readily prepared in one step from DL-serine and
phthalic anhydride (Scheme 5).35 Gratifyingly, when N-

protected α-amino acrylic acid 20 was treated with oxalyl
chloride it displayed no signs of decomposition and could be
coupled in situ with methoxyamine 9 to furnish the RCM
precursor 21 in 90% yield.
The challenging nature of the 1,1-disubstituted alkene

substrate 21 was confirmed when application of the previous
RCM reaction conditions (see Schemes 2 and 5) led to
complete recovery of starting material. Increasing the catalyst
loading to 10 mol % gave the same result (Table 1, entry 1).

Scheme 3. Synthesis of Pentasubstituted Pyridine 15

Scheme 4. Second-Generation Route to Key
Pentasubstituted Pyridine 15

Scheme 5. Attempted Synthesis of Amino-Substituted
Dihydropyridone 22
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However, we were encouraged to find that upon raising the
temperature to 70 °C (reaction carried out in a sealed tube) the
desired dihydropyridone 22 could be isolated in 47% yield
(entry 2).
With reaction at elevated temperatures, the recovered

starting material 21 had actually undergone isomerization to
the internal alkene 23, present as an inseparable 2:1 mixture of
E/Z isomers. Isomerizations of this kind are well documented,
and commonly proposed mechanisms invoke the participation
of ruthenium hydride species formed by decomposition of the
metathesis catalyst.36 Grubbs has reported that this process can
be inhibited by the addition of species that quench any [Ru−
H] formed in situ before isomerization can occur.37 As a result,
we performed the same reaction in the presence of
benzoquinone (BQ) and tetrachlorobenzoquinone (TCBQ),
with both additives preventing the formation of 23 (entries 3
and 5). Despite this improvement, significant amounts of
starting material (unisomerized) were still recovered, prompt-
ing the addition of a second portion of metathesis catalyst part
way through the reaction (entry 4). Switching the solvent to
toluene enabled the reaction to be run at higher temperatures
and again resulted in a small improvement in the yield (entry
6).
With the aim of increasing the reaction rate so that it might

out-compete the rate of catalyst decomposition, the RCM was
carried out in a microwave reactor under a variety of conditions
(entries 7−10). We were pleased to discover that a catalyst
loading of 10 mol % at 160 °C for 1 h produced
dihydropyridone 22 in 70% yield. Unfortunately, upon
attempted scale-up, these conditions were found to be reliable
only on relatively small quantities of starting material (<0.25 g,
0.65 mmol). With the microwave presenting both chemical and
logistical constraints with respect to scale-up, we decided to
revert to thermal conditions in our pursuit of a reliably high-
yielding process.
During the synthesis of the 10-membered macrolactone

(−)-diplodialide C, Stoltz demonstrated that slow addition of a

metathesis catalyst was crucial to the success of a challenging
RCM.38 In our case, gradual introduction of the catalyst
appeared to offer a solution to the problems relating to
decomposition. Thus, we attempted the RCM with slow
addition of catalyst via syringe pump (Table 2).

Pleasingly, this regimen worked extremely well, and we were
able to efficiently generate RCM product 22 in 76% yield using
just 5.0 mol % of Hoveyda−Grubbs second-generation catalyst
added as a solution in toluene over 10 h to a mixture of
precursor 21 and BQ in refluxing toluene (entry 4). Moreover,
this reaction has been performed reliably on a 1.5 g (3.9 mmol)
scale, which has facilitated the production of gram-quantities of
late-stage synthetic material.
With an efficient and scaleable RCM protocol in place,

attention turned to the manipulations required to convert N-
phthalimide-protected dihydropyridone 22 to pentasubstituted
pyridine 15. To our surprise, treatment of 22 with DBU in
methanol only led to decomposition, instead of the
corresponding pyridone. As a result, we tested a range of
bases with pKa values similar to DBU and found that
quinuclidine reliably effected elimination of the N-methoxy
leaving group (Scheme 6). Because of partial phthalimide

opening under these conditions, we identified an opportunity
to extend the tandem elimination−transterification sequence
(see Scheme 2). To this end, methylamine was added to the
reaction mixture, once elimination was complete, to finish
cleavage of the phthalimide group, affording aminopyridone 24
in an excellent 85% yield from dihydropyridone 22. Thus, an
efficient trifunctional one-pot procedure has been developed

Table 1. Initial Studies into Ring-Closing Metathesis of 1,1-
Disubstituted Diene 21

entry
catalyst loading

(mol %) solvent
temp
(°C)

additive (20
mol %) % 22a % 23a

1 10 CH2Cl2 40 none 0
2 10 CH2Cl2 70b none 47 38
3 10 CH2Cl2 70b BQ 48
4 10 + 5c CH2Cl2 70b BQ 55
5 10 + 5c CH2Cl2 70b TCBQ 39
6 10 + 5c toluene 110 BQ 58
7 10 CH2CI2 95d BQ 47e

8 10 toluene 160b BQ 62e

9 5 + 5f toluene 160b BQ 64e

10 10 toluene 160b BQ 70g

aIsolated yield following chromatography. bReaction performed in a
sealed tube. cSecond catalyst addition after 24 h. dReaction performed
in a microwave. eReaction time 10 min. fSecond catalyst addition after
5 min. gReaction time 1 h. BQ = benzoquinone; TCBQ =
tetrachlorobenzoquinone.

Table 2. Ring-Closing Metathesis of 1,1-Disubstituted Diene
21 with Slow Catalyst Addition

entry catalyst loading (mol %) catalyst addition time (h) % 22a

1 10 5 63
2 10 10 78
3 10 20 61
4 5 10 76

aIsolated yield following chromatography, BQ = benzoquinone.

Scheme 6. One-Pot, Trifunctional Procedure en Route to
Pentasubstituted Pyridine 15
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that accomplishes elimination, transesterification, and depro-
tection.
In order to converge with pyridine 15 from the first route, it

was necessary to introduce a trifluoromethanesulfonyl group
selectively on the pyridone oxygen, as opposed to the
arylamine. Due to its high polarity, 24 proved to be only
sparingly soluble in all but the most polar solvents, and when
treated with triflic anhydride in DMF, the sole product isolated
was that from sulfonylation at the aryl amine; evidenced in the
1H NMR spectrum by the appearance of a downfield 1H singlet
corresponding to the electron deficient sulfonamide N−H.
Pleasingly, when the triflation was conducted in a 25:1 mixture
(by volume) of dichloromethane and hexafluoroisopropyl
alcohol (HFIPA), a highly polar but only weakly nucleophilic
solvent, 24 was converted to pyridine 25 in 84% yield (Scheme
6). Neither N-sulfonylation nor a deleterious reaction between
the alcohol and triflic anhydride were observed. The
spectroscopic data of 25 were an exact match to the data
obtained via the first-generation route.
Having intercepted the previous route, we could see that the

second-generation approach afforded key pyridine fragment 15
in 43% yield and seven steps from ethyl glyoxalate (counting
the one-pot transformation of 22 into 24 as one step). This
compares to 56% yield over nine steps from the first synthesis.
Crucially though, the second-generation route proved to be
more scaleable and has been used routinely to prepare
multigram-quantities of material for the latter stages of the
synthesis. Both of the approaches described have showcased the
utility of the RCM methodology to efficiently prepare highly
substituted pyridines in few synthetic transformations from
commercial chemicals.
Synthesis of the D-Ring Fragment. Both Queǵuiner39

and Holzapfel25 have shown that the C−D ring linkage in
model streptonigrin systems can be constructed using a
Suzuki−Miyaura cross-coupling reaction. Following a similar
strategy here necessitated the preparation of a boronate ester
derivative of the D-ring fragment 4. Consequently, commer-
cially available 2,3-dimethoxyphenol (26) was brominated40

with NBS in THF at −78 °C to give bromophenol 27 as a
single regioisomer (confirmed by X-ray crystallography; see the
Supporting Information)41 in near-quantitative yield (Scheme
7). Next, phenol 27 was O-benzyl protected; as Weinreb’s
synthesis had employed the same protecting group this would
enable our route to converge to a late-stage intermediate from
that synthesis. Finally, treatment of the benzylated compound
with t-BuLi and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane furnished boronic acid pinacol ester 28.

Synthesis of the AB-Ring Fragment. Establishing
unsymmetrical 2,2′-bipyridyl motifs, as present around the
AB−C ring linkage of 1, via metal-catalyzed cross-coupling
reactions can be challenging.42,43 Most notably the preparation
of an organometallic partner is potentially problematic due to
the increased reactivity at the site ortho to the pyridyl nitrogen.
However, this strategy has been successful in model
streptonigrin systems, although functionality was often reduced
on one or both of the components.26,27 In order to provide as
much tactical variation as possible, it was envisaged that 5,6,8-
trimethoxyquinolines 34 and 35 (see Scheme 8), with
appropriate leaving groups in the C-2 position, would provide
access to a range of possible metal-substituted coupling
partners.

Synthesis of the quinolines began with the conversion of
commercially available 2,4,5-trimethoxybenzaldehyde (29) to
the corresponding nitro compound in 80% yield upon
treatment with a cold aqueous solution of nitric acid (Scheme
8).44 Reduction of this nitro group with Pd/C and hydrogen
smoothly afforded aniline 30, which was subsequently acylated
with (E)-3-ethoxyacryloyl chloride45 31 to generate aryl amide
32 in 72% yield over the two steps and as an inconsequential
6.7:1 ratio of trans/cis stereoisomers. Cyclization to 33
proceeded efficiently in sulfuric acid to establish the AB-ring
scaffold in 85% yield, while subsequent treatment with
phosphorus oxychloride effected aromatization to chloroquino-
line 34 in 88% yield. The corresponding 2-bromoquinoline 35
was synthesized using phosphorus oxybromide in 58% yield.
With quinolines 34 and 35 in hand, we attempted to

construct the corresponding boron-, tin-, zinc-, and silicon-
containing compounds (Scheme 8 bottom). However, standard
lithium/halogen exchange conditions, followed by trapping of
the resultant anion, failed to furnish any 2-metalated quinolines,
instead yielding mixtures of protodehalogenated quinoline and
dimerized 5,5′,6,6′,8,8′-hexamethoxy-2,2′-biquinoline.

Scheme 7. Synthesis of D-Ring Boronate Ester 28

Scheme 8. Synthesis of 2-Stannylquinoline 36

The Journal of Organic Chemistry Featured Article

dx.doi.org/10.1021/jo402388f | J. Org. Chem. 2013, 78, 12338−1235012342



At this stage, we were encouraged by Padwa’s report into the
synthesis of analogues of lavendamycin,46 whereby 2-
stannylquinolines were generated using hexamethylditin and
Pd(0), a different mode of reactivity to the electrophilic
trapping described above. Gratifyingly, when chloroquinoline
34 was treated with hexamethylditin and catalytic Pd(PPh3)4,
the corresponding stannane 36 was obtained in 75% yield,
albeit contaminated with triphenylphosphine oxide (4:1
stannane/POPh3 by 1H NMR spectroscopy). Stannane 36
was unstable to chromatography so was used without
purification. Applying these conditions to the more reactive
bromoquinoline 35 led to added complexity in the crude
reaction mixture, with less than 50% conversion to stannane 36
by analysis of the 1H NMR spectrum.
Unification of the Ring Fragments. We now had access

to the three principal fragments 15, 28, and 36 required to
construct the tetracyclic framework of streptonigrin (see
Scheme 1). The next task was to test the hypothesis that the
C-6 position of pyridine 15 would be more reactive than C-4
toward oxidative addition of Pd(0). With this prediction in
mind, we began by investigating the Stille reaction between 15
and 36 that would potentially establish the AB−C ring linkage
of 1 (Scheme 9). We were pleased to verify that coupling

occurred exclusively at C-6 and that no products relating to
either competing reaction at C-4 nor protodebromination were
observed. Following optimization of reaction conditions it was
found that the addition of CuI and CsF to Pd(PPh3)4 (5.0 mol
%) in toluene at reflux with 1.5 equiv of stannane 36 afforded
the greatest yield of the tricyclic ABC fragment 37 (77% yield
compared to 62% in the absence of additives, and just 52%
when equimolar amounts of 15 and 36 were used).47

Next, a Suzuki−Miyaura coupling of bromopyridine 37 and
aryl borate ester 28 was studied. Initial investigations using
Pd(OAc)2 (25 mol %) and 2-dicyclohexylphosphino-2′,6′-
dimethoxybiphenyl (S-Phos) (30 mol %) in the presence of an
aqueous solution of Na2CO3 led to the formation of tetracyclic
fragment 38 in an encouraging 71% yield. However, subsequent
attempts to reduce the catalyst loading had a significant
detrimental effect on the yield (10 mol % Pd(OAc)2 led to 53%
of 38). Further investigations revealed that Pd(PPh3)4 was the

most efficient catalyst; loadings of 10 mol % afforded 38 in 74%
yield with aqueous K3PO4 as the optimal base.
With the tetracyclic framework of 1 established, a highly

regioselective ceric ammonium nitrate (CAN)-mediated
oxidation48 of quinoline 38 to quinoline-5,8-dione 39 resulted
in the interception of a late-stage intermediate in Weinreb’s
total synthesis. The preparation of an aged aqueous CAN
solution proved to be key to this transformation, as solutions
made immediately prior to the reaction led to significant
decomposition and only produced 39 in 20−35% yields. It was
postulated that by allowing the CAN solution to stand for a
period of time it had tempered the acidity and/or oxidizing
potential of the one electron oxidant and reduced the
propensity for decomposition. Consequently, it was discovered
that a solution prepared 24 h in advance would reliably produce
the desired p-quinone in 90% yield, without any decomposition
or trace of the regioisomeric o-quinone.
Having intercepted Weinreb’s late-stage intermediate, we

were able to verify that our spectroscopic data matched those
previously reported. A summary of our streptonigrin formal
synthesis illustrates the convergent modular strategy: quinoline-
5,8-dione 39 has been prepared in ten linear steps in an overall
yield of 22% from inexpensive ethyl glyoxalate.18−21

Asymmetric Suzuki−Miyaura Cross-Coupling Reac-
tions. Cross-coupling reactions to form hindered biaryl units
are challenging by their nature.49 In terms of catalytic
asymmetric variants, following pioneering studies from
Buchwald50 and Cammidge,51 there have been a number of
further reports, although the level of generality has typically
been modest.52,53 In line with our design criteria, we embarked
on a program to investigate the feasibility of rendering
asymmetric the Suzuki−Miyaura reaction between pyridyl
bromide 37 and aryl boronate ester 28 that constructs the
chiral C-D ring axis of streptonigrin. This would potentially
enable the synthesis of enantiomerically enriched streptonigrin,
as well as late-stage analogues, for the first time.
Preliminary investigations revealed that an enantiomeric

excess (ee) of 22% can be obtained by using (R)-BINAP,
instead of S-Phos, in the presence of Pd(OAc)2 at 60 °C (Table
3, entry 1).17 These initial studies also revealed that chiral
monodentate phosphine ligands, such as (R)-(+)-2-(diphenyl-
phosphino)-2′-methoxy-1,1′-binaphthyl ((R)-MOP),54 do not
impart any degree of stereocontrol, while the bidentate amino
phosphine l igand, (Rp)-1-[(1S)-(1-aminoethyl)]-2-
(diphenylphosphino)ferrocene,51 showed very little catalytic
activity. Given these results, we were encouraged to pursue this
transformation further and focused our attention on bidentate
phosphines.
To this end, lowering the reaction temperature to 40 °C with

(R)-BINAP led to the desired increase in enantioselectivity but
with a decrease in yield (entry 2). Employing a number of
commercially available chiral bidentate bisphosphine ligands
revealed that those based around a BINAP scaffold (entries 1−
5) tended to afford higher levels of atroposelectivity compared
to standard SEGPHOS ligands (entries 6−8); (R)-DM-BINAP
generated the tetracyclic compound 38 in 36% ee (entry 5).
Lassaletta and co-workers have recently shown that

phosphino hydrazone precatalysts such as 40 are effective at
catalyzing Suzuki−Miyaura cross-coupling reactions of hin-
dered biaryls with a good degree of stereocontrol.53 When 40
was employed in our system, we were pleased to observe an
increase in enantioselectivity (note: the product was the
opposite enantiomer to that obtained with (R)-BINAP), albeit

Scheme 9. Synthesis of Tetracyclic Quinone 39

The Journal of Organic Chemistry Featured Article

dx.doi.org/10.1021/jo402388f | J. Org. Chem. 2013, 78, 12338−1235012343



with a lower yield (entry 9). Gratifyingly, catalytic activity
improved markedly when the free phosphino hydrazone ligand
41 was used in conjunction with Pd2(dba)3, affording cross-
coupled product 38 in 65% yield and 42% ee (entry 10).
Attempts to further improve conversion by increasing the
temperature resulted in lower levels of stereocontrol (entries 11
and 12). The use of alternative bases such as CsF55 and Ag2O

56

resulted in no reaction, while the employment of CuI as an
additive57 to improve catalytic activity also returned starting
material.
During the course of these studies, we became aware of a

potential small inaccuracy in the data obtained from chiral
HPLC analysis. This was attributed to a few causes, including
the limited solubility of the product, broad peaks in the UV
traces, as well as the presence of a small impurity with the same
retention time as one of the enantiomers that could not be
removed despite many attempts at purification. As a result, a
representative sample of the products obtained in Table 3 were
each reduced to primary alcohol 42 and then acylated with (R)-
(−)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride to

afford the corresponding Mosher’s esters. Subsequent analysis
of the 1H and 19F NMR spectra of these samples (see figures in
square brackets in Table 3)58 largely corroborated the previous
data, although it did suggest that a slight overestimation of the
atroposelectivity (approximately 5−7%) had resulted from
chiral HPLC analysis.
At this stage, having studied a number of variables in an

attempt to improve both the activity and selectivity of this
demanding transformation, we decided to move on to
investigating the end game for synthesizing the natural product.
The preparation of a late-stage tetracyclic streptonigrin
intermediate 38 has been achieved in 65% yield and with a
moderate level of enantiocontrol (42% ee from chiral HPLC
analysis), using a phosphino hydrazone ligand 41. This is the
first report of an enantioenriched intermediate or analog of 1 to
be obtained via synthesis and work to augment the degree of
atroposelectivity is ongoing in our laboratories.

End Game. Returning to the synthesis of (±)-streptonigrin,
conversion of intermediate quinoline-5,8-dione 39 into the
natural product required the introduction of the C-7 amino
group, removal of the D-ring benzyl ether, and hydrolysis of the
pyridine methyl ester. Weinreb had already achieved these
transformations in 17% yield over five steps in his synthesis,19,59

but the end game itself has received virtually no attention since
the original publication; hence, we decided to look more closely
at the sequence.
During their synthesis of ABC-ring analogues of streptoni-

grin, Harding demonstrated that an azide could be installed on
quinoline-5,8-dione 43 and then efficiently reduced to primary
amine 44 using Pd/C and hydrogen (Scheme 10).27 Similarly,
we found that exposing quinoline-5,8-dione intermediate 39 to
the reducing conditions led smoothly to the deprotected
phenol 45 (Scheme 11).

Given these observations, we believed that there was the
opportunity to telescope the azide reduction and hydro-
genolysis steps from Weinreb’s end game (47 → 48, Scheme
12) and so we began investigating a modified approach that
would shorten the sequence from five to four steps.

Table 3. Investigating Chiral Bidentate Phosphine Ligands

entry ligand temp (°C) yield (%)a ee (%)b

1 (R)-BINAP 60 65 (−) 22
2 (R)-BINAP 40 37 (−) 27 [20]c

3 (R)-tol-BINAP 40 20 (−) 35
4 (R)-H8−BINAP 40 43 (−) 27
5 (R)-DM-BINAP 40 25 (−) 36
6 (R)-SEGPHOS 40 41 (−) 13
7 (R)-DM-SEGPHOS 40 38 (−) 15
8 (R)-DTBM-SEGPHOS 40 15 (−) 22
9d precatatyst 40 40 17 (+) 40 [35]c

10e phosphino hydrazone 41 40 65 (+) 42
11e phosphino hydrazone 41 60 85 (+) 29 [22]c

12e phosphino hydrazone 41 110 54 (+) 8
alsolated yield following chromatography. bDetermined by chiral
HPLC analysis (the absolute stereochemistry of the major enantomer
is unknown). cFigure in square brackets determined by analysis of the
1H NMR spectrum of the Mosher’s ester derivative of the
corresponding primary alcohol 42. dPalladium−phosphino hydrazone
precatalyst 40 (25 mol %) used. ePhosphino hydrazone ligand 41 (25
mol %) and Pd2(dba)3 (12.5 mol %) used.

Scheme 10. Harding’s Azide Reduction in Streptonigrin
Analog Synthesis Using Pd/C and Hydrogen

Scheme 11. Model Streptonigrin Benzyl Ether
Hydrogenolysis Using Pd/C and Hydrogen
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Taking the established tactics as a starting point, we sought
to introduce iodine at the 7-position of 39 using IN3 generated
in situ from ICl and sodium azide. However, in our hands, we
were unable to reliably reproduce this transformation, and
despite exhaustively studying the preparation and handling of
IN3 we consistently obtained a complex mixture of products;
only small amounts (<10%) of the desired iodo compound 46
were detected in the 1H NMR spectra of crude material. We
confirmed in situ generation of iodine azide60 by successfully
performing an iodoazidation of cinnamaldehyde dimethyl
acetal;61 while Ciufolini has used these tactics effectively at
the end of his synthesis of streptinigrone,48 it should be noted
that the C-5′ amino pyridine is protected as a Cbz group and
the authors do draw attention to the instability of their
intermediates.
Having been unable to accomplish the initial iodination step

of the end game, we briefly investigated alternative reagents for
the direct installation of nitrogen on either quinoline-5,8-dione
39 or quinoline 38. Disappointingly, electrophilic amination62

of 39 using chloramine63 returned starting material, whereas
methods to nitrate quinoline 38 led predominantly to the
quinoline-5,8-dione 39, as a product of oxidation, without
introducing the desired nitro group.64

As a result of these findings, we ceased investigations into
direct amination and returned our attention to the function-
alization of 39 via initial halogenation and subsequent
nucleophilic azide displacement. In order to develop an
understanding of the inherent reactivity of the quinoline-5,8-
dione toward halogenation, 39 was exposed to a series of
halogenating reagents (Table 4).
Treatment of 39 with various iodinating and chlorinating

reagents resulted in no reaction and complete recovery of
starting material (Table 4, entries 1 to 5). On the other hand,
39 proved to be reactive toward a range of brominating agents.
Interestingly, it was found that initial bromination occurred
preferentially on the D-ring to afford 49, and when 39 was
treated with 1.1 equiv of brominating reagent a mixture of 49,
dibrominated 50, and starting material was observed (entries
6−8). Increasing the amount of bromine led to complete
consumption of starting material, producing 80% of the
dibrominated derivative 50 (entry 9), with a small amount of

decomposition visible in the 1H NMR spectrum of the crude
material. It was postulated that this decomposition resulted
from the generation of HBr during the reaction, so an excess of
pyridine was added to buffer the reaction mixture. Pleasingly,
this led to the complete conversion of 39 to the dibrominated
compound 50 (entry 10). Based on a steric rationale, the site of
D-ring bromination was presumed to be C-11′, and this was
confirmed by an observed NOE correlation between the C-3′
methyl group and the remaining proton on the D-ring,
indicating that the proton is at C-12′.17 This innate preference
for D-ring bromination is advantageous, as it represents an
attractive handle for possible manipulation in future streptoni-
grin analog syntheses, yet it should be readily removed under
the proposed hydrogenation conditions later in the end game;
overall, 50 appeared to be a viable alternative to the iodo
compound 46 from Weinreb’s route.
Dibrominated compound 50 was found to be unstable to

chromatography, so it was immediately treated with sodium
azide in DMF at 0 °C to furnish azido derivative 51 (Scheme
13). This compound also proved to be unstable, so 51 was
subjected directly to the hydrogenation conditions used
previously (see Schemes 11 and 12). To our satisfaction,
catalytic Pd/C and hydrogen in a mixture of methanol and
ethyl acetate did indeed effect the three planned trans-
formations: azide reduction, benzyl ether hydrogenolysis, and
reduction of the D-ring aryl bromide. Pleasingly, this
trifunctional hydrogenative procedure proved to be robust
and reliable. Including bromination and the nucleophilic
displacement with azide, streptonigrin methyl ester 48 was
generated in 57% overall yield from the formal quinoline-5,8-
dione intermediate 39.
Finally, according to Weinreb’s synthesis,19 treatment of 48

with potassium carbonate in aqueous methanol revealed the
free C-ring carboxylic acid, affording (±)-streptonigrin 1 in

Scheme 12. Proposed Shortened Sequence for the End
Game

Table 4. Halogenation of Quinoline-5,8-dione 39

entry conditionsa conversionb (%)

1 ICl, MeCN, 0 °C no reaction
2 NIS, CHCl3, rt no reaction
3 I2, CHCl3, 0 °C to rt no reaction
4 I2, AgNO3, CHCl3, 0 °C to rt no reaction
5 NCS, CHCl3, 0 °C to rt no reaction
6 NBS, CHCl3, rt 39:49:50(1:1:1)
7 TBCO, CHCl3, rt 39:49:50(1:1:1)
8 Br2, CHCl3, rt 39:49:50 (2:1:2)
9c Br2, CHCl3, rt 50, 80%
10c Br2, pyr, CHCl3, rt 50, 99%

a1.1 equiv of halogenating reagent used. bConversions measured by
1H NMR spectroscopy. c4.0 equiv of bromine used. NIS = N-
iodosuccinimide, NCS = N-chlorosuccinimide, NBS = N-bromosucci-
nimide, TBCO = 2,4,4,6-tetrabromo-2,5-cyclohexadienone.
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88% yield, the spectroscopic data of which matched those
reported in the literature and that of an authentic sample of the
natural product.65 Attempts to reduce the relatively long
reaction time for hydrolysis (48 h) by increasing the
concentration led to lower yields of the acid.
Overall, the synthetic sequence for converting late-stage

formal intermediate 39 into the natural product has been
revised and now stands at 50% yield over four steps. Key to the
success of this approach was the development of a trifunctional
hydrogenative protocol, which has enabled the revised route to
be both reliable and robust and will facilitate the future
synthesis of a library of late-stage streptonigrin analogs for
biological evaluation.

■ CONCLUSION
We have completed a concise and efficient total synthesis of the
antitumor agent (±)-streptonigrin (1) in 14 linear steps from
inexpensive ethyl glyoxalate with an overall yield of 11%
(counting the one-pot transformation of 22 into 24 as one
step). The synthesis showcases recent methodology in the rapid
generation of a complex substituted pyridine, which has been
accessed via two different pathways, and also revises the long-
standing end game for streptonigrin, providing a more
streamlined and robust set of tactics. The first-generation
route to pyridine 15 afforded streptonigrin in a slightly longer
sequence (16 linear steps) but an increased 14% overall yield.
However, this approach is limited to small-scale synthesis and
hence the second-generation route offers a more practical
alternative to prepare the natural product and late-stage

analogues whose biological activity could be quickly evaluated.
Finally, investigations into the use of chiral ligands to effect a
challenging asymmetric Suzuki−Miyaura cross-coupling reac-
tion, and so enable the synthesis of enantioenriched
streptonigrin, revealed moderate levels of enantioselectivity in
the presence of bidentate phosphino hydrazone and bi-
sphosphine ligands.

■ EXPERIMENTAL SECTION
General experimental considerations are provided in the Supporting
Information. Experimental procedures and spectroscopic analysis for
new compounds are listed below; for the experimental procedures and
characterization data of the remaining compounds, see ref 17.

Ethyl 2-(N-Methoxyacrylamido)-3-methylpent-4-enoate
(10). Acryloyl chloride (2.9 mL, 35 mmol) was added dropwise to a
stirred solution of methoxylamine 9 (4.40 g, 23.5 mmol) and
triethylamine (6.9 mL, 50 mmol) in dichloromethane (47 mL) at 0
°C. The mixture was allowed to warm to rt and was stirred for 16 h.
The mixture was diluted with dichloromethane (50 mL) and quenched
with water (50 mL). The aqueous phase was re-extracted with
dichloromethane (3 × 20 mL), and the combined organic extracts
were washed with brine (50 mL), dried over Na2SO4, filtered, and
concentrated in vacuo. The crude product was purified by column
chromatography (gradient 8:1 to 4:1 PE/EtOAc, Rf 0.31 in 8:1) to
afford 10 as a light yellow oil (5.44 g, 96%) as a 2:1 mixture of
diastereoisomers which were not separated. The 1H and 13C NMR
data provided are for the major diastereomer. 1H (400 MHz, CDCl3)
δ: 6.71 (1H, dd, J = 10.4, 17.6 Hz, COCCH2), 6.46 (1H, dd, J = 1.6,
17.0 Hz, COCHCH2), 5.83−5.67 (2H, m, COCHCH2 and
CH(CH3)CHCH2), 5.13 (1H, d, J = 17.3 Hz, CH(CH3)CH
CH2), 5.03 (1H, d, J = 10.1 Hz, CH(CH3)CHCH2), 4.82 (1H, d, J
= 9.8 Hz, CHCO2Et), 4.20−4.12 (2H, m, CO2CH2CH3), 3.81 (3H, s,
OCH3), 3.04−2.98 (1H, m, CHCH3), 1.24 (3H, t, J = 6.9 Hz,
CO2CH2CH3), 1.03 (3H, d, J = 6.7 Hz, CHCH3).

13C (101 MHz,
CDCl3) δ: 169.9, 168.1, 139.5, 130.7, 126.1, 116.4, 64.9, 64.7, 61.4,
37.8, 17.5, 14.4. IR (thin film) νmax: 3082 (w), 2981 (m), 2940 (w),
1744 (s), 1669 (s), 1621 (m), 1409 (s), 1270 (m), 1194 (m), 1029
(m), 787 (m) cm−1. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C12H19NO4Na 264.1206, found 264.1205.

Ethyl 1-Methoxy-3-methyl-6-oxo-1,2,3,6-tetrahydropyri-
dine-2-carboxylate (11). To a solution of Hoveyda−Grubbs
second-generation catalyst (170 mg, 0.271 mmol) in dichloromethane
(280 mL) was added a solution of 10 (2.18 g, 9.04 mmol) in
dichloromethane (20 mL). The solution was heated at reflux for 24 h.
The reaction mixture was cooled to rt and concentrated in vacuo. The
crude product was purified by column chromatography (1:1 PE/
EtOAc, Rf 0.29) to afford 11 as a light brown oil (1.87 g, 97%) as a 2:1
mixture of diastereoisomers which were not separated. The 1H and
13C NMR data provided are for the major diastereomer. 1H (400
MHz, CDCl3) δ: 6.16 (1H, dd, J = 10.0, 1.4 Hz, COCHCH), 5.84
(1H, dd, J = 9.9, 2.8 Hz, COCHCH), 4.33 (1H, d, J = 7.3 Hz,
CHCO2Et), 4.16 (2H, q, J = 7.19 Hz, OCH2CH3), 3.77 (3H, s,
OCH3), 3.29−3.21 (1H, m, CHCH3), 1.26 (3H, t, J = 7.3 Hz,
CO2CH2CH3), 1.20 (3H, d, J = 7.5 Hz, CHCH3).

13C (101 MHz,
CDCl3) δ: 168.9, 166.3, 143.2, 123.9, 66.7, 63.2, 61.9, 34.5, 16.2, 14.5.
IR (thin film) νmax: 2979 (s), 2940 (s), 2904 (s), 2818 (w), 1669 (s),
1625 (s), 1460 (s), 1385 (s), 1199 (s), 1022 (s), 818 (s), 706 (s)
cm−1. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C10H15NO4Na
236.0893, found 236.0895.

Methyl 3-Methyl-6-oxo-1,6-dihydropyridine-2-carboxylate
(12). DBU (1.67 mL, 11.2 mmol) was added to a solution of 11
(1.69 g, 7.93 mmol) in methanol (23 mL), and the resulting mixture
was stirred for 15 h at rt. The reaction mixture was concentrated in
vacuo to yield the crude product which was purified by column
chromatography (gradient EtOAc to 9:1 EtOAc/MeOH, Rf 0.12 in
EtOAc) to afford 12 as a white solid (1.31 g, 99%). 1H (400 MHz,
CDCl3) δ: 9.84 (1H, br s, NH), 7.29 (1H, d, J = 9.5 Hz, COCH
CH), 6.71 (1H, d, J = 9.2 Hz, COCHCH), 3.95 (3H, s, OCH3),
2.40 (3H, s, CCH3).

13C (101 MHz, CDCl3) δ: 162.2, 161.7, 145.8,

Scheme 13. Revised Streptonigrin End Game
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129.7, 126.9, 121.8, 53.4, 18.6. Mp: 120−121 °C (recrystallized from
CH2Cl2) (lit.

31 mp 120−123 °C). These data were in accordance with
the literature values.31

Methyl 3-Methyl-5-nitro-6-oxo-1,6-dihydropyridine-2-car-
boxylate (13). Concentrated sulfuric acid (1.2 mL) was added
dropwise to a screw-top tube containing a solution of pyridone 12
(0.500 g, 2.99 mmol) in concd nitric acid (2.0 mL) at 0 °C, and the
reaction vessel was then sealed. After 5 min, the reaction mixture was
allowed to warm to rt and then heated at 50 °C. After 7 h, the reaction
mixture was allowed to cool to rt and then poured into ice−water. The
aqueous layer was extracted six times with ethyl acetate (until the
yellow color had faded), and the combined organic layers were dried
over Na2SO4, filtered, and concentrated in vacuo. The product was
then purified by column chromatography (19:1 EtOAc/MeOH, Rf
0.50) to afford 13 as a yellow solid (0.558 g, 88%). 1H (400 MHz,
DMSO-d6) δ: 12.82 (1H, br s, N−H), 8.41 (1H, s, C4-H), 3.88 (3H, s,
OCH3), 2.31 (3H, s, CH3).

13C (126 MHz, DMSO-d6) δ: 162.1, 153.3,
141.0, 139.1, 118.8, 53.0, 16.6 (note: one peak not observed in 13C
NMR spectrum). IR (thin film) νmax: 3054 (br), 2956 (w), 2851 (m),
1670 (s), 1271 (s), 1208 (s) cm−1. HRMS (ESI-TOF) m/z: [M +
Na]+ calcd for C8H8N2O5Na 235.0331, found 235.0326.
Methyl 3-Methyl-5-nitro-6-(((trifluoromethyl)sulfonyl)oxy)-

picolinate (14). Trifluoromethanesulfonic anhydride (0.71 mL, 4.25
mmol) was added dropwise to a solution of nitropyridone 13 (0.500 g,
2.36 mmol) and 2,6-di-tert-butyl-4-methylpyridine (0.723 g, 3.54
mmol) in dichloromethane (25 mL) at −78 °C. The solution was
allowed to warm to 0 °C and was stirred at 0 °C for 4 h. The reaction
mixture was washed with satd aq NaHCO3, dried over Na2SO4,
filtered, and concentrated in vacuo. The product was then purified by
column chromatography (4:1 PE/EtOAc, Rf 0.60) to afford 14 as a
pale yellow oil (0.649 g, 80%). 1H (400 MHz, CDCl3) δ: 8.47 (1H, s,
ArH), 4.01 (3H, s, OCH3), 2.72 (3H, s, CH3).

13C (101 MHz, CDCl3)
δ: 163.4, 149.0, 143.8, 139.9, 137.8, 136.8, 118.4 (q, J = 319 Hz, CF3),
53.3, 19.0. IR (thin film) νmax: 3001 (w), 2941 (w), 1736 (s), 1582 (s),
1540 (s), 1427 (s), 1321 (s), 1212 (s), 1126 (s), 1037 (s), 881 (s), 829
(s) cm−1. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C9H7F3N2O7Na 366.9818, found 366.9809.
Methyl 5-Amino-3-methyl-6-(((trifluoromethyl)sulfonyl)-

oxy)picolinate (25). Iron powder (325 mesh, 0.975 g, 17.4 mmol)
was added to a solution of nitropyridine 14 (0.400 g, 1.16 mmol) in
methanol (7.0 mL) and acetic acid (7.0 mL). The reaction mixture was
heated at reflux for 2 h and then allowed to cool to rt and neutralized
through the addition of solid Na2CO3. Water (10 mL) was added, and
the aqueous layer was extracted with dichloromethane (3 × 10 mL),
dried over Na2SO4, filtered, and concentrated in vacuo. The crude
product was purified by column chromatography (4:1 PE/EtOAc, Rf
0.48) to afford 25 as a colorless crystalline solid (0.361 g, 99%). 1H
(400 MHz, CDCl3) δ: 7.01 (1H, s, Ar-H), 4.31 (2H, br s, NH2), 3.89
(3H, s, OCH3), 2.58 (3H, s, CH3);

13C (126 MHz, CDCl3) δ: 164.9,
139.8, 139.6, 136.2, 132.4, 127.1, 118.5 (q, J = 319 Hz, CF3), 52.2,
19.9. Mp: 108−110 °C (recrystallized from CH2Cl2). These data were
in accordance with the literature values.17

M e t h y l 5 - A m i n o - 4 - b r o m o - 3 - m e t h y l - 6 -
(trifluoromethylsulfonyloxy)picolinate (15). N-Bromosuccini-
mide (0.260 g, 1.46 mmol) was added to a solution of 25 (0.418 g,
1.33 mmol) in acetonitrile (13 mL) at 0 °C, and the reaction mixture
was allowed to warm to rt and was stirred for 4 h. Solvent was
removed in vacuo, and the residue was redissolved in dichloromethane
(30 mL) and was washed with 1 M HCl (30 mL), satd aq NaHCO3
(30 mL), and brine (30 mL). The organic phase was dried over
Na2SO4, filtered, and concentrated in vacuo. The crude product was
purified by column chromatography (7:1 PE/EtOAc, Rf 0.22) to afford
15 as a colorless crystalline solid (0.480 g, 92%). 1H (500 MHz,
CDCl3) δ: 4.81 (2H, br s, NH2), 3.92 (3H, s, OCH3), 2.71 (3H, s,
CH3).

13C (126 MHz, CDCl3) δ: 164.8, 138.8, 138.1, 135.0, 132.8,
123.0, 118.5 (q, J = 319 Hz, CF3), 52.6, 19.5. Mp: 117−118 °C
(recrystallized from CH2Cl2). These data were in accordance with the
literature values.17

Ring-Closing Metathesis Procedures Using Diene 21.
Procedure A: Thermal without Benzoquinone Additive. Hoveyda−

Grubbs second-generation catalyst (0.016 g, 0.026 mmol) was added
to a reaction tube charged with diene 21 (0.100 g, 0.259 mmol) in
dichloromethane (2.6 mL). The solution was degassed by bubbling
argon through for 5 min; the tube was then sealed and the reaction
heated to 70 °C for 48 h. The reaction mixture was cooled to rt and
concentrated in vacuo to yield a mixture that was purified by flash
column chromatography to afford the desired product 22 (0.044 g,
47%, 3:2 PE/EtOAc Rf 0.20) and the isomerized starting material 23
(0.038 g, 38%, 1:1 PE:EtOAc, Rf 0.36), both as olive-colored oils. Each
was obtained as an inseparable 2:1 mixture of diastereoisomers.

Procedure B: Microwave. Hoveyda−Grubbs second-generation
catalyst (0.041 g, 0.065 mmol) was added to a reaction tube charged
with diene 21 (0.250 g, 0.648 mmol) and benzoquinone (0.014 g,
0.130 mmol) in toluene (6.5 mL). The solution was degassed by
bubbling argon through for 5 min; the tube was then sealed and the
reaction subjected to microwave irradiation at 160 °C for 1 h. The
reaction mixture was cooled to room temperature and concentrated in
vacuo to yield the crude product which was purified by flash
chromatography (3:2 PE/EtOAc, Rf 0.20) to afford 22 as an olive-
colored oil (0.162 g, 70%) and as an inseparable 2:1 mixture of
diastereoisomers.

Procedure C: Optimized. A solution of Hoveyda-Grubbs’ second
generation catalyst (0.126 g, 0.201 mmol) in toluene (10 mL) was
added dropwise over 10 h via a syringe pump to a refluxing solution of
21 (1.55 g, 4.01 mmol) and benzoquinone (0.065 g, 0.602 mmol) in
toluene (40 mL). Once addition was complete, the mixture was heated
at reflux for a further 6 h. The reaction mixture was allowed to cool to
rt; dimethyl sulfoxide (1.07 mL, 15.0 mmol) was added, and the
resulting solution was stirred at rt for 1 h. The crude mixture was
preadsorbed onto silica gel (3.0 g) and the solvent removed in vacuo.
The product was then purified by column chromatography (3:2 PE/
EtOAc, Rf 0.20) to afford 22 as a colorless oil (1.09 g, 76%) and as an
inseparable 2:1 mixture of diastereoisomers.

Ethyl 5-(1,3-Dioxoisoindolin-2-yl)-1-methoxy-3-methyl-6-
oxo-1,2,3,6-tetrahydropyridine-2-carboxylate (22). The 1H and
13C NMR spectroscopic data provided for 22 are for the major
diastereoisomer. 1H (500 MHz, CDCl3) δ: 7.90−7.87 (2H, m, 2 × Ar-
H), 7.76−7.74 (2H, m, 2 × Ar-H), 6.39 (1H, d, J = 2.6 Hz, C4−H),
4.46 (1H, dd, J = 7.3 Hz, CHCO2Et), 4.36−4.26 (2H, m,
CO2CH2CH3), 3.83 (3H, s, OCH3), 3.52 (1H, dqn, J = 7.3, 2.5 Hz,
CHCH3), 1.33−1.31 (6H, m, CO2CH2CH3 and CHCH3).

13C (126
MHz, CDCl3) δ: 167.9, 166.9, 162.0, 143.0, 134.3, 131.9, 124.3, 123.7,
66.3, 62.5, 62.0, 32.5, 15.7, 14.1. These data were in accordance with
the literature values.17

Ethyl 2-(2-(1,3-Dioxoisoindolin-2-yl)-N-methoxyacrylami-
do)-3-methylpent-3-enoate (23). The 1H and 13C NMR
spectroscopic data provided for 23 are for the major diastereoisomer.
1H (500 MHz, CDCl3) δ: 7.88 (2H, dd, J = 3.2, 5.4 Hz, 2 × ArH), 7.75
(2H, dd, J = 3.2, 5.4 Hz, 2 × ArH), 6.23 (1H, s, NCCH2), 5.97 (1H,
d, J = 1.0 Hz, NC=CH2), 5.59 (1H, qt, J = 1.3, 6.6 Hz, CH3CH=C),
5.30 (1H, s, NCHCO2Et), 4.21 (2H, q, J = 7.3 Hz, OCH2CH3), 3.76
(3H, s, OCH3), 1.74 (3H, s, C(CH3)C), 1.67 (3H, d, J = 7.6 Hz,
CH3CHC), 1.27 (3H, t, J = 7.0 Hz, OCH2CH3).

13C (126 MHz,
CDCl3) δ: 168.9, 166.2, 164.2, 134.5, 131.7, 130.1, 128.2, 127.5, 123.8,
121.3, 67.6, 64.8, 61.6, 15.2, 14.1, 13.7. IR (thin film) νmax 2962 (w),
2941 (w), 1789 (w), 1726 (s), 1660 (m), 1630 (m), 1369 (m), 1210
(m), 1101 (m), 1027 (m), 919 (m), 731 (m), 716 (m) cm−1. HRMS
(ESI-TOF) m/z: [M + Na]+ calcd for C20H22N2O6Na 409.1370, found
409.1369.

2-Bromo-5,6,8-trimethoxyquinoline (35). Phosphorus oxy-
bromide (0.129 mL, 1.27 mmol) was added to a solution of 33
(0.050 g, 0.212 mmol), pyridine (0.103 mL, 1.27 mmol), and DMF
(0.005 mL) in bromobenzene (1.0 mL) at rt, and the resulting mixture
was heated at reflux for 1.5 h. The reaction mixture was allowed to
cool to rt and quenched upon slow addition of satd aq NaHCO3 (20
mL). The mixture was extracted with EtOAc (3 × 50 mL), and the
combined organic layers were washed with brine (50 mL), dried over
MgSO4, filtered, and concentrated in vacuo. The crude product was
purified by column chromatography (2:1 PE/EtOAc, Rf 0.40) to afford
35 as a colorless crystalline solid (0.037 g, 58%). 1H (400 MHz,
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CDCl3) δ: 8.21 (1H, d, J = 8.8 Hz, 2 × ArH), 7.50 (1H, d, J = 8.8 Hz,
2 × ArH), 6.86 (1H, s, ArH), 4.05 (3H, s, OCH3), 4.02 (3H, s,
OCH3), 3.91 (3H, s, OCH3).

13C (100 MHz, CDCl3) δ: 151.7, 149.0,
138.8, 135.5, 135.3, 132.5, 126.8, 123.4, 99.2, 61.5, 57.0, 56.2. IR (thin
film) νmax 3002 (w), 2931 (w), 2847 (w), 1610 (m), 1567 (s), 1384
(s), 1238 (s), 1098 (s), 913 (s), 826 (s), 777 (s) cm−1. HRMS (ESI-
TOF) m/z: [M + H]+ calcd for C12H13BrNO3 298.0073 and 300.0053,
found 298.0070 and 300.0047. Mp: 149−150 °C (recrystallized from
CH2Cl2).
General Procedure for the Asymmetric Suzuki−Miyaura

Reaction. A solution of the palladium source (0.008 mmol) and
ligand (0.010 mmol) in dioxane (0.1 mL) was stirred at rt for 30 min.
A solution of aryl boronate ester 28 (0.049 mmol) and pyridine 37
(0.032 mmol) in dioxane (0.22 mL) was subsequently added. The
reaction mixture was degassed and refilled with argon five times, and
then a solution of sodium carbonate (1.0 M, 0.10 mL) was added. The
mixture was degassed and refilled with argon five times again and then
heated at the designated temperature for 24 h. The mixture was
allowed to cool to rt, diluted with EtOAc (1.0 mL), and washed with
brine (1.0 mL). The organic phase was dried over Na2SO4, filtered,
and concentrated in vacuo. The crude product was purified by column
chromatography (2:1 PE:EtOAc, Rf 0.32) to afford 38 as a yellow
solid. A sample obtained using phosphino hydrazone ligand 41 that
afforded product with 30% ee (by chiral HPLC analysis) gave [α]D

25 +
51.5 (c = 0.29, CHCl3).
Methyl 5-Amino-4-(2-(benzyloxy)-3,4-dimethoxyphenyl)-3-

methyl-6-(5,6,8-trimethoxyquinolin-2-yl)picolinate (38). 1H
(200 MHz, CDCl3) δ: 8.88 (1H, d, J = 9.1 Hz, Ar-H), 8.49 (1H, d,
J = 9.1 Hz, Ar-H), 7.12−7.10 (3H, m, Ar-H), 7.05−7.01 (2H, m, Ar-
H), 6.88 (2H, s, Ar-H), 6.83 (1H, s, Ar-H), 4.93 (1H, d, J = 11.0 Hz,
OCH2Ph), 4.86 (1H, d, J = 11.0 Hz, OCH2Ph), 4.04 (3H, s, OCH3),
4.01 (6H, s, 2 × OCH3), 3.97 (6H, s, 2 × OCH3), 3.95 (3H, s,
OCH3), 2.29 (3H, s, CH3).

13C (62.5 MHz, CDCl3) δ: 167.2, 155.7,
154.1, 152.1, 150.7, 148.7, 145.2, 143.4, 137.1, 136.6, 135.8, 134.4,
133.1, 133.0, 132.7, 130.0, 128.1 (2 × C), 128.0 (2 × C), 127.7, 125.1,
123.0, 122.1, 120.9, 108.4, 98.3, 75.2, 61.6, 61.1, 57.2, 56.1 (2 × C),
52.1, 17.5. Mp 209−210 °C (recrystallized from CH2Cl2). These data
were in accordance with the literature values.17

(S)-(5-Amino-4-(2-(benzyloxy)-3,4-dimethoxyphenyl)-3-
methyl-6-(5,6,8-trimethoxyquinolin-2-yl)pyridin-2-yl)methyl
3,3,3-Trifluoro-2-methoxy-2-phenylpropanoate (52). A solution
of LiAlH4 (1.0 M, 0.062 mL) was added to a solution of racemic 38
(0.013 g, 0.021 mmol) in THF (0.20 mL) at −30 °C. The mixture was
warmed to rt and stirred for 4 h. A saturated aqueous solution of
Na2SO4 was added until excess LiAlH4 was quenched, and solid
Na2SO4 had precipitated. The solution was then filtered and
concentrated in vacuo. The crude product 42 was used without
further purification. DMAP (0.011 g, 0.086 mmol) and (R)-(−)-α-
methoxy-α-(trifluoromethyl)phenylacetyl chloride (0.013 mL, 0.069
mmol) were added to a solution of 42 (0.0079 g, 0.013 mmol) in
dichloromethane (0.13 mL). The reaction was stirred at rt for 16 h or
until TLC indicated consumption of the starting material. The reaction
was filtered through a small silica plug and then purified by column
chromatography (gradient PE to 2:1 PE/EtOAc, Rf 0.30 in 2:1) to
afford 52 as a red solid (0.0087 mg, 48%). 1H (400 MHz, CDCl3) δ:
8.80 (1H, d, J = 9.2 Hz, Ar-H), 8.42 (1H, d, J = 9.2 Hz, Ar-H), 7.58−
7.54 (2H, m, Ph), 7.33−7.29 (3H, m, Ph), 7.08−6.93 (5H, m, Mosher
Ph), 6.87 (2H, s, Ar-H), 6.83 (1H, s, Ar-H), 5.65−5.57 (1H, m,
CH2OC(O)), 5.48−5.41 (1H, m, CH2OC(O)), 4.93−4.86 (1H, m,
CH2Ph), 4.80−4.77 (1H, m, CH2Ph), 4.04 (3H, s, OCH3), 4.00 (3H,
s, OCH3), 3.96 (6H, s, OCH3), 3.94 (3H, s, OCH3), 3.52 (3H, s,
Mosher OCH3), 1.92 (3H, s, CH3).

13C (126 MHz, toluene-d8) δ:
166.6 (2 × C), 156.9, 154.5 (2 × C), 152.5, 151.5, 151.4, 148.9, 144.3
(q, CF3), 139.5, 139.4, 134.2, 133.7, 133.6, 133.5, 133.3 (2 × C),
133.2, 129.9, 123.5, 123.1 (2 × C), 121.2, 108.8, 99.8, 69.2, 68.9, 60.9,
60.7, 57.2, 55.6, 55.4, 14.4. δF (472 MHz, toluene-d8): 71.73, 71.76. IR
(thin film) νmax: 3460 (w), 3321 (w), 2930 (m), 2850 (m), 1746 (m),
1625 (m), 1600 (m), 1581 (m), 1490 (m), 1465 (m), 1422 (w), 1358
(m), 1228.21 (br m), 1169 (w), 1098 (s), 1069 (w), 1001 (w), 921
(w), 719 (w) cm−1. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for

C44H42F3N3O9Na 836.2771, found 836.2736. Mp: 190−195 °C
(recrystallized from CH2Cl2).

(±)-Methyl 5-Amino-4-(2-hydroxy-3,4-dimethoxyphenyl)-6-
(6-methoxy-5,8-dioxo-5,8-dihydroquinolin-2-yl)-3-methylpico-
linate (45). Palladium (10 wt.% on carbon, 0.007 g) was added to a
solution of quinoline-5,8-dione 39 (0.020 g, 0.034 mmol) in
methanol/EtOAc (3:1 by volume, 13.5 mL total). The reaction
mixture was degassed in vacuo, placed under an atmosphere of H2 (g),
and stirred in the dark at rt for 12 h. The mixture was filtered through
a pad of Celite eluting with EtOAc (10 mL), and the combined
organic layers were concentrated in vacuo. The crude product was
purified by column chromatography (1:1 PE/EtOAc, Rf 0.28) to afford
debenzylated 45 as a dark red/brown solid (0.017 g, 97%). 1H (200
MHz, CDCl3) δ: 9.04 (1H, d, J = 8.4 Hz, Ar-H), 8.50 (1H, d, J = 8.4
Hz, Ar-H), 6.82 (1H, d, J = 8.7 Hz, Ar-H), 6.67 (1H, d, J = 8.6 Hz, Ar-
H), 6.29 (1H, s, Ar-H), 5.89 (1H, br s, OH), 3.99 (6H, s, OCH3), 3.96
(3H, s, OCH3), 3.95 (3H, s, OCH3), 2.34 (3H, s, CH3).

13C (126
MHz, CDCl3) δ: 182.8, 179.4, 167.0, 163.1, 160.5, 152.7, 147.0, 146.2,
145.6, 138.0, 136.3, 135.7, 134.4, 132.9, 130.7, 125.7, 125.4, 125.1,
113.7, 109.9, 105.1, 61.2, 56.6, 56.0, 55.2, 17.4. IR (thin film) νmax:
3467 (br), 3249 (br), 2953 (w), 1707 (s), 1687 (s), 1656 (m), 1610
(s), 1586 (s), 1460 (m), 1296 (s), 1243 (s), 1088 (s) cm−1. HRMS
(ESI-TOF) m/z: [M + Na]+ Ccalcd for C26H23N3O8Na 528.1377,
found 528.1355. Mp: 113−114 °C (recrystallized from CH2Cl2).

(±)-Methyl 5-Amino-4-(2-(benzyloxy)-3,4-dimethoxyphen-
yl)-6-(6-methoxy-5,8-dioxo-5,8-dihydroquinolin-2-yl)-3-meth-
ylpicolinate (39). Example of an attempted nitration of quinoline 38:
Silver(II) oxide (0.016 g, 0.128 mmol) and nitric acid (35% aq, 0.04
mL) were added to a solution of quinoline (0.020 g, 0.032 mmol) in
acetonitrile/water (4:1 by volume, 0.20 mL in total). The reaction
mixture was allowed to stir at rt for 16 h, water was then added, and
the mixture was extracted with ethyl acetate (3 × 5.0 mL). The
combined organic layers were washed with satd aq NaHCO3 and ,
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The
crude product was purified by column chromatography (1:1 PE/
EtOAc, Rf 0.52) to afford p-quinoline-5,8-dione 39 as a dark red
crystalline solid (0.013 g, 68%). 1H (200 MHz, CDCl3) δ: 9.02 (1H, d,
J = 8.5 Hz, Ar-H), 8.49 (1H, d, J = 8.5 Hz, Ar-H), 7.13−7.07 (3H, m,
Ar-H), 7.02−6.98 (2H, m, Ar-H), 6.87 (1H, d, J = 8.7 Hz, Ar-H), 6.82
(1H, d, J = 8.7 Hz, Ar-H), 6.28 (1H, s, Ar-H), 4.96 (1H, d, J = 11.2 Hz,
OCH2Ph), 4.89 (1H, d, J = 11.2 Hz, OCH2Ph), 3.99 (3H, s, OCH3),
3.96 (3H, s, OCH3), 3.94 (6H, s, OCH3), 2.24 (3H, s, CH3).

13C (62.5
MHz, CDCl3) δ: 182.7, 179.3, 166.9, 163.0, 160.4, 154.3, 150.5, 146.2,
145.5, 143.4, 137.8, 137.1, 135.5, 134.3, 133.9, 130.4, 128.1 (2 × C),
127.9 (2 × C), 127.8, 125.4, 125.3, 124.8, 121.3, 109.8, 108.6, 75.1,
61.1, 56.6, 56.1, 52.2, 17.6. Mp: 242−246 °C (recrystallized from
CH2Cl2) (lit.

19 mp 242−243 °C). These data were in accordance with
the literature values.17

(±)-Methyl 5-Amino-4-(2-(benzyloxy)-5-bromo-3,4-dime-
thoxyphenyl)-6-(7-bromo-6-methoxy-5,8-dioxo-5,8-dihydro-
quinolin-2-yl)-3-methylpicolinate (50) and (±)-Methyl 5-
Amino-4-(2-(benzyloxy)-5-bromo-3,4-dimethoxyphenyl)-6-(6-
methoxy-5,8-dioxo-5,8-dihydroquinolin-2-yl)-3-methylpicoli-
nate (49). Example bromination with 1.1 equiv of brominating
reagent: Bromine (19 μL, 0.037 mmol) was added to a solution of
quinoline-5,8-dione 39 (0.020 g, 0.034 mmol) in chloroform (1.1 mL)
in the dark at rt The resulting reaction mixture was stirred for 8 h.
Water (5.0 mL) was added, and the aqueous layer was extracted with
dichloromethane (3 × 5.0 mL). The combined organic layers were
dried over Na2SO4, filtered, and concentrated in vacuo to afford a
mixture of starting material 39, monobrominated quinone 49, and
dibromo-quinone 50 in a 2:1:2 ratio (by analysis of the 1H NMR
spectrum of the crude material, quantitative recovery). The
brominated compounds were unstable to silica, but small quantities
of purified dibromo 50 (2:1 PE/EtOAc, Rf 0.70) and monobromo 49
(2:1 PE/EtOAc, Rf 0.50) could be obtained following silica gel
chromatography, the data for which follows:

Dibromo 50. 1H (500 MHz, CDCl3) δ: 9.05 (1H, d, J = 8.5 Hz, Ar-
H), 8.46 (1H, d, J = 8.5 Hz, Ar-H), 7.14−7.11 (3H, m, Ar-H), 7.10
(1H, s, Ar-H), 7.01−6.99 (2H, m, Ar-H), 4.95 (1H, d, J = 11.3 Hz,
OCH2Ph), 4.88 (1H, d, J = 11.3 Hz, OCH2Ph), 4.37 (3H, s, OCH3),
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4.04 (3H, s, OCH3), 4.00 (3H, s, OCH3), 3.99 (3H, s, OCH3), 2.25
(3H, s, CH3).

13C (125 MHz, CDCl3) δ: 178.5, 176.7, 166.7, 162.8,
158.6, 151.9, 150.2, 148.8, 145.7, 144.5, 137.7, 136.6, 135.6, 134.4,
132.5, 130.4, 128.2, 128.1, 127.9 (2 × C), 125.9, 125.6, 125.2, 121.8,
112.9, 75.2, 62.1, 61.3, 61.2, 52.2, 17.6. Mp: 115−116 °C
(recrystallized from CH2Cl2). These data were in accordance with
the literature values.17

Monobromo 49. 1H (500 MHz, CDCl3) δ: 9.04 (1H, d, J = 8.6 Hz,
Ar-H), 8.52 (1H, d, J = 8.5 Hz, Ar-H), 7.14−7.10 (4H, m, Ar-H),
7.02−7.00 (2H, m, Ar-H), 6.31 (1H, s, Ar-H), 4.94 (1H, d, J = 11.2
Hz, OCH2Ph), 4.88 (1H, d, J = 11.2 Hz, OCH2Ph), 4.03 (3H, s,
OCH3), 4.00 (3H, s, OCH3), 3.99 (3H, s, OCH3), 3.96 (3H, s,
OCH3), 2.26 (3H, s, CH3).

13C (126 MHz, CDCl3) δ: 182.7, 179.3,
166.7, 162.8, 160.5, 151.9, 150.2, 148.8, 145.7, 145.5, 137.6, 136.6,
135.6, 134.4, 132.4, 130.8, 128.3, 128.1, 128.0, 127.9, 125.7, 125.5 (2 ×
C), 112.9, 110.0, 75.3, 61.4, 61.2, 56.7, 52.2, 17.6. IR (thin film) νmax:
3431 (br), 3235 (br), 2946 (w), 1711 (s), 1685 (s), 1661 (m), 1609
(m), 1586 (s), 1453 (m), 1242 (s), 1212 (s) cm−1. HRMS (ESI-TOF)
m/z: [M + Na]+ calcd for C33H28BrN3O8Na 696.0963 and 798.0934,
found 696.0963 and 698.0966; mp 252−254 °C (recrystallized from
CH2Cl2).
(±)-Streptonigrin (1). Potassium carbonate (0.167 g, 1.21 mmol)

was added to a solution of streptonigrin methyl ester 48 (0.007 g,
0.013 mmol) in methanol/water (2:1 by volume, 10.8 mL total), and
the resulting solution was stirred at rt for 48 h. The methanol was
removed in vacuo and the resulting mixture neutralized with 3 M HCl.
The mixture was extracted with dichloromethane (3 × 5.0 mL), and
the combined organic layers were dried over Na2SO4, filtered, and
concentrated in vacuo. The crude product was purified by column
chromatography using pH 6.8 buffered silica gel66 (49:1 CH2Cl2/
CH3OH, Rf 0.20) to afford streptonigrin (1) as a dark brown/black
crystalline solid (0.006 g, 88%). 1H (500 MHz, DMSO-d6) δ: 12.32
(1H, br s, CO2H), 9.01 (1H, d, J = 8.4 Hz, Ar-H), 8.92 (1H, s, Ar−
OH), 8.36 (1H, d, J = 8.5 Hz, Ar-H), 6.92 (2H, br s, Ar-NH2), 6.73
(1H, d, J = 8.5 Hz, Ar-H), 6.70 (1H, d, J = 8.6 Hz, Ar-H), 3.85 (3H, s,
OCH3), 3.81 (3H, s, OCH3), 3.76 (3H, s, OCH3), 2.18 (3H, s, CH3).
13C (126 MHz, DMSO-d6) δ: 180.3, 175.9, 167.0, 159.8, 153.1, 148.1,
145.7, 144.1, 141.6, 136.9, 136.2, 135.7, 134.5, 134.0, 133.4, 129.5,
126.7, 125.9, 124.6, 114.9, 104.4, 60.3, 59.7, 55.7, 17.0. Mp: 289−290
°C (recrystallized from CH2Cl2). These data were in accordance with
the literature values.17,65
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Abstract: Reported herein is the use of catalytic [{Ir(cod)Cl}2]
to facilitate hydrogen-borrowing reactions of ketone enolates
with methanol at 65 8C. An oxygen atmosphere accelerates the
process, and when combined with the use of a bulky mono-
dentate phosphine ligand, interrupts the catalytic cycle by
preventing enone reduction. Subsequent addition of pro-
nucleophiles to the reaction mixture allowed a one-pot
methylenation/conjugate addition protocol to be developed,
which greatly expands the range of products that can be made
by this methodology.

The use of transition metals to perform the alkylation of
ketone enolates using hydrogen-borrowing reactions is an
interesting and powerful alternative to enolate formation/
alkylation reactions under more traditional reaction condi-
tions (e.g. lithium amide bases coupled with alkyl halide
electrophiles).[1] Recently we disclosed that rhodium was an
effective metal for catalyzing the hydrogen-borrowing reac-
tions of methanol and we developed a reaction for the
methylation of ketones under relatively mild reaction con-
ditions (carbonate base and 65 8C reaction temperature;
Scheme 1).[2] Performing the reaction under an atmosphere of
oxygen was an important modification resulting in higher
yields and shorter reaction times (Scheme 1).

Methanol is an important feedstock chemical that has
been utilized in a variety of chemical transformations which
involve dehydrogenation to formaldehyde.[3] It is also impor-
tant to note that the use of methanol in hydrogen borrowing is
exceptional in that it confers the ability (by the formation of

reactive formaldehyde) to form branched products from
enolates and allows the production of more complex carbonyl
compounds than previous cases.[2] However, our preliminary
studies revealed two areas in need of improvement. Firstly,
the ketone methylation reaction required between 5 and
10 mol% of rhodium metal, thus making the sequence
potentially costly. Secondly, we predicted that it was difficult
for other more hindered alcohols to form branched products
from ketones because of adverse steric interactions in the
aldol intermediates formed en route to the alkylated prod-
ucts.

Our idea for producing diverse branched products was to
interrupt the hydrogen-borrowing process by preventing
enone reduction, thus enabling the introduction of a nucleo-
phile in situ. Subsequent conjugate addition could follow to
form a wide range of complex products. This concept is shown
in Scheme 1 (A!B). In this scenario we should be able to
incorporate functionality beyond a methyl group, yet harness
the enhanced reactivity which comes with methanol-based
hydrogen borrowing. There is a small amount of precedent for
interrupting hydrogen-borrowing alkylations using either
oxygen gas or a reactive alkene to intercept metal hydrides
in situ, but these methods go no further than the production of
unsaturated derivatives.[4]

We sought to address both issues raised above by
examining a relatively inexpensive iridium(I) catalyst
system which is precedented to participate in hydrogen
borrowing but works best with an added ligand.[5] This
requirement meant that we could adjust the balance of

Scheme 1. Hydrogen borrowing with methanol and the concept of
interrupted hydrogen borrowing. The reduced form of the catalyst may
be MH or MH2. Cp* = C5Me5.
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reactivity between the hydrogen borrowing and hydrogen
returning events. Preliminary experiments with [{Ir(cod)Cl}2],
together with a variety of phosphine ligands proved promis-
ing. Reactions of the ketone 1 with low loadings of catalyst (1–
2 mol%) and different ligands are shown in Table 1. These
experiments revealed that the ligand plays a crucial role in
determining the products which are formed. Compare entry 1
(PPh3 ligand, which forms the methylated compound 2) with
entries 3 and 4 (bulky PCy3 or cataCXium A[6] ligands which
form two interrupted intermediates, the enone 3 and methoxy
addition product 4 in 59–81% combined yield). Interestingly,
the beneficial role of oxygen in enhancing the efficiency of
both the methylation and methylenation reactions is also
clear (entries 2 and 5).[7] Note that the combination of
a hindered phosphine and an oxygen atmosphere is partic-
ularly effective in stopping enone reduction during the
hydrogen-borrowing cycle (entry 4).[8] We do not yet know
the precise mechanism by which the metal hydride (or
dihydride) is returned to the catalytic cycle after methanol
oxidation, but speculate that the recycling process involves
such a metal hydride being oxidized by molecular oxygen.[9]

Although the details are not yet clear, the reactivity of any
iridium hydrides formed in situ is clearly influenced by the
added ligand. Taken together, this set of results proves that
low loadings of iridium(I) can be used with methanol in both
hydrogen-borrowing and interrupted-hydrogen-borrowing
chemistry depending upon the ligand added.

For the following investigation, we decided to concentrate
on the reactions of p-methoxyphenyl ketones. This substrate
class is an interesting ketone because there are many
possibilities for the formation of functionalized esters, after
hydrogen-borrowing sequences, through a regioselective
Baeyer–Villiger reaction. Therefore, we examined the effi-

ciency of the optimized interrupted hydrogen-borrowing
methylenation conditions (Table 1, entry 4) with several aryl
ketones and found that this was a general process which
formed both the enone and methoxy addition product in good
combined yield (Scheme 2). Note that control experiments
have shown that the enone and methoxy adduct products are
in equilibrium, and so the ratio formed in a particular reaction
varies according to the precise substrate employed. Because
of this reversibility, we predicted that both products would be
equally useful in subsequent reactions.

The success of this iridium-catalyzed interrupted process
allowed us to develop a one-pot methylenation/conjugate
addition sequence (Scheme 3). The enone and methoxy
adduct were not isolated but reacted in situ with an external
nucleophile and extra base. In most cases we found it
beneficial to treat the crude reaction mixture with a metal
scavenging resin (SiliaMetS DMT)[10] while stirring the
solution, open to the atmosphere, for 1 hour, before the
addition of base and the external nucleophile. We suggest that
the resin removes most of the metal catalyst from solution and
prevents complications caused by methanol oxidation during
the second phase of the reaction. Moreover, stirring the
reaction vessel when it is open to the atmosphere concen-
trates the reaction and may remove unwanted formaldehyde.
We found that each set of nucleophiles required a minor
variation in the conditions to optimize the yields. The
supplementary nucleophiles which can be added to the
methylenation reaction are diverse, including nitro com-
pounds (14,15), ketones (16,17) and even tert-butyl hydro-
peroxide to form epoxides (18,19) in good to excellent yields,
and all in one pot from methylene ketones. In addition, we
were also able to perform a tandem rhodium-catalyzed
conjugate addition of a boroxine or boronic acid to form
the doubly benzylated compound 20, and analogue 21, again
in good overall yields for a sequence which involves multiple
reaction steps.[11] For this latter type of addition, the scavenger
resin was not added because it slowed down the metal-

Table 1: Effect of phosphine ligand and atmosphere on product
distribution.

Entry Conditions Product distribution [%]
1 2 3 4 5

1 1 mol% [{Ir(cod)Cl}2] , 4 mol%
PPh3, 2 equiv KOH, O2

– 94 – – –

2 1 mol% [{Ir(cod)Cl}2] , 4 mol%
PPh3, 2 equiv KOH, Ar

4 75 – trace trace

3 2 mol% [{Ir(cod)Cl}2] , 8 mol%
PCy3, 3 equiv KOH, O2

12 23 9 50 –

4 2 mol% [{Ir(cod)Cl}2] , 8 mol%
cataCXium A, 3 equiv KOH, O2

2 4 6 75 –

5 2 mol% [{Ir(cod)Cl}2] , 8 mol%
cataCXium A, 3 equiv KOH, Ar

50 29 1 13 –

6 1 mol% [{Ir(cod)Cl}2] ,
5 equiv Cs2CO3, O2 (24h)

– – – 14 83

[a] Determined by 1H NMR spectroscopy of the material after chroma-
tography. CataCXium A= (adamantyl)2PBu, cod =1,5-cyclooctadiene.

Scheme 2. Methylenation of ketones. Yield is that of isolated products.
[a] Enone contaminated with a few percent of inseparable starting
material and/or methylated material. Yields adjusted accordingly.
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catalyzed conjugate addition. The wide variety of nucleo-
philes which are compatible with this protocol greatly
enhance the types of products which can be accessed directly
from ketones through a hydrogen-borrowing-based method-
ology.

Given the propensity of iridium to participate in methanol
hydrogen-borrowing processes,[12] we also examined the
alternative catalytic system shown in entry 1 of Table 1
(Ph3P, O2 atmosphere), to improve our recently reported
enolate methylation reaction, (Scheme 4, methylation). The
outcome was a broadly applicable methylation reaction of
alkyl ketones using lower loadings of iridium (2 mol% metal)
compared to rhodium (10 mol% metal).

This procedure was then extended to a one-pot double
alkylation of p-methoxyacetophenone with a primary alcohol
at 100 8C (conditions developed by Ishii to form a monoalky-
lated ketone exclusively).[5] The subsequent methylation was
accomplished by cooling to the reaction mixture to 65 8C and
adding methanol, Ph3P, KOH, and a balloon of oxygen (22–
30 ; Scheme 4). A variety of different alcohols were subjected
to this regimen, thus demonstrating a useful double-alkyla-
tion reaction using 2 mol% of iridium to perform both
carbon–carbon bond-forming steps in good overall yields.

Finally, our goal was to showcase the synthetic utility of
the intermediates provided by this methodology. In this

Scheme 3. One-pot methylenation/conjugate addition of aryl ketones.
Yield is that of isolated products. [a] Reaction run under an atmos-
phere of oxygen. [b] SiliaMetS DMT scavenger resin not added to the
reaction mixture before addition of nucleophile. Reaction run under
argon.

Scheme 4. Iridium-catalyzed methylation and double alkylation of p-
methoxyphenyl-substituted aryl ketones. The KOH loading was depen-
dent on the substrate (see the Supporting Information for details).
Yield is that of isolated products.

Scheme 5. Regioselective Baeyer–Villiger and aromatizaton reactions
of the aryl ketone products. Yield is that of isolated products. Baeyer–
Villiger products formed with !20:1 regioselectivity in each case.
mCPBA= m-chloroperbenzoic acid, TFA = trifluoroacetic acid.
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regard, the pMeOC6H4 group is an ideal candidate for
regioselective migration during a Baeyer–Villiger oxida-
tion.[13] Scheme 5 shows that a variety of different esters
(31–36) can be made by reaction with mCPBA, including
those armed with a reactive epoxide functionality. This
reaction expands the range of the products which can be
formed, solves the problem of esters being unstable to the
basic methanol conditions, and introduces the potential for
many additional reactions of the more oxidized carbonyl
group in the product. Curiously, the ketone 15, bearing a nitro
group, proved to be extremely resistant to such oxidation
under a variety of reaction conditions.

In addition, we examined the oxidative (and aromatizing)
transformation of the three 1,5-diketone derivatives made in
this work (Scheme 5).[14] Reaction of the compounds 5, 16,
and 17 with either ammonium acetate and CuII or hydroxyl-
amine hydrochloride formed the corresponding tetrasubsti-
tuted pyridines in excellent yields.

To conclude, we have shown that [{Ir(cod)Cl}2] is an
excellent catalyst for enolate methylenation and methylation
reactions using methanol and low loadings of metal at
relatively low temperatures. The combination of a sterically
hindered phosphine ligand and O2 interrupts the hydrogen-
borrowing reaction sequence and prevents enone reduction,
therefore enabling the addition of a nucleophile to the
unsaturated intermediates formed in situ. The synthetic utility
of the products can be enhanced further by performing
a regioselective Baeyer–Villiger reaction which gives access
to products at the carboxylic acid oxidation state.
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