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Abstract 
Nitrogen is a vital element for the existence of life, as shown by its frequent presence in essential 

biomolecules, and inclusion into valuable drugs. Sulfonamides and their heterocycle counterpart, 

sultams, are N-containing functional groups and metabolically stable amide isosteres. Sulfa drugs, 

which contain these moieties, have a broad spectrum of medical applications. The industrial value 

of sultams has prompted the development of novel methods for their synthesis, and metal-

catalyzed C-H amination reactions with nitrene precursors have recently shown promise. 

The current thesis presents a survey of conditions for benzo[d]sultam synthesis via intramolecular 

C-H amination of N-acyloxysulfonamides. Initially, using Ru(Bpy)3(PF6)2 as a photocatalyst and 

Et3N as a base enabled benzo[d]sultam formation by tertiary C-H amidation. The photoredox 

conditions were optimized to accommodate other 2,6-disubstituted-N-acyloxysulfonamides upon 

omission of the base, which consistently gave sulfonamide byproducts. Control reactions indicated 

that a thermal base-induced reaction was simultaneously occurring, both enabling productive C-H 

amidation and byproduct formation. Systematic optimization of base-induced conditions enabled 

sultam synthesis from 2,6-dialkyl- and tertiary ortho-monoalkyl-precursors in moderate yield, but 

sulfonamide formation still impeded the reaction. 
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I. Graphical Abstract: Intramolecular C-H amidation of N-acyloxysulfonamides. 

 

An additional control reaction indicated that a thermal Ruthenium-catalyzed C-H amidation 

reaction was possible. Indeed, heating N-acyloxysulfonamides in the presence of Ru(Bpy)3(PF6)2 

and in the absence of light and base enabled efficient C-H amidation, particularly with DCE as a 

solvent. A representative scope of 12 benzo[d]sultams was then synthesized including entries 

derived from ortho-monoalkyl-N-acyloxyarylsulfonamides. 

Aside from optimizing an efficient reaction for the synthesis of benzo[d]sultams through the 

cyclization of N-acyloxyarylsulfonamides, including the challenging primary C-H amidation of 

orthomonomethyl-substrates, the unique reaction conditions developed in this thesis set precedent 

for future investigation of hydroxylamine derived nitrene precursors. The optimization and design 

of superior ruthenium catalysts could allow for more challenging C-H amination reactions with 

hydroxysulfonamide derivatives and similar N-oxy nitrene precursors. 
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Chapter 1: Introduction 
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1.1 Nitrogen Containing Molecules 

The value of nitrogen atoms in organic molecules cannot be overstated. All the proteins present in 

biological organisms, from enzymes to receptors, consist of amino acid chains connected by amide 

bonds (Figure 1, A). The purine and pyrimidine nucleobases present in DNA contain 2-5 

necessary nitrogen atoms each (Figure 1, B) to participate in the hydrogen bonding interactions 

that maintain the double helix of DNA. The ferrous iron atom located at the core of hemoglobin 

oxygen transport enzymes is stabilized by coordination of Heme B, a pyrrole-based porphyrin 

ligand (Figure 1, C). The eight most common neurotransmitters all contain at least one nitrogen 

atom (Figure 1, D). With its importance for bond forming reactions and intermolecular 

interactions, the nitrogen atom is comparable to carbon and oxygen for its importance into 

biological systems. 

 

Figure 1. Nitrogen atom presence in important biomolecules. 
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With the vital bioactivities induced by nitrogen function groups, it is not surprising that 84% of 

small-molecule drugs contain at least one nitrogen atom, and over 15% of industrial reactions in 

the pharmaceutical sector involve the formation of a nitrogen-carbon bond.1–3 On top of this, 59% 

of small molecule drugs contain at least one nitrogen-heterocycle.3 From a historical perspective, 

some of the most ground-breaking discoveries in medicine involved drugs containing a nitrogen 

heterocycle. The 1928 discovery of Penicillin derivatives, which contain distinctive β-lactam 

heterocycles (Figure 2, A), lead to the treatment of many serious bacterial infections.4,5 The 

pteridine containing folic acid derivatives, aminopterin and amethopterin (Figure 2, B), were the 

first compounds used for chemotherapy in 1947.6–8 The approval of the first benzodiazepine 

anxiolytics, chlordiazepoxide in 1960 and diazepam (Figure 2, C) in 1963, revolutionized the 

management of mental disorders.9 The piperidine / quinoline containing antiretroviral medication 

saquinavir was the first HIV protease inhibitor approved in 1988 (Figure 2, D).10 Even the best-

selling drug of all time, atorvastatin, has a pyrrole ring embedded in its core (Figure 2, E).11,12 

Overall, it is safe to say that nitrogen heterocycles play an essential role in the field of medicine. 

 

Figure 2. Historically ground-breaking drugs with Nitrogen heterocycles. 
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1.2 Sulfonamides 

Sulfonamides are a relatively inert class of functional group represented by the general formula 

R1S(=O)2NR2R3 which act as an isostere of the amide functionality.13 In 1932 Gerhard Domagk 

discovered that Protosil, an azo dye bearing a sulfonamide group, showed potent antibacterial 

effects.14 The antimicrobial action was induced by a bioactive metabolite also containing a 

sulfonamide group, sulfanilamide, indicating that Protosil was in fact a prodrug (Scheme 1).15,16  

 

Scheme 1. Azo dye Protosil represents a prodrug for sulfanilamide, an early antibiotic. 

Since this discovery, several valuable sulfonamide-based (sulfa) drugs have been developed to 

elicit a variety of biological activities, several of which are included in the “WHO Model List of 

Essential Medicines”.17–19 Early research led to additional antibacterial sulfa drugs such as the 

dihydropteroate synthase inhibitor sulfamethoxazole in 1961 (Figure 3, A).20 In 1952, the carbonic 

anhydrase inhibitor acetazolamide was introduced to treat glaucoma, epilepsy and edema (Figure 

3, B).21,22 The diuretic furosemide was then brought into the market in the following decade 

(Figure 3, C).23,24 Several other sulfa drugs have been successfully marketed including the NSAID 

celecoxib (Celebrex),25,26 the well-known erectile dysfunction medication Sildenafil (Viagra),27,28 

the HIV protease inhibitor amprenavir,29,30 and sumatriptan, a serotonin receptor agonist used to 

treat migraines and cluster headaches (Figure 3, D-G).31,32 An analysis of common drugs showed 

the sulfonamide group is the 22nd most common side chain in known drugs.33–35 



 

5 

 

 

Figure 3. Valuable drugs containing sulfonamide functional groups. 

The bioactivity of sulfonamides relates to their bioisosterism with other functional groups, namely 

amides, but also other carbonyl, sulfonyl and phosphonyl-based groups.36 Unlike amides, 

sulfonamides have tetrahedral sulfur atoms, and the nitrogen atom is more pyramidal. This 

geometry makes the sulfonamide bond dihedral angle below 90° rather than 180°.35 Importantly, 

the increased N-H acidity (sulfonamide pKa = 17.537, amide pKa = 25.538) renders them far better 

hydrogen bond donors, and the N-H acidity can be selectively tuned for divergent drug design.35 

The sulfonamide motif is also more resistant to metabolism than amide functionalities.39 Research 

assessing sulfonamide bioactivity has led to several patents disclosing drug candidates for a variety 

of diseases including: Alzheimer’s, anxiety, cancer, diabetes, insomnia, osteoporosis and 

epilepsy.35,36,40–45 Others compounds have antibacterial, antiviral, antifungal, antitubulin, 

antipsychotic, antidandruff and diuretic action.35,36,40–45 The bioactivity of sulfonamide compounds 

allows for agricultural applications.35,42 In terms of synthetic applications, proline sulfonamides 

are used as organocatalysts46 and N-alkylsulfonamides (tosylamides) act as carbon electrophiles.47 
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1.3 Sultams 

Sultams are heterocyclic sulfonamides, and like the relationship between sulfonamides and 

amides, sultams are isosteres of lactams. This isosterism extends to related cyclic sulfamate and 

sulfamide heterocycles, which represent the sulfonyl counterparts for cyclic carbamates and ureas, 

respectively (Figure 4, A). Sultams are conventionally classified by the same system applied to 

lactams, using Greek prefixes (α = 3, β = 4, γ = 5, δ = 6, ε = 7) to denote the ring size (Figure 4, 

B). Sultams derivatives that are annulated with an aromatic ring are referred to as benzosultams. 

 

Figure 4. Structural and isosteric relationships of carbonyl and sulfonyl heterocycles. 

1.3.1 Usage of Sultams  

Sultams have several synthetic and medical applications, but they have the longest history as chiral 

auxiliaries, with Oppolzer’s sultam as the most well-known example (Figure 5, A).39,48–50 Chiral 

benzosultams have also been used.39,48–50 Sultams also have application as directed metalation 

groups (DMGs), protecting groups and electrophilic fluorinating agents (N-fluorosultams).48,49,51 

Sultams also exhibit valuable biological activities, and the moiety has appeared in several drugs.49 

Piroxicam and meloxicam are NSAID drugs that treat rheumatic diseases (Figure 5, B).52–54 

Sultiame55–57 and brinzolamide58,59 are carbonic anhydrase inhibitors (Figure 5, C-D) that are 
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prescribed for distinct ailments, epilepsy55–57 and glaucoma,58,59 respectively. Hydrochlorothiazide 

is a diuretic used to treat high blood pressure, swelling and diabetes insipidus (Figure 5, E).60,61 

Interestingly, sultiame, brinzolamide and hydrochlorothiazide also contain free sulfonamide 

moieties (Figure 5, C-E). A range of other bioactivities have been found including antibacterial, 

antiviral, antifungal, antimalarial, anticancer, antidiabetic, antipsychotic and hypoglycemic action, 

serotonin receptor agonism and inhibitory action towards a range of enzymes such as calpain I, 

serine proteases, cyclooxygenase-2, HIV integrase, lipoxygenase, and matrix metallopeptidase-

2.35,36,40–45,49 In 2020, a patent disclosed nicotinamide-based benzosultams as NaV1.8 voltage-gated 

sodium ion channel inhibitors, with implications for the treatment of epilepsy, migraine, and pain 

management (Figure 5, F).62 Another patent in 2021 described a tricyclic sultam that inhibits 

EIF4E, and could lead to the development of new cancer drugs (Figure 5, F).63 Like sulfonamides, 

sultams have also been researched for use in agricultural fields as pesticides50 and herbicides.64 

Sultam compounds clearly show potential for the future use in synthesis, medicine and agriculture. 

 

Figure 5. Important molecules containing sultam heterocycles. 
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1.3.2 Synthesis of γ-Sultams  

A range of methods have been developed for sultam synthesis and several review articles survey 

this literature.39,48–50,64–66 The formation of monocyclic and polycyclic sultams, including both 

aliphatic and benzo-annulated variants, with a range of ring sizes and fused ring numbers has been 

achieved. The results presented in this thesis focus on the development of methods for synthesis 

of five membered benzosultams through C-H amination reactions. Due to the array of published 

methods and the specific results obtained here, this review will focus on γ-benzosultams. Some 

sultam synthesis routes have taken advantage of C-H amination methodology and will be 

summarized with thorough introduction in Chapter 1.4, where C-H amination is the focus. 

Benzosultams 

A summary of synthetic routes toward the two major classes of γ-benzosultams, benzo[d]sultams 

(1,2-benzisothiazoline 1,1-dioxides) and the isomeric benzo[c]sultams (2,1-benzisothiazoline 2,2-

dioxides) is covered here. The former class possess a benzenesulfonamide group and a nitrogen 

atom at the benzylic position. In the latter class this arrangement is reversed; the nitrogen atom is 

bound to the aromatic ring, and the sulfonyl group is benzylic (Figure 6). 

 

Figure 6. Connectivity of benzisothiazoles and the two major classes of benzosultams. 
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Substitution Reactions in the Synthesis of Benzosultams 

Conceptually, one of the simplest ways to form sultams is through intramolecular nucleophilic 

substitution reactions. Indeed, one of the first successful benzo[d]sultam synthesis was achieved 

by reacting triphenylcarbinol-o-sulfonic methylamide with fuming HCl at 150 °C (Scheme 2).65,67 

 

Scheme 2. Early example of sultam formation through a substitution reaction. 

This nucleophilic cyclization method was later expanded to other 3,3-disubstituted benzosultams; 

directed ortho metalation (DOM) with N-methyl- and N-phenyl-benzenesulfonamides, followed 

by ketone addition gave the desired benzylic alcohols and excess heating or treatment with acid 

allowed the cyclodehydration reactions to ensue.68 Alas, N-deprotection of the sultams was 

difficult. Liu’s group further improved this DOM-substitution sequence.69,70 Carbinol 

sulfonamides derived from the lithiation-ketone addition procedure with N-tert-butyl benzene 

sulfonamides were treated with NaI (2 equiv.) and TMSCl under reflux, thus enabling sequential 

N-deprotection and cyclization for high yields of free N-H benzo[d]sultams and the first examples 

of spirocyclic sultam synthesis (Scheme 3). 

 

Scheme 3. TMSCl-NaI-MeCN reagent-mediated deprotection/cyclization. 

Liu then extended these reaction conditions to include catalytic iodine, enabling the reaction of 

carbinol sulfonamides derived from aromatic aldehydes to synthesize 3-aryl benzo[d]sultams.71 
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Mechanistic evidence suggested these reactions proceed through sequential formation of an 

iodosilane, a silyl ether, and a benzyl-iodide. After a century of intermittent research, the mild 

conditions developed allow for a simple sultam synthesis through nucleophilic substitution. 

Sultams can also form by intramolecular epoxide opening, reactivity exploited for the asymmetric 

synthesis of β-hydroxybenzo[d]sultams.72 Sharpless epoxidation73 of an allylic alcohol-containing 

sulfonamide furnished an epoxy-alcohol (99% ee) and regioselective cyclization was achieved 

using Ti(OiPr)4 as a Lewis acid. Finally, diol cleavage and reduction give the product (Scheme 4). 

 

Scheme 4. Asymmetric synthesis of a β-hydroxysultam through epoxide ring opening. 

Benzo[c]sultams have also been synthesized through substitution reactions. Refluxing sodium 2-

aminobenzylsulfonate in phosphorus oxychloride enables the intermediate formation of a sulfonyl 

chloride, which undergoes intramolecular substitution by the ortho-aniline group (Scheme 5).74 

 

Scheme 5. Benzo[c]sultam synthesis by chlorodehydration of a sodium sulfonate. 

Synthesis of Sultams from N-Sulfonylimines 

A variety of methods for the synthesis of benzo[d]sultams rely on their unsaturated counterparts, 

N-sulfonylimines, as precursors. These transformations are often achieved with advanced variants 

of traditional π-bond manipulation reactions (Figure 7).75–82  Examples that enable stereoselective 



 

11 

 

sultam synthesis include: hydrogenation75 (A), metal catalyzed 1,2-insertion with alkyl76 (B) aryl77
 

(C) and alkynyl78 (D) nucleophiles, cross-dehydrogenative coupling79 (E), cycloadditions80 (F), 

aza-Darzens reactions81 (G), and NHC-catalyzed homoenolate additions (H).82  

 

Figure 7. Various reactions to synthesize benzo[d]sultams from N-sulfonylimines. 

Sultam Synthesis via Nucleophilic Aromatic Substitution 

Synthetic routes toward benzo[c]sultams often make use of SNAr reactions.66 The simplest 

example employing an SNAr reaction to close a sultam ring involves the displacement of a fluoride 

atom in an N-alkyl-N-methanesulfonyl-2-fluoro-5-nitroaniline under basic conditions (Figure 8, 

A).66,83 An alternative SNAr mechanism can also be used to form nitro-substituted 
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benzo[c]sultams; vicarious nucleophilic substitution (VNS) of a chlorine atom is possible when 

using N-chloromethane-sulfonyl-3-nitroanilines (Figure 8, B).66,84,85 The generation of a benzyne 

intermediate is another mechanistic regime that enables benzo[c]sultam synthesis.86–88 Nitrogen 

and carbon nucleophiles can both attack the benzyne in an intramolecular fashion (Figure 8, C). 

 

Figure 8. Synthesis of benzo[c]sultams through nucleophilic aromatic substitution reactions. 

Benzo[d]sultams can also be synthesized via SNAr; Penso reported the synthesis of 3-carboxy 

substituted tetrafluoro benzo[d]sultams by enolization of carboxy sulfonamides.89 An improved 

enantiodivergent variant enabled access to both monofluoro-3-carboxy-benzosultam enantiomers 

starting from enantiopure sulfonamides by altering the base ratio of BTMG:DBU (Scheme 6).90 

 

Scheme 6. Enantiodivergent synthesis of chiral benzo[d]sultams by SNAr. 
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Benzosultam Synthesis Through Addition to π-Bonds 

The intramolecular hydroamination of π-bonds by aryl sulfonamides represents yet another unique 

sultam synthesis method. Tao and Gilbertson showed that intramolecular hydrosulfonamidation of 

ortho-alkynes occurs in under ten minutes at room temperature using trifluoromethanesulfonimide 

as an acid catalyst and triethylsilane as a hydride source, affording N-substituted benzo[d]sultams. 

Using ortho-alkynyl-N-benzylsulfonamides with electron rich N-benzyl aromatic groups at 50° C 

instead allows direct formation of the free N-H sultams (Scheme 7). Unfortunately, the reaction 

only works with terminal ortho-alkynes, thus only 3-methyl-substituted sultams can be formed.91 

 

Scheme 7. Sultams from acid catalyzed hydroamination of ortho-alkynyl-arylsulfonamides. 

Transition Metal Catalyzed Benzosultam Synthesis 

Several literature examples exist for the synthesis of both benzo[d]sultams and benzo[c]sultams 

using transition metal catalysis techniques.3,5–7 Dating back to 1986, a benzo[c]sultam was 

synthesized from 2-chlorophenylmethanesulfonamide through a high temperature  intramolecular 

Ullmann-type amination with copper bronze in the presence of a base (Scheme 8).74 

 

Scheme 8. Early catalytic example: Ullmann-type sultam synthesis using copper bronze. 
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The most common approach to generate benzo[d]sultams by transition metal catalysis is through 

Heck-type olefination reactions. For example, Reau’s group applied a 5-exo Heck cyclization to 

generate tricyclic benzo[d]sultams from brominated N-benzenesulfonyl enamines (Scheme 9).92 

 

Scheme 9. Tricyclic benzo[d]sultams through 5-exo Heck cyclization of sulfonyl enamines. 

In most other cases the Heck reaction generates a C-C bond between a benzenesulfonamide and 

an alkene, and the resulting olefin undergoes intramolecular amination. Hanson and colleagues 

published an early example of this by developing a one-pot three component protocol for the 

synthesis of benzo[d]sultams through a domino Heck-aza-Michael pathway (Scheme 10).93 

 

Scheme 10. One-pot three component domino Heck-aza-Michael pathway to benzo[d]sultams. 

Several later publications disclosed N-acylsulfonamide directed tandem C-H olefination-Michael 

cyclization reactions catalyzed by [RhCp*Cl2]2 (Scheme 9, A).94–96 Unfortunately, double 

olefination occurred for the majority of substrates without ortho-substituents in the C-H olefination 

processes and a stoichiometric oxidant was required. In 2020, Liu’s group developed a more 

efficient ruthenium (II) catalyzed tandem C-H olefination-cyclization process with N-

acylsulfonamides for selective mono-alkenylation with O2 as the oxidant (Scheme 9, B).97 



 

15 

 

 

Figure 9. Catalytic tandem ortho-C-H olefination-cyclization reactions forming benzosultams. 

Douglas et al. disclosed another sultam synthesis featuring an olefin insertion step in 2018.98 A 

palladium catalyzed intramolecular aminocyanation reaction of N-sulfonylcyanamides allowed for 

the formation of 3,3-disubtituted benzo[d]sultams. The mechanism featured Lewis-acid promoted 

oxidative addition of an N-CN bond and C-CN bond forming reductive elimination (Scheme 11). 

 

Scheme 11. Benzo[d]sultam synthesis through intramolecular aminocyanation of alkenes. 

Aside from C-H olefination, other transition metal catalyzed C-H activation processes can be used 

to synthesize benzosultams. Fagnou’s group published a synthetic route toward benzo[d]sultams 

using palladium catalyzed C(sp3)-H bond activation α- to the nitrogen atoms in 2-bromo-N-

methylbenzenesulfonamides, thus allowing for intramolecular alkane arylation (Scheme 12).99 



 

16 

 

 

Scheme 12. Intramolecular alkane arylation via activation of α-sulfonamido C(sp3)-H bonds. 

Laha’s group described a synthesis of heterobiarylsultams through palladium-catalyzed oxidative 

C-C coupling of N-arylsulfonyl indoles and N-arylsulfonyl pyrroles (Scheme 13).100 Cesium 

pivalate and pivalic acid likely enabled CMD-based C-H activation, and silver acetate acted as a 

mild oxidant. This represented the first biaryl coupling involving a sulfonamide moiety. 

 

Scheme 13. Biarylsultam synthesis through palladium-catalyzed oxidative C-C coupling. 

Yang and Xu published a method for N-arylbenzo[c]sultam synthesis via intramolecular aromatic 

C-H insertion with a rhodium carbenoid, the first record of diazosulfonamides as synthetic 

precursors.101 Symmetrical N,N-diaryl diazosulfonamides reacted efficiently but unsymmetrical 

precursors gave only slight selectivity for the electron rich aromatic ring (Figure 10, A). Alas, 

conditions for the intramolecular aliphatic C-H insertion of N,N-dialkyl diazosulfonamides could 

not be developed.102 Changing the catalyst to Cu(acac)2 and altering the diazo transfer reagents to 

contain ketone diazo-adjacent groups rather than carboxylates, however, allowed for the aromatic 

C-H insertion of N-alkyl-N-aryl diazosulfonamides, albeit in low yield (Figure 10, B).102 
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Figure 10. Benzo[c]sultam synthesis by C-H insertion with a rhodium carbenoid. 
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1.4 C-H Amination 

The construction of nitrogen-carbon bonds has traditionally relied on classical reactions such as 

nucleophilic substitution, reductive amination, and rearrangement of carboxylic acid 

derivatives.103 The modern application of transition metal catalysis has evolved robust amination 

methods including cross coupling, allylic amination and hydroamination (Figure 11.).103 While 

these methods are reliable, they generally require starting materials that are pre-functionalized at 

the desired position to allow nitrogen incorporation. This generates stoichiometric waste and adds 

steps to synthetic processes, increasing environmental impact and operating costs.104–106 

 

Figure 11. Classical and modern methods toward the formation of amines. 

The direct amination of C-H bonds avoids manipulation of existing functional groups and can 

circumvent disadvantages of common amination reactions.104–106 Alas, C-H functionalization is a 

difficult objective; C-H bonds are relatively strong (C{sp3}-H ≈ 100 kcal/mol),107 and are 

ubiquitous in organic molecules, raising regioselectivity and chemoselectivity issues.108 Despite 

the obstacles, C-H amination methodology has seen significant progress and continues to develop.  
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Three main strategies have been adopted to enable C-H amination (Figure 12).103,106 The most 

common amination method is “C-H activation”, where C-H bond cleavage leads to the formation 

of an organometallic intermediate through an inner sphere mechanism.103,106 This method will not 

be described in detail here as it likely does not directly relate to the research undertaken. The other 

common C-H amination manifold employs nitrenes / nitrenoids as reactive intermediates to enable 

“C-H insertion”, which proceeds through an outer sphere mechanism without organometallic 

intermediacy.103,106 C-H amination is also possible with N-centered radical intermediates generated 

from appropriate precursors using radical initiator systems or by photoredox catalysis.103,106,109–111 

This method is less common but has been applied more frequently in recent years. 

 

Figure 12. Three primary methods that enable C-H bond amination. 
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1.4.1 Nitrenes 

Nitrenes are a highly reactive, short lived organic species that consist of an uncharged monovalent 

nitrogen atom with a sextet of electrons.104,106,112–115 Nitrenes are the nitrogen analogues of 

carbenes; these species both have six valence electrons and thus exhibit reactivity consistent with 

their electron deficiency (Figure 13).112–116 

 

Figure 13. Comparative structures of sub-valent species: carbenes, nitrenes and oxenes. 

Free nitrenes can exist in either the singlet (S0) or triplet (T1) spin state.106,112,114–116 Singlet nitrenes 

have an empty p orbital and a σ(sp2) orbital containing an electron pair, giving them ambiphilic 

character.114–116 The reactivity of singlet nitrenes is dominated by electrophilicity as a result of 

their electron deficiency.112,116–118 In contrast, triplet nitrenes have two unpaired electrons with the 

same spin, one located in each the p and σ(sp2) orbitals, and thus behave as electrophilic diradical 

species.112,114,115 Since triplet nitrenes obey Hund’s Rule and have no empty orbitals they are more 

stable and generally represent the nitrene ground state.112,114,115,119 Free nitrenes are often generated 

in the singlet state, after which they undergo intersystem crossing to the triplet state (Figure 

14).112,114,115,120,121 

 

Figure 14. Singlet and triplet spin states for nitrenes. 
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Reactivity of Nitrenes 

The ambiphilic nature of nitrenes leads to distinct reactivity. Singlet nitrenes tend to undergo 

concerted reactions and are particularly reactive toward insertion into C(sp3)-H bonds and alkene 

aziridination (Figure 15, A).112,114 They also undergo sp2 aromatic C-H insertion, which proceeds 

by sequential aziridination-rearomatization. Azepines can be produced as side products through 

electrocyclic aziridine ring opening. (Figure 15, B).112,122–124  

  

Figure 15. C-H insertion and aziridination reactivity of singlet nitrenes. 

Singlet nitrenes also undergo rearrangement reactions; the most well-known example is the 

photoinduced Curtius Rearrangement of acyl nitrenes generated from azides (Figure 16, 

A).112,114,125,126 This reaction enables the formation of an isocyanate through the [1,2] migration of 

a carbon atom to the empty orbital of the nitrene. Some trisubstituted aliphatic nitrenes can undergo 

rearrangement to form imines, particularly those substituted with triarylmethanes, as shown in the 

1,2-aryl rearrangement of a triarylmethyl azide (Figure 16, B).112,114,115 Nitrene intermediates may 
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also be present in the related Stieglitz Rearrangement of triarylmethyl- O-acyl-hydroxylamines 

(Figure 16, C).114–116 In contrast, arylnitrenes often rearrange to azirines, followed by a second 

rearrangement to the corresponding azacycloheptatetraenes. (Figure 16, D).120,127,128 

 

Figure 16. Rearrangement reactivity of singlet nitrenes. 

The X-H insertion reactivity of singlet nitrenes is not limited to the reaction of C-H bonds, they 

can also undergo insertion with X-H bonds of various heteroatoms. Additionally, the nucleophilic 

attack of singlet nitrenes with Lewis bases forms ylides (Figure 17).112,114,116 

 

Figure 17. X-H insertion reactivity of singlet nitrenes and ylide formation from Lewis bases. 

Nitrenes in the triplet state undergo alternate reactions. Triplet nitrenes undergo aziridination, but 

the mechanism is stepwise and lacks stereospecificity.112,114–116 Addition of the alkene to the 

nitrene forms a carbon-centered radical that can rotate freely before rebound (Figure 18, 

A).112,114,115 Triplet nitrenes tend to abstract hydrogen from solvent molecules (Figure 18, B), but 
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non-stereospecific C-H insertion is also possible. 123,124,129–132 They can also dimerize to form azo 

compounds (Figure 18, C).114–116,120,131–133 Singlet nitrene reactions often compete with 

intersystem crossing to the triplet state, thus small quantities of triplet products are 

formed.114,115,120,123,131,132,134 

 

Figure 18. Typical reactivity of triplet nitrenes. 

Due to the electrophilic nature of nitrenes, electron rich C-H bonds at activated positions tend to 

be more reactive toward insertion, and the reactivity generally correlates with the C-H bond 

strength.108,117 The general reactivity trend for C-H bond insertion is as follows: allylic > α-ethereal 

> tertiary > benzylic > secondary > primary (Figure 19). If alkenes are present in the molecule, 

aziridination tends to compete with C-H insertion. Intramolecular C-H insertion leading to 

appropriate ring sizes is favoured over the formation of a strained bicycle through aziridination.117 

 

Figure 19. Typical selectivity trend for C-H insertion reactivity of free nitrenes. 
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Nitrenoids and Metal Nitrenes 

The high reactivity, poor selectivity, and instability of free nitrenes limits their applicability, 

therefore most advances in synthetic chemistry involve reagents that enable controlled nitrene 

reactivity.106,117 In general, the term “nitrenoid” is used to describe reagents with a trivalent 

nitrogen atom that exhibit properties of nitrenes and are capable of nitrogen atom transfer (Figure 

20, A).114 Specifically, nitrenoids are the nitrogen analogue of carbenoids (e.g. Simmons-Smith 

reagent, IZnCH2I) where the reactive atom is bound to both a leaving group and a metal (Figure 

20, B), and thus possesses both electrophilic and nucleophilic character.116,135–137 Chloramine T is 

an example of a commercially available nitrenoid reagent (Figure 20, C).116 

 

Figure 20. Reagents possessing the atom transfer capacity of free sub-valent species. 

Transition metal stabilized nitrenes are commonly referred to as metal nitrenoids, but they do not 

possess a leaving group and instead contain a sub-valent nitrogen atom stabilized by a metal atom 

via π-backbonding (Figure 20, D).138 Overall, metal nitrene species enable much more controlled 

reactivity than free nitrenes, and catalysts can be tuned to allow for regioselective and 

chemoselective C-H insertion and aziridination reactions.106,117,139 

Reactivity of Nitrenoids and Metal-Nitrenes 

Due to their ambiphilic character, nitrenoids react in a similar manner to singlet nitrenes.116 They 

undergo electrophilic amination reactions through direct nucleophilic attack, similar to SN2 

substitution (Figure 21, A). The Hoffman and Lossen rearrangements occur through a concerted 
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mechanism from the corresponding nitrenoids generated by deprotonation of the parent N-

bromoamides and hydroxamic acid derivatives, respectively (Figure 21, B).116 Nitrenoids can 

react through “eliminative dimerization reactions” to form azobenzenes (Figure 21, C), but unlike 

free triplet nitrenes, these products are not accompanied by azepine or hydrogen abstraction 

products.116 

 

Figure 21. Typical reactivity observed with nitrenoids. 

Metal stabilized nitrenes, like their free counterparts, undergo C-H insertion and aziridination 

reactions, but with more control and selectivity.106,117,140 Thus, the majority of synthetic advances 

in nitrene chemistry have been achieved with metal-nitrenes. The nature of metal catalysts can be 

tuned to defy typical reactivity trends, enabling chemoselective insertion into strong C-H bonds in 

the presence of weaker bonds (secondary over tertiary), or to enable allylic C-H amination over 

aziridination.117,138,141,142 Metal-nitrenes react in concerted or stepwise pathways depending on the 

properties of the metal catalyst.106,117 Sometimes the selectivity trends for different C-H bonds are 

reversed with metal-nitrenes, particularly for intermolecular reactions; there is some evidence that 

the intermolecular C-H aminations involve triplet metal-nitrenes.143  
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Nitrene/Nitrenoid Precursors 

Most nitrene and nitrenoid precursors have one thing in common: the presence of an electron 

withdrawing group bound to the nitrogen atom, which weakens the N-X bond (Figure 22). For 

nitrenoids, the other atom bound to nitrogen is most often another nitrogen atom, an oxygen atom, 

or a halogen.106,116,117,141 

Free nitrenes can be generated upon thermolysis or photolysis of azides (Figure 22, A, Column 

1)112,114,115 and through heating of isocyanates (Figure 22, A, Column 5)144–148, triggering the loss 

of nitrogen or carbon monoxide gas, respectively. Certain hydroxylamine derivatives generate free 

nitrenes under basic conditions, but the oxygen atom must have a very stable leaving group such 

as a sulfonate (Figure 22, A, Column 2).106,114–116,149,150 Free nitrenes can also be generated to 

some degree from iminoiodinanes (Figure 22, A, Column 4)114,134,140,151 and other haloamines 

(Figure 22, A, Column 3).103,105,106,116,134,149 

Precursors for nitrenoids and free nitrenes are similar, but nitrenoids tend to have less stable 

leaving groups, or an additional electron withdrawing group at the nitrogen atom (Figure 22, B). 

Nitrenoids form by lithiation of hydroxylamines (Figure 22, B, Column 2, Row I), aside from O-

sulfonyl derivatives, which often give free nitrenes (Figure 22, A, Column 2). In contrast, the 

lithiation of electron poor N-tosyloxycarbamates can form nitrenoids (Figure 22, B, Column 2, 

Row II).116 N-chloroalkylamines and Chloramine T act as nitrenoids (Figure 22, B, Column 3, 

Rows I-II), yet some N-chloroanilines give free nitrene products (Figure 22, A, Column 3).116 
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Figure 22. Precursors for free nitrenes, nitrenoids and metal-nitrenes. 

Useful and robust nitrene transfer reactions are generally achieved using transition metal-nitrene 

complexes.106,117,140 Precursors for metal-nitrenes are similar to those used to generate free nitrenes 

or are nitrenoids themselves; they possess weak, polarizable N-X bonds that are oxidative cleaved 

with a transition metal catalyst. The most common metal-nitrene precursors are azides, 

iminoiodinanes, hydroxylamines and chloroamines.106,108,117,139 Iminoiodinanes can often be 

generated in situ with an amine and a hypervalent iodine (III) oxidant, such as iodobenzene 

diacetate or iodosobenzene, but the drawback is formation of stoichiometric iodobenzene 

byproducts.152–154 Azides and chloroamines avoid this issue, as nitrogen gas and chloride salts are 

the only byproducts. With sulfonyloxy carbamates, the sulfonate byproduct is easily removed by 

acidic workup or filtration.155–157 
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Hydroxylamine Derivates – Nitrenes via Cleavage of N-O Bonds 

Minimal progress has been made toward the development of controlled reactions featuring free 

nitrene intermediates with hydroxylamine-based precursors. Lwowski showed that salts of N-p-

nitrobenzene-sulfonoxybenzenesulfonamide (Nitrenoid I) react at room temperature in alcohols to 

produce sulfamates III, and form N,N'-diphenylsulfamide VI by reaction in aniline (Figure 23).158 

As the authors described, N-sulfonyloxysulfonamides are likely susceptible to a Lossen-type 

rearrangement, allowing the transient formation of a reactive N-sulfonylimine intermediate (II) 

that is attacked by a nucleophile. Low yields of benzenesulfonamide (IV) from nitrene reduction 

and N-methoxybenzenesulfonamide (V) from nitrene O-H insertion show that free nitrene 

formation is minimal and that rearrangement may occur directly from the nitrenoid salt. 

 

Figure 23. Lwowski’s decomposition of N-p-nitrobenzenesulfonoxybenzenesulfonamide salts. 

Pantaine’s group capitalized on this side reactivity and disclosed methods for the synthesis of 

unsymmetrical sulfamides via base-induced Lossen-type rearrangement of N-arylsulfonyloxy 

benzenesulfonamides, followed by nucleophilic attack of the intermediate N-sulfonylimine by an 

amine (Scheme 14).159,160 Interestingly, the conditions were similar to those used for thermal base-

induced C-H amination reactivity in this research (Chapter 2.3); triethylamine was used as a base 
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to induce the rearrangement, and the reactions was conducted in CH2Cl2 at room temperature. 

Their conditions are differentiated by the ejection of a more stabilized sulfonate leaving group as 

opposed to a carboxylate. Indeed, their investigation of an acetate leaving group did not produce 

sulfamate product, and no information was given about the products obtained in this reaction. 

 

Scheme 14. Unsymmetrical sulfamides synthesis: Lossen-type rearrangement and reaction with 

amines. 

It is worth noting that our group attempted to optimize a base-induced thermal reaction for the C-

H amidation of N-acyloxyureas. Unfortunately, several substrates gave hydrazide derivatives 

derived from an Aza-Lossen rearrangement; a later paper exploited this side reactivity.161 

Like the related reactions of azides and iminoiodinanes, chemoselective nitrogen atom transfer 

reactions with hydroxylamine-based nitrene precursors tend to rely on transition metal catalysis 

for stability and controlled reactivity. Hélène Lebel developed the first metal catalyzed nitrene-

transfer reactions of N-oxycarbamates under rhodium155–157,162–166 and copper167–169 catalysis. Key 

players such as Glorius,170,171 Chang,172–175 Y. Li,176,177 X. Li,178,179 Jiao,180–182 Falck,183–186 

Morandi,187,188 Ueda,189–191 Zhao,192,193 and Meggers,194–197 have further evolved this research. 

While a range hydroxylamine derived reagents are applied as metal-nitrene precursors (Figure 

24), substrates with benzoate leaving groups have been used in palladium,198 rhodium199–203 and 

iron204 catalyzed C-H amination reactions. Our group developed the C-H amidation of N-

acyloxyureas via photoredox catalysis using Ru(Bpy)3, and mechanistic studies suggested a triplet 

nitrene intermediate.205–207 Meggers' lab194–197 simultaneously developed ruthenium-catalyzed C-
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H amination reactions with N-aroyloxy precursors using pyridyl-substituted NHC ligands. 

Dioxazolones208–210 and anthranils178,211 have also been adopted as N-oxy nitrene precursors.  

 

Figure 24. Common hydroxylamine derived metal-nitrene precursors. 

Common Mechanisms for C-H Insertion Reactions of Metal-Nitrenes 

Metal-nitrenes undergo two distinct mechanistic pathways for C-H amination reactions: either a 

concerted or stepwise C-H insertion is possible.106,117,140 In either mechanism, the reaction initiates 

with nitrene formation though oxidative N-X bond cleavage by the catalyst. In the concerted 

mechanism, the new C-N and N-H bonds form simultaneously with the cleavage of the C-H bond, 

which is usually enabled through the alignment of a three-membered transition state. The aminated 

product is produced simultaneously with regeneration of the reduced catalyst (Figure 25). 

 

Figure 25. General mechanism for concerted C-H amination with metal-nitrenes. 
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Following the initial nitrene formation, the stepwise pathway instead proceeds through a 

preliminary hydrogen atom abstraction to form an N-H bond and a carbon centered radical. 

Subsequent radical rebound forms the C-N bond and regenerates the reduced catalyst (Figure 26).  

 

Figure 26. General mechanism for stepwise C-H amination with metal-nitrenes. 

It is common for first row transition metals (copper, iron, cobalt, manganese) to follow the stepwise 

C-H amination pathway while evidence for both pathways has been found for heavier transition 

metals (rhodium, ruthenium, iridium).105,106,117 Researchers use a combination of experiments to 

determine the likely pathway for catalyst systems including kinetic isotope effect studies, radical 

clock probes, computational studies, and the investigation of product stereochemistry.106,108,117,140 
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1.4.2 Nitrogen-Centered Radicals in C-H Amination 

Formation of Nitrogen-Centered Radicals 

Nitrogen-centered radicals represent another highly reactive class of nitrogen species used in C-H 

amination reactions. Like nitrenes, the generation of N-centered radicals commonly involves the 

cleavage of a weak N-X bond, necessitating the presence of a leaving group bound to the nitrogen 

atom.106,109–111,212,213 In contrast to nitrene generation, N-radicals are formed by N-X bond 

homolytic cleavage rather than heterolytic cleavage (Figure 27). Several common aminating 

reagents are employed for the homolytic generation of N-radicals (Figure 28).106,109,212 

 

Figure 27. Heterolytic vs homolytic cleavage of N-X bonds. 

 

Figure 28. Common reagents for C-H amination reactions of Nitrogen-centered radicals. 

Three methods are traditionally used for the generation of N-centered radicals from N-X 

precursors.110,212 Similar to C-X bonds, N-X bonds can be reduced by a metal to generate N-

radicals, either through an oxidative addition-type manifold, or through direct single electron 

transfer (Figure 29, A). The use of radical initiators coupled with hydrides from group 14, 
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particularly stannanes, is also common (Figure 29, B). Overall, the homolytic cleavage of N-X 

precursors by UV-irradiation is the simplest method for N-radical generation (Figure 29, C), but 

this method lacks selectivity and introduces decomposition reactions.109 

 

Figure 29. Traditional methods for N-radical generation. 

More recently, photoredox catalysis has had a significant impact in the field of N-radical 

chemistry.106,109–111,214 Starting from N-X precursors, the oxidative quench of an excited state 

photocatalyst enables single electron transfer and subsequent homolytic cleavage of the N-X bond 

(Figure 30, A). Photoredox catalysis has also enabled the development of novel methods for N-

radical generation that bypass the need for N-X precursors. The presence of base in certain 

photoredox processes can allow for nitrogen atom deprotonation and subsequent anion oxidation 

by the excited state photocatalyst through a reductive quench (Figure 30, B).109,110,215 Using a base, 

a reductive quench may be possible even if the N-H bond present in the amination substrate is 

weakly acidic. The base can associate with the substrate N-H via hydrogen bonding, allowing the 

excited state photocatalyst to oxidize the hydrogen-bond complex at the N-H σ-bond via proton-

coupled electron transfer (PCET), to afford the reduced catalyst, a protonated base, and an N-

radical (Figure 30, C).106,109–111 With oxidizing catalysts, a final method for N-radical generation 

through a reductive quench involves the direct oxidation of amines to the corresponding aminium 

radical cation (Figure 30, D).109,214 
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Figure 30. Common methods of N-radical generation by photoredox catalysis. 

Mechanisms for C-H Amination Reactions of Nitrogen-Centered Radicals 

The best starting point to discuss mechanisms of radical C-H amination is to consider the 

Hofmann−Löffler−Freytag (H-L-F) reaction, an early N-radical reaction containing steps observed 

in modern sp3 radical C-H aminations.110,111,216,217 Acidic treatment of a chloramine enables 

homolytic cleavage of the N-Cl bond in the protonated species under photolysis or thermolysis. 

The resulting aminium radical undergoes 1,5-hydrogen atom transfer to generate a carbon centered 

radical at the δ-position. Chloride abstraction from an equivalent of chloramine propagates the 

radical chain and basic treatment forms the pyrrolidine via an SN2 reaction (Scheme 15). 

 

Scheme 15. Mechanism for classic Hofmann−Löffler−Freytag radical C-H amination reaction. 
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Aside from the stepwise reactivity of metal-nitrenes with triplet character, sp3 C-H amination 

reactions with N-centered radicals are rare.218–220 Most related reactions involve modified / 

interrupted H-L-F reactions,213,221–225 but modern variants are often conducted using redox agents, 

218–221,224 or through direct electrolysis in an electrolytic cell.226,227 Thus, the reaction can be 

initiated by reductive cleavage of an N-X bond,219,220 or oxidative aminium formation,218 and the 

carbon radical generated through hydrogen atom transfer undergoes oxidation to the corresponding 

carbocation, which is then attacked by a nitrogen nucleophile (Scheme 16). 

 

Scheme 16. General mechanism for sp3 C-H amination by N-centered radicals. 

Radical amination at sp2 centers is much more common than sp3 C-H amination.106,109–111,214 The 

process is most often used for the amination of aromatic and heteroaromatic moieties. A radical 

electrophilic aromatic substitution forms the initial N-C bond, along with a resonance stabilized 

carbon-centered radical. Oxidation of the carbon radical forms an arenium ion, and aromaticity is 

restored through deprotonation, allowing for formation of the aminated arene (Scheme 17). 

 

Scheme 17. Common mechanism for sp2 C-H amination by N-centered radicals. 
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1.4.3 Transition Metal Catalyzed C-H Amination 

As mentioned earlier, C-H amination can also be performed through transition-metal catalyzed C-

H activation (Figure 12, A).103,106 While important, this reactivity mode is less relevant to 

contextualize the results presented in this thesis, therefore this chapter will offer a brief overview. 

One traditionally difficult objective associated with transition metal catalyzed amination reactions 

is the formation of a nitrogen-metal covalent bond.228,229 While it is not the most common method, 

it is possible to introduce covalent nitrogen ligands in the same manner as for carbon, by oxidative 

addition of a weak N-X bond, commonly an N-O bond (Figure 31).230–232 

 

Figure 31. Oxidative addition as an activation mode to form nitrogen-metal covalent bonds. 

In terms of the C-H activation step, many reactions involve a concerted-metalation-deprotonation 

(CMD) mechanism, where deprotonation and carbon-metal covalent bond formation occur 

concurrently through a six-membered transition state with the assistance of a carboxylate ligand. 

While its unlikely, because N-acyloxysulfonamide starting materials were used in this project, 

these mechanistic steps could theoretically be possible. For a generic catalytic cycle featuring 

covalent nitrogen ligand formation by N-O oxidative addition and C-H activation by concerted 

metalation deprotonation, see Figure 32. 
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Figure 32.Catalytic cycle displaying N-O oxidative addition and CMD C-H activation. 
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1.4.4 C-H Amination in the Synthesis of γ-Sultams 

γ-Benzosultam Synthesis Through Thermal C-H Amination 

Rudolph Abramovitch was responsible for the earliest records of benzo[d]sultam synthesis through 

C-H amination. Three successive publications describe nitrene formation by the thermal 

decomposition of 2-methyl-benzenesulfonyl azides, thus enabling intramolecular C-H insertion 

into the ortho-methyl group.129,132,133 A set of four sulfonyl azides were thermolyzed in n-dodecane 

to investigate this reactivity. The thermolysis of α-toluenesulfonyl azide generated no cyclized 

product, instead forming α-toluenesulfonamide and N-dodecyl α-toluenesulfonamide (Figure 33, 

A).129 In contrast, the reaction of durenesulfonyl azide generated the benzo[d]sultam in low yield, 

along with durene and 2,3,4,6-tetramethylaniline (Figure 33, B).129,132 The thermolysis of 

mesitylenesulfonyl azide again led to a low yield of the benzo[d]sultam, however, six byproducts 

were obtained, allowing the authors to gain insight about side-reactions (Figure 33, C).132,133 

 

Figure 33. Nitrene formation/C-H insertion via thermal decomposition of sulfonyl azides  
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Similar to the reaction of α-toluenesulfonyl azide, the major product obtained for the mesitylene 

derivative was the N-dodecyl sulfonamide, likely derived from C-H insertion with the solvent 

(Figure 33, A/C). The authors reasoned that a steric “buttressing effect” imposed by the additional 

methyl group of the durene derivative both favoured a higher cyclization yield and decreased the 

rate of intermolecular C-H insertion compared to the other derivatives (Figure 33, A-C).132 For α-

toluenesulfonyl nitrene, steric interactions may have provoked C-S bond rotation, orienting the 

nitrene away from the o-methyl group, preventing cyclization (Figure 33, A).129 They proposed 

that free sulfonamide formation was a result of nitrene intersystem crossing from the singlet to 

triplet state, followed by hydrogen abstraction from the solvent (Figure 33, A/C). The production 

of aniline derivatives in each case, along with SO2 and the azomesitylene in C are evidence for a 

Curtius-type rearrangement. Dodecyl azide likely formed by a chain radical process involving the 

alkyl radical initially generated from solvent H-abstraction by the triplet nitrene (Figure 33, C).132 

The final thermolysis reaction was conducted with 2,5-dicyclohexylbenzenesulfonyl azide. The 

intermolecular solvent insertion compound was again obtained as the major product, along with a 

mixture of intramolecular insertion products. Due to the presence of benzylic signals in the 1H 

NMR spectrum, the authors concluded that the mixture consisted of trans and cis δ-sultams from 

amidation at the β-position of the cyclohexane ring, and no γ-sultam was formed (Scheme 18).132 

 

Scheme 18. Thermolysis of 2,5-dicyclohexylbenzenesulfonyl azide. 
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γ-Benzosultam Synthesis Through C-H Insertion with Imidoiodinanes / Hypervalent Iodine 

Following Abramovitch, Breslow and Gellman published the earliest benzo[d]sultam synthesis 

through C-H insertion with an apparent nitrene intermediate.151 Conversion of 2,5-diisopropyl-

benzenesulfonamide to the corresponding iminoiodinane was achieved with phenyliodonium 

diacetate. Subsequent stirring in acetonitrile with the iron porphyrin catalyst, FeIII(TPP)CI, or with 

dirhodium tetraacetate enabled intramolecular C-H insertion in 77% and 86% yield, respectively. 

The product also formed in 26% yield in dichloromethane in the absence of catalyst (Scheme 19). 

 

Scheme 19. Earliest example of benzo[d]sultam synthesis with an iminoiodinane. 

Müller and co-workers later released three publications expanding this work (Scheme 20).233–235 

Dirhodium tetraacetate and various chiral carboxylatodirhodium(II) catalysts were found to 

catalyze the intramolecular secondary C-H amidation of [N-(arylsulfonyl)imino]phenyliodinanes 

to form γ-sultams in up to 65% yield and 20% ee (separate experiments). Evidence was also found 

for a concerted nitrene transfer mechanism using cyclopropane radical probes. 

 

Scheme 20. Müller’s initial work toward the synthesis of sultams from iminoiodinanes. 

Schomaker’s group recently published a synthesis of benzosultams from sulfonamides through 

intramolecular C-H insertion using silver catalysts and iodosobenzene.236 In general, the catalysts 
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favoured δ-sultam formation by C-H amidation at the homobenzylic position, but the structure of 

both the catalyst and the substrate itself considerably influenced the reaction regioselectivity 

(Scheme 21). Using [Ag(Py5Me2)OTf]2 as a catalyst, δ-sultam formation was consistent for 

sulfonamides with ortho-propyl groups, but competitive insertion at more substituted benzylic 

carbons overrode catalyst regioselectivity for homobenzylic methyl and methylene groups, and γ-

sultams formed from sulfonamides with ortho-ethyl and (sec)butyl groups. When both the benzylic 

and homobenzylic positions were tertiary, selectivity was lost. It was also found that γ-sultams 

selectively formed when benzylic C-H amidation was sterically enforced by bulky substitution at 

the ε-carbon. When [Ag(tButpy)OTf]2 was instead employed as a catalyst, the poor regioselectivity 

imposed by the steric bulk was negated and homobenzylic amidation was again dominant. 

 

Scheme 21. Tunable regioselectivity for intramolecular silver catalyzed nitrene transfer. 

Wen-Bo Liu developed a C-H amidation reaction with iron-nitrenoid intermediacy for sultam 

synthesis; in-situ catalyst generation was achieved using iron(II)perchlorate and an amino pyridine 

ligand (Scheme 22).237 The reaction was limited for benzosultams, and more applicable to aliphatic 

sultam synthesis from 3-phenylpropane sulfonamides by benzylic C-H amidation, and from other 

precursors with activated γ-C-H bonds. Other aliphatic sulfonamides formed γ-sultams if the δ-

carbon was primary, otherwise regioselectivity was poor and δ-sultam byproducts were observed. 
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Scheme 22. Intramolecular C-H amidation by iron nitrenoids with in-situ generated catalyst. 

Synthesis of γ-Benzosultams via Nitrene Aziridination Using Hypervalent Iodine Reagents 

Aside from C-H insertion reactions, nitrene intermediates can also engage in intramolecular 

aziridination reactions when an olefin is present in the substrate, allowing for the synthesis of 

tricyclic benzo[d]sultams (Scheme 23). While the initial products of these reactions cannot be 

formed using the methodology developed in this thesis, or directly through C-H insertion reactions, 

the aziridine rings can be opened to afford formal C-H amination products.238 

 

Scheme 23. Sultams as formal C-H insertion products from nitrene aziridination and ring 

opening. 

Initially, metal catalysts derived from rhodium and copper enabled aziridination reactions with 

iminoiodinane precursors in low yield and with limited scope (Figure 34, A).238,239 The tribromide 

salt, PTAB, was also found to catalyze aziridination with iminoiodinanes,238 along with chloramine 

reagents generated in-situ from bleach (Figure 34, B).240 Further advances in metal-catalyzed 

aziridination led to the development of one-pot protocols for the synthesis of sultams with various 

catalysts, including stereoselective variants (Figure 34, C).241–245 
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Figure 34. Progression of research into sultam synthesis via nitrene aziridination. 

γ-Benzosultam Synthesis from Haloamines 

The sole publication involving benzo[d]sultam synthesis from a chloramine derivative describes 

the generation of amidyl radicals from N-chlorosulfonamides under visible-light using an iridium 

photocatalyst for the intramolecular amidation of C(sp3)-H bonds (Scheme 24).221 A H-L-F-based 

mechanism (Scheme 15) is initiated by SET from the excited state photocatalyst. Sulfonamide 

deprotonation by sodium hydroxide allows cyclization. While the process involves a substitution 

reaction, it constitutes a formal C-H activation. A single tricyclic sultam has also been synthesized 

through a similar iodine-catalyzed H-L-F reaction,222 and by a related anodic C-H amination.227 

 

Scheme 24. Visible-light-promoted intramolecular C(sp3)-H amidation of chloramines. 
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Catalytic Synthesis of γ-Sultams from Azides 

Zhang designed a method for benzo[d]sultam synthesis in high yield using arylsulfonyl azides with 

a cobalt porphyrin catalyst, [Co(TPP)].246 Intramolecular C-H amidation was possible with a range 

of ortho-alkyl-substituted azides, including those with reactive primary, secondary and tertiary C-

H bonds (Figure 35, A). Exclusive γ-sultam formation was observed in the presence of multiple 

secondary C-H bonds for the benzylic C-H amidation of 2,5-dicyclohexylbenzenesulfonyl azide, 

but o-propyl and o-butyl substituted precursors gave mixtures of γ- and δ-sultams (Figure 35, B). 

 

Figure 35. Intramolecular C-H amidation with sulfonyl azides catalyzed by cobalt-porphyrins. 

Zhang’s group later found that enantioselective cobalt catalyzed intramolecular C-H amidation of 

both arylsulfonyl and alkylsulfonyl azides was possible with D2-symmetric chiral amidoporphyrin 

ligands.247 A range of ortho-substituted arylsulfonyl azides cyclized in an enantioselective manner 

using [Co(2,6-DiMeO-ZhuPhyrin)] as a catalyst and regioselective formation of γ-sultams was 

observed in the presence of multiple secondary C-H bonds (Figure 36, A). Using the ligand 2,6-

DiMeO-Qing(4’-Me)Phyrin with alkylsulfonyl azides allowed for C-H amidation at benzylic and 

allylic positions with no aziridination byproducts (Figure 36, B).  
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Figure 36. Enantioselective sultam synthesis by cobalt-porphyrin catalyzed C-H amidation. 

Evidence for a stepwise metalloradical mechanism was found for the cobalt porphyrin-catalyzed 

processes; the intermediates undergo standard free-radical reactions while stabilized by cobalt. 

First, metalloradical activation of the azide generates an α-CoIII-aminyl radical (1), which 

undergoes 1,5-hydrogen atom transfer to generate an ε-CoIII-alkyl radical (2), followed by a 5-exo-

tet radical cyclization to generate the product (Figure 37). 

 

Figure 37. Mechanism for sultam synthesis by cobalt porphyrin catalyzed C-H amidation. 
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Katsuki published a reaction applying a chiral iridium-salen complex to achieve a similar 

enantioselective intramolecular C-H amidation with sulfonyl azides (Figure 38).248 A fair scope 

was produced, but azides with multiple secondary C-H bonds again gave poor regioselectivity, 

forming δ-sultam side products, even from 2,5-dicyclohexylbenzenesulfonyl azide. The authors 

suggested that the selectivity of these reactions is dependent on the structure of both the substrate 

and catalyst and a certain conformation must be achieved for efficient orbital overlap of the C-H 

bond and the iridium-nitrenoid to achieve selectivity. 

 

Figure 38. Enantioselective sultam synthesis by C-H amidation with Ir(III)-Salen complexes. 
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Enzymatic C-H Amination in the Synthesis of γ-Benzosultams 

Cytochrome P450 enzymes have natural activity to catalyze oxygen transfer reactions through the 

activation of molecular oxygen.249–251 Breslow harnessed this atom transfer capability using the 

cytochrome P450LM3,4 variant from rabbit liver microsomes to catalyze the intramolecular C-H 

insertion of the iminoiodinane derived from 2,5-diisopropybenzenesulfonamide (Scheme 25).252 

While this was unprecedented, only 2.2 catalytic turnovers were possible, the reaction had poor 

atom economy and hydrolysis of the iron-imido complex introduced oxene transfer side reactions. 

 

Scheme 25. First enzyme catalyzed intramolecular C-H amidation reaction by Breslow et al.  

The main obstacle preventing enzyme engineering in recent years is the inherent difficulty 

screening the vast set of possible amino acid combinations for a given peptide length.253,254 For 

this reason, modern research in biocatalysis has relied heavily on directed evolution, a process that 

creates novel enzymes by sequence modification through iterative cycles of artificial selection.255 

These mutants can display altered reactivity, increased selectivity and improved thermal 

stability.255,256 The process of directed evolution consists of four main steps. First, a parent protein 

sequence is identified, often a mutant derived from a diverse enzyme family that displays the 

desired transformation as a side reaction.255 Next, a library of enzymes is produced to contain a 

range of single and double mutations, particularly at residues with known involvement in structural 

elements, binding or reactivity.255 This step makes use of the polymerase chain reaction and a host 

culture, such as E. coli, expressing the enzyme.254 Third, high-throughput-screening is performed 
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to acquire mutants with improved properties.255 The final step simply involves repeating the 

process, instead using the improved mutant enzyme from the previous generation as the 

mutagenesis template, rather than the parent enzyme. This process is repeated until the desired 

biocatalytic improvement, or a fair compromise, is met, which usually requires 5-10 cycles.254,255 

Nearly thirty years after Breslow’s discovery, Arnold’s lab found that cytochrome P411 variants 

of the CYP450BM3 enzyme, which contain a mutation at the 400th position from the axially 

coordinating cysteine residue to a serine, could catalyze intramolecular benzylic C-H amidation.257 

The mutant enzyme CYP411BM3-CIS-T438S enabled enantioselective benzo[d]sultam formation 

on a preparative scale (50 mg) in vivo with E. coli cells (Scheme 26). Reactions run with 2,4,6-

trimethyl- and 2,4,6-triisopropylbenzenesulfonyl azide formed product less efficiently (<40 TTN), 

despite typical trends in BDE, thus the steric confirmation of the active site plays a key role. 

 

Scheme 26. First report of enzyme catalyzed intramolecular amidation of sulfonyl azides. 

The following year, Fasan et al. found that cysteine ligated CYP450BM3 enzymes themselves could 

catalyze benzylic C-H amidation.258 The CYP450BM3-FL#62 mutant enzyme formed 

benzo[d]sultams from 2,4,6-trimethyl-, triethyl- and triisopropyl- benzenesulfonylazides in 5, 47 

and 388 TTN, respectively, with TTN inversely correlating to benzylic C-H BDE (Scheme 27, A). 

A small scope of sultams was generated, but TTN varied widely; substrates with bulky substituents 

gave higher TTN, corroborating that active site confirmation influences amination efficiency. 

Enantioselective reactions were also investigated with CYP450BM3-193-3-T268A (Scheme 27, B). 
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Scheme 27. Intramolecular amidation toward sultams catalyzed by cysteine ligated P450. 

Other natural iron-based hemoproteins have also been found to catalyze C-H amidation with 2,4,6-

triisopropylbenzene sulfonyl azide.259 Sperm whale myoglobin (mb) and horse radish peroxidase, 

with axially coordinating histidine residues formed sultams with 181 and 311 TTN, respectively 

but efficiency with secondary and primary C-H bonds was comparatively low.260–263 The 

Mb(H64V) mutant slightly increased  turnover to 200 TTN. Myoglobin mutants with either MnII 

and CoII co-factors also catalyzed C-H amidation in low turnover, 142 and 64 TTN, respectively. 

Arnold’s group engineered CYP11BM3 enzymes that enabled regiodivergent γ- and δ-benzosultam 

synthesis (Scheme 28).264 An I263F mutation in the CYP411BM3-CIS-T438S from their previous 

study promoted homobenzylic amidation and CYP411BM3-T268A-F87A formed γ-sultams. 

 

Scheme 28. Regiodivergent γ- and δ- benzosultam synthesis with mutant CYP411 enzymes. 

Hartwig’s group synthesized sultams using modified CYP450 enzymes with iridium-porphyrin 

co-factors.265 Using several Ir(Me)-PIX-CYP119 enzyme variants, a small scope of sultams was 

synthesized with high yield though the C-H amidation of benzenesulfonyl azides with good 

turnover, enantioselectivity and chemoselectivity over reduction to the sulfonamide (Scheme 29). 
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Scheme 29. C-H amidation by CYP119 enzymes with an Ir(Me)-PIX-porphyrin cofactor. 

Arnold later designed the first C-H amination reactions catalyzed by non-heme iron enzymes 

(Scheme 30).266 Mutant enzymes were derived from Pseudomonas savastanoi ethylene forming 

enzyme (PsEFE), an α-ketoglutarate (αKG) dependent iron-dioxygenase enzyme that naturally 

catalyzes oxene transfer reactions. Swapping the natural iron coordinating ligand from αKG to N-

oxalyl glycine enabled intramolecular amidation of 2-ethylbenzensulfonyl azide with the mutant 

PsEFE VMM when expressed in whole E coli cells or in cell lysate. 

 

Scheme 30. C-H amidation with mutant Pseudomonas savastanoi ethylene forming enzymes. 

Experimental evidence and allusion to natural CYP450 oxidation activity has led to a mechanistic 

proposal for enzymatic C-H amidation reactions (Figure 39).258,259,264,267 The enzyme active state 

consists of the ferrous (FeII) heme center (2), which is formed by reduction of the ferric (FeIII) state 

(1) with the internal reductant (NADPH or Na2S2O4). Sulfonyl azide coordination forms an FeII-

azido complex (3), which is oxidized to the FeIV-imido nitrene species (4) with concomitant loss 
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of nitrogen gas. The subsequent C-H insertion proceeds through a stepwise hydrogen abstraction/ 

radical rebound pathway, forming a C-N bond from the intermediate carbon centered radical (5).  

 

Figure 39. Catalytic cycle for sultam synthesis via C-H amidation with iron-heme enzymes. 

Two competitive pathways can explain reduction to the sulfonamide byproduct; the FeIV-imido 

complex may be directly reduced or could be first hydrolyzed to the FeIV-oxo species, followed by 

reduction.258 Kinetic isotope effect (KIE) studies have shown evidence for a rate limiting C-H 

insertion with both the CYP411 and myoglobin catalysts.259,264,267 Quantum mechanical and 

molecular mechanical studies instead suggest that the rate is determined by the higher energy 

radical rebound transition state, thus dictating both regioselectivity and stereoselectivity.267 

Further research into benzo[d]sultam synthesis with modified enzymes was conducted in 2019-

2020 by Fasan’s Group, earning them two publications.268,269  
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1.5 Project Initiation and Research Objectives 

Prior to the initiation of research compiled in this Master’s thesis, two PhD students from the 

Beauchemin group, Dr. Ryan Ivanovich and Dr. Dilan Polat, developed a new methodology for 

the intramolecular C-H amidation of hydroxamic acid derivatives via photoredox catalysis.205–207 

Irradiation of N-acyloxyureas with blue light in the presence of Ru(Bpy)3(PF6)2 and triethylamine 

enabled the formation of imidazolidinones (5-membered cyclic ureas) through intramolecular 

aliphatic tertiary and secondary C(sp3)-H amidation, aromatic C(sp2)-H amidation and alkene 

aziridination (Scheme 31).205–207 Lactams could also be synthesized from N-acyloxyamides by 

switching to a phosphate base, tetrabutylammonium dibutylphosphate ([Bu4N][OP(O)(OBu)2]).  

 

Scheme 31. Intramolecular C-H amidation of N-acyloxyureas via photoredox catalysis. 

Mechanistic studies implied a unique C-H insertion reaction pathway with an intermediate triplet-

state nitrene. Evidence suggested that the reaction involved a PCET205–207,270–275 pathway, a 

process where an acid-base hydrogen-bond complex undergoes proton transfer with simultaneous 

single electron oxidation from the X-H σ-bond by the photocatalyst (Scheme 32). The process 

could enable the formation of amidyl radical (D) through oxidation of the N-acyloxyurea-base 

hydrogen-bond complex (C) by the excited state ruthenium catalyst (B). Single electron transfer 

from the reduced Ru(I) catalyst (E) to the carbon atom of the acyloxy carbonyl group regenerates 

the active catalyst (A) along with the corresponding triplet nitrene (F) by N-O bond cleavage. 
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Scheme 32. Proposed mechanism for C-H amidation of N-acyloxyureas. 

When 2,4,6-triisopropyl-N-((4-methoxybenzoyl)oxy) benzenesulfonamide (1v), was submitted to 

the reaction conditions for urea formation with CH2Cl2 as a solvent, an encouraging result was 

obtained (Scheme 33). The corresponding benzo[d]sultam (1a) was formed in 97% 1H NMR yield, 

showing that the tertiary benzylic C(sp3)-H amidation was indeed possible.  

 

Scheme 33. Preliminary C-H amidation of an N-acyloxysulfonamide via photoredox catalysis. 

This preliminary result led to further reaction exploration under photoredox conditions. The initial 

project objective was to design a general and robust method for sultam synthesis through 

intramolecular C-H amidation of N-acyloxysulfonamides. The conditions gradually evolved 

during the optimization, but the general objective was preserved. With the optimal conditions in 

hand, the next goal was to compile a broad and representative substrate scope. Thus, results from 

several iterations of reaction optimization and a scope of prepared sultams are presented herein.  
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Chapter 2: Results and Discussion 
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2.1 Substrate Synthesis 

To study the reactivity of N-acyloxysulfonamides, the preparation of a variety of starting materials 

was needed to access gram quantities of substrates for reaction optimization, and to survey the 

applicability of the optimized reaction conditions. Overall, this was the most time-consuming 

aspect of this research project, as the synthetic route toward each benzo[d]sultam product involves 

a minimum of three steps. The synthesis first involves the conversion of a substituted benzene 

derivative to an arylsulfonyl chloride, which can be achieved through several procedures, often 

requiring multiple steps.248,276–280 In this project, chlorosulfonic acid was adopted as a reagent to 

accomplish chlorosulfonylation via one-pot electrophilic aromatic substitution (Scheme 34).246,281  

 

Scheme 34. Arylsulfonyl chloride synthesis via chlorosulfonylation of benzene derivatives.246 

Sulfonyl chlorides are strong electrophiles suitable for the incorporation of nucleophilic 

hydroxylamine, a feature that was exploited here for the assembly of N-hydroxysulfonamides. The 

hydroxylamine later serves as the source of the electrophilic nitrogen atom that undergoes nitrene 

transfer following N-O bond cleavage. The transformation can be accomplished using magnesium 

oxide in a 3:2:30 methanol:water:THF solvent mixture (Scheme 35).282 

 

Scheme 35. Synthesis of N-hydroxysulfonamides via substitution of sulfonylchlorides.282 
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The final step in the synthesis of an N-acyloxysulfonamide nitrene precursor is the acylation of an 

N-hydroxysulfonamide. Previously, acyl chlorides have been used as acylating agents in the 

presence of an amine base, and this strategy was used to synthesize N-acyloxyureas in our previous 

publication.207,283–286 When investigated here, the high electrophilicity of acyl chlorides gave side 

products that were acylated at both the oxygen and nitrogen atoms, and had similar retention 

factors to the desired compounds during column chromatography, thus making separation difficult. 

Anhydrides were adopted as alternative reagents to circumvent this problem (Scheme 36).285 

 

Scheme 36. Nitrene precursor synthesis via anhydride acylation of N-hydroxysulfonamides. 

The set of reactions described above was used in the formation of N-(benzoyloxy)-2,4,6-

triethylbenzenesulfonamide (1b), a key optimization substrate (Chapters 2.3.2, 2.4.1, 2.5.1). The 

synthetic scheme for the formation of N-acyloxysulfonamide 1b is shown below as a representative 

example (Scheme 37), affording the desired product in 12% total yield over three synthetic steps. 

 

Scheme 37. Synthetic pathway toward N-acyloxysulfonamide nitrene precursor 1b. 
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The synthetic scheme for N-acyloxysulfonamide 1m, methyl 3-(N-(benzoyloxy)sulfamoyl)-4-

ethylbenzoate, is shown below to represent an alternative synthetic route (Scheme 38). In order to 

synthesize the methyl ester containing sulfonyl chloride 4m, the conversion of 4-ethylbenzoic acid 

to the chlorosulfonylated carboxylic acid 3m was first required. A two-pot chlorodehydration-

esterification sequence was then required to convert 3m to the desired sulfonyl chloride 4m. 

Overall the N-acyloxysulfonamide 1m could be formed in 25% total yield over four steps. 

 

Scheme 38. Synthetic pathway toward N-acyloxysulfonamide nitrene precursor 1m. 

These examples show that improved methods are required to synthesize and purify N-

hydroxysulfonamides and N-acyloxysulfonamides for these precursors to be widely applied to the 

synthesis of sultams, and to simplify extension of this reactivity to similar nitrene precursors. 
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2.2 oSultams from Photoredox Catalysed Aminative Cyclization  

2.2.1 Initial Survey and Attempted Optimization of Photoredox Conditions 

Following the successful cyclization reaction of 1v (Scheme 33), the analogous primary benzylic 

C(sp3)-H amination candidate, 1w was subjected to the reaction conditions, attempting to form the 

corresponding benzo[d]sultam (2c). Unfortunately, the product formed in less than 5% yield (1H 

NMR) and the reduced sulfonamide 3c was the major product (Table 1, entry 1). Various bases 

and carboxylate leaving groups were then screened, attempting to improve reactivity (Table 1). 

Table 1. Initial carboxylate leaving group and base optimization for photoredox conditions.a,b 

 

Entry R Base 1n (%) 2c (%) 3c (%) 

1 

 

Et3N <5 <5 41 

2 [Bu4N][OP(O)(OBu)2] 5 <5 38 

3 

 

Et3N <5 <5 71 

4 [Bu4N][OP(O)(OBu)2] <5 23 ≈ 70 

5 

 

Et3N 7 14 43 

6 

 

Et3N 6 30 28 

aConditions: 1c or 1w-y (0.1 mmol), Et3N (1.1 equiv.) or [Bu4N][OP(O)(OBu)2] (5.0 mol%), Ru(Bpy)3(PF6)2 (2.0 

mol %) and CH2Cl2 (0.05 M) were added to an 8 mL Kimax glass vial with a Teflon screw cap, purged with argon 

gas on ice and irradiated with 450 nm light using 12 V flexible blue LED strip lights for 16 h. bYields determined by 
1H NMR analysis; integration of known peaks compared to combined integration of peaks from unreacted starting 

material and released carboxylate. 
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With our group’s positive lactam synthesis results using tetrabutylammonium dibutylphosphate 

([Bu4N][OP(O)(OBu)2]) as a base,205–207 and the structural similarity of sultams and lactams, the 

reaction of 1w was tested with this base, again forming 3c as the major product. (Table 1, entry 

2). At this point, the acyl substituent on the hydroxylamine oxygen atom was varied to establish 

an optimal leaving group (Entries 3-6) and three additional acyl groups were selected. 

Acetate was first tested; the reaction of 1x with triethylamine formed the sultam in low yield (Entry 

3), however, [Bu4N][OP(O)(OBu)2] gave a moderate product yield of 23% (Table 1, entries 3-4). 

Unfortunately, several similar side products were observed by 1H NMR and TLC. The reaction of 

substrate 1y containing electron withdrawing substituents (Entry 5) gave higher yield (14%) than 

with the electron rich substrate 1w, opposing the trend observed with N-acyloxyureas. The simple 

benzoyl- derivative 1c was the final substrate tested (Entry 6). The reaction gave the highest yield 

for 2c (30%) and represented the first reaction to form the sulfonamide as the minor product (28%). 

This substrate was selected for further screening, starting with catalyst optimization (Table 2). 

Table 2. Catalyst optimization for photoredox aminative cyclization of N-oxysulfonamides.a,b 

 

Entry Catalyst 1c (%) 2c (%) 3c (%) 

1 Ir(dFppy)3 - 5 14 

2 [Ir(dF(CF3)ppy)2-(5,5’-d(CF3)bpy)]PF6 - 8 12 

3 [Ir(dtbbpy)(ppy)2]PF6 <5 10 18 

4 (Ir[dF(CF3)ppy]2(dtbpy))PF6 - 13 52 

5 - 15 21 15 

6c Ru(Bpy)3(PF6)2 7 <5 19 
aConditions: 1c (0.1 mmol), Et3N (1.1 equiv.), catalyst (2.0 mol %) and CH2Cl2 (0.05 M) were added to an 8 mL 

Kimax glass vial with a Teflon screw cap, purged with argon gas on ice and irradiated with 450 nm light using 12 V 

flexible blue LED strip lights for 16 h. bYields determined by 1H NMR analysis; integration of known peaks compared 

to combined integration of peaks from unreacted starting material and released carboxylate. cCooled with a stream of 

compressed air. 
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Several iridium photocatalysts previously employed by Knowles and colleagues for PCET C-H 

amination were screened for their ability to catalyze the reaction (Table 2, entries 1-4),273,287–289 

but all gave a lower sultam yield than Ru(Bpy)3(PF6)2. At this point a control reaction was 

performed to test for background reactivity in the absence of a photocatalyst (Entry 5). 

Surprisingly, 21% yield was observed in the absence of Ru(Bpy)3(PF6)2, with 15% unconverted 

starting material, indicating either that photoredox reactivity is possible in the absence of a 

photocatalyst, or that a thermal base-induced reaction pathway was accessible with mild heating 

by the LED lamp. An additional control with a photocatalyst was conducted while pointing a 

stream of cool air at the reaction vial to maintain low temperature (Entry 6). Without added heat, 

less than 5% product yield was observed with 19% yield of the sulfonamide byproduct, indicating 

that thermal energy was indeed required for the desired amination reaction to outcompete 

reduction. At this point, we decided to investigate the thermal base-induced C-H amination of N-

acyloxysulfonamides as a candidate for novel amination methodology, and efforts were directed 

toward optimization for a robust thermal base-induced reaction, as described in Chapter 2.3. 

The only successful C-H amidation reaction throughout this preliminary screen was the reaction 

of 1v (Scheme 33). The photoredox conditions investigated here may only form sultams in high 

yield using N-acyloxyarylsulfonamides with weak tertiary benzylic C-H bonds. Improved 

conditions were required for amidation of stronger C-H bonds.  
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2.2.2 Miscellaneous Substrates Tested for Photoredox Conditions 

During the initial photoredox optimization, two substrates (1t and 1u) were tested to determine if 

non-benzylic amidation of aliphatic and aromatic C-H bonds can form sultams (Table 3).  

Table 3. Failed scope entries for non-benzylic C-H amidation of N-acyloxysulfonamides.a,b 

 
Starting Material  Expected Product  Side Product  Yield of 

1t-u (%) 

Yield of 

2t-u (%) 

Yield of 

3t-u (%) 

   

- 0 86 

   

- <5 59 

aConditions: 1t-u (0.1 mmol), Et3N (1.1 equiv.), Ru(Bpy)3(PF6)2 (2.0 mol %) and MeCN (0.05 M) were added to an 
8 mL Kimax glass vial with a Teflon screw cap, purged with argon gas on ice and irradiated with 450 nm light using 

12 V flexible blue LED strip lights for 16 h. bYields determined by 1H NMR analysis; integration of known peaks 

compared to combined integration of peaks from unreacted starting material and released carboxylate. 

The reaction of linear aliphatic 1t (Table 3, entry 1), intended for a secondary C-H amidation, 

allowed for full starting material conversion and the formation of sulfonamide 3t as the major 

product (86%), with no trace of the desired sultam. The reaction of 1u was attempted to test 

aromatic C-H bond amination efficiency (Entry 2). Complete substrate conversion allowed for the 

formation of benzylsulfonamide 3u in 59% yield, with minimal yield of the desired sultam. Once 

again, the initial photoredox conditions were inefficient to promote the desired aminative 

cyclization, and base-induced thermal C-H amidation became the focus for future optimization. 
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2.3 Thermal Base-Induced Synthesis of Sultams 

2.3.1 Background 

Abramovitch’s pioneering studies showed that the thermal decomposition of arylsulfonyl azides 

can generate free sulfonyl nitrenes, and a subsequent intramolecular C-H insertion is possible when 

using ortho-alkyl substituted azides, enabling the formation γ-benzo[d]sultams (Chapter 1.4.4, 

Figure 33, Scheme 18).129,132,133 Unfortunately, the desired sultams were formed in low yield due 

to the high reactivity of nitrenes, and byproducts from other pathways were observed, namely 

intermolecular C-H insertion and C-H abstraction reactions with solvent, along with rearrangement 

reactions.129,132,133 Hence, the field of C-H amidation using sulfonyl azides is dominated by 

nitrenes that are stabilized with metals and enzymes.106,113,139,290 Similar to azides, most C-H 

amidation reactions using N-oxysulfonamide precursors involve metal complexes for nitrene 

stabilization.156,162,167,194,195,291–293 Attempts toward thermal C-H amidation of N-oxysulfonamide 

derivatives are dominated by Lossen-Type rearrangement reactivity and give even lower yields of 

C-H amination products (Chapter 1.4.1, Figure 23, Scheme 14).158,159,161 

2.3.2 Optimization of Thermal Base-Induced C-H Amidation Reactivity 

Following the finding that thermal base-induced C-H amidation of N-acyloxysulfonamides is 

possible, the first optimization step taken was screening through temperatures with hopes that 

benzo[d]sultams could be selectively formed over sulfonamides (Table 4). Acetonitrile was 

selected over CH2Cl2 as a practical solvent for high temperature optimization, given its higher 

boiling point (82 vs. 40 °C) and lower vapour pressure (73 vs. 353 mm Hg at 20 °C) at ambient 

conditions.205–207 Three temperatures were tested by heating under microwave irradiation. 
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Table 4. Temperature optimization for thermal C-H amidation of N-acyloxysulfonamides.a,b 

 

Entry Temperature (°C) 1c (%) 2c (%) 3c (%) 

1 90 8 46 24 

2 120 - 50 28 

3 150 - 55 21 

4c 120 - 49 27 
aConditions: 1c (0.1 mmol), Et3N (1.1 equiv.) and MeCN (0.05 M) were added to a microwave vial, purged with argon 

gas on ice and heated at the indicated temperature through microwave irradiation for 2 h. bYields determined by 1H 

NMR analysis; integration of known peaks compared to combined integration of peaks from unreacted starting 

material and released carboxylate. cHeated for 16 h with an oil bath. 

The reaction at 90 °C gave a modest sultam (2c) yield of 46% with 24% sulfonamide (3c) and 

some starting material remaining (Table 4, entry 1). At 120 °C, the starting material underwent 

full conversion and slight yield increases were observed for both the desired (50%) and undesired 

products (28%) (Entry 2). Finally, 150 °C gave 55% yield with a slight decrease in sulfonamide 

formation (Entry 3). In the end, 120 °C was chosen as the optimal temperature as reactions at 150 

°C pose safety issues, especially on large scale. An additional reaction tested efficiency in an oil 

bath over 16 h (Entry 4); a similar yield to the two-hour microwave reaction was obtained and an 

oil bath was selected as the primary heat source. With the optimal temperature determined, several 

nitrogenous bases and a single inorganic base were screened for base optimization (Table 5).  
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Table 5. Optimization of base for thermal C-H amidation of N-acyloxysulfonamides.a,b 

 

Entry Base 1c (%) 2c (%) 3c (%) 

1 DBU 5 43 53 

2 TMG 9 43 16 

3 Imidazole <5 35 <5 

4 DMAP 5 35 20 

5 N-methyl-

morpholine 

<5 35 41 

6 i-Pr2NEt <5 61 25 

7c K2CO3 6 53 6 
aConditions: 1c (0.1 mmol), base (1.1 equiv.) and MeCN (0.05 M) were added to a microwave vial, purged with argon 

gas on ice and heated to 120 °C in an oil bath for 16 h. bYields were determined by 1H NMR analysis; integration of 

known peaks compared to combined integration of peaks from unreacted starting material and released carboxylate. 
cYield determined by 1H NMR analysis following extraction using 1,3,5-trimethoxybenzene as an internal standard. 

Overall, the nature of the base had a significant impact on the yield of the sulfonamide byproduct. 

DBU and TMG gave 43% yield of product, with DBU forming more of 3c (Table 5, entries 1-2). 

DMAP, imidazole and N-methylmorpholine also enabled product formation, but with an 

appreciable yield decrease to 35% (Entries 3-5).  

Ultimately, N,N-diisopropylethylamine (i-Pr2NEt) proved to be the optimal base, forming 2c in 

61% yield with only 25% sulfonamide (Table 5, entry 6). The inorganic base, potassium carbonate 

gave the second highest yield (Entry 7). Poor solubility and difficulty analyzing crude 1H NMR 

spectra without an extraction step led to the exclusion of this base from further optimization. 

After establishing i-Pr2NEt as the optimal base, solvent optimization was commenced. The results 

are presented in Table 6. 
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Table 6. Solvent optimization for thermal C-H amidation of N-acyloxysulfonamides.a,b 

 

Entry Solvent 1c (%) 2c (%) 3c (%) 

1 1,2-Dichloroethanec 21 34 29 

2 α,α,α-Trifluorotoluened 25 17 43 

3 Tetrahydrofuran 7 42 33 

4 Dimethylsulfoxide-d6
d - 47 48 

5 Nitromethane - 59 25 

6 Dimethylformamided,e - 54 21 

7 Pyridinef 7 37 21 
aConditions: 1c (0.1 mmol), i-Pr2NEt (1.1 equiv.) and Solvent (0.05 M) were added to a microwave, purged with 

argon gas on ice and heated to 120 °C in an oil bath for 16 h. bYields determined by 1H NMR analysis; integration of 

known peaks compared to combined integration of peaks from unreacted starting material and released carboxylate. 
cRun using TMG as a base (1.1 equiv.). dYields determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an 

internal standard. eExtraction required. fRun in the absence of additional base. 

All reactions tested formed product, but polar aprotic solvents with a high capacity for hydrogen 

bonding generally gave better yield and conversion. DMSO-d6 enabled moderate sultam formation 

in equivalent yield to the sulfonamide (Table 6, entry 4). Nitromethane and DMF gave the best 

results, with sultam yields comparable to acetonitrile along with a significant amount of 

sulfonamide byproduct (Entries 5-6). The possible explosiveness of nitromethane and the low 

vapour pressure of DMF (3.87 mm Hg) deterred further investigation, and acetonitrile was 

conserved as the optimal solvent. Interestingly, conducting the reaction in pyridine without an 

additional base gave 37% yield of 2c (Entry 7). 

At this point, the next step required was to reoptimize the carboxylate leaving groups and 

determine if the electronic nature of the acyl group could be tuned to enable productive reactivity 

(Table 7). 
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Table 7. Optimization of carboxylate leaving group for thermal C-H amidation.a,b 

 

Entry R 1n (%) 2c (%) 3c (%) 

1 

 

5 61 24 

2 

 

- 65 26 

3 

 

<5 42 30 

4 

 

<5 42 32 

aConditions: 1w-1z (0.1 mmol), i-Pr2NEt (1.1 equiv.) and MeCN (0.05 M) were added to a microwave vial, purged 

with argon gas on ice and heated to 120 °C in an oil bath for 16 h. bYields determined by 1H NMR analysis using 

1,3,5-trimethoxybenzene as an internal standard. 

The yields obtained were similar to those with 1c, and sulfonamide byproduct formation continued 

to limit synthetic efficiency. Electron rich 4-methoxy benzoyl (1w) and acetyl (1x) groups (Table 

7, entries 1-2) formed both 2c and 3c in comparable yields to 1c, with slightly higher sultam yield 

(65%) from 1x. These substrates were excluded from further investigation, in part due to 

complexity of starting material synthesis. Electron poor 3,5-Bis(trifluoromethyl)benzoyl (1y) and 

p-nitrobenzoyl groups (1z) gave lower sultam yields (42%) and higher reduction yields overall 

(Entries 3-4). While one may expect that a stabilized leaving group could accelerate the desired 

reaction through increased N-H bond acidity, promoting faster α-elimination, there is a possibility 

that the electron withdrawing nature is too strong and other pathways operate. The increased 

acidity may allow nitrenoid formation, and a Lossen-type rearrangement like that seen by Loïc 
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Pantaine et al. (Scheme 14).159,160 Indeed, several additional singlet peaks were present in the 

benzylic C-H region of the 1H NMR spectrum which may correspond to those of a 2,4,6-trimethyl 

aniline derivative. 

Further optimization studies were performed to determine if increased substrate concentration was 

viable for the reaction (Table 8). Reactions run at 0.05 M do not represent green or economical 

processes and require a significant solvent volume relative to the mass of product formed.  

Table 8. Substrate concentration studies for thermal C-H amidation.a,b 

 

Entry Substrate 

Concentration (M) 

2c (%) 3c (%) 

1 0.08 54 36 

2 0.10 44 33 

3 0.25 40 40 

4 0.50 24 43 

5c 0.02 70 21 

6 0.01 70 17 
aConditions: 1c (0.1 mmol), i-Pr2NEt (1.1 equiv.) and MeCN were added to a microwave vial to achieve the desired 

concentration, purged with argon gas on ice and heated to 120 °C in an oil bath for 16 h. bYields determined by 1H 

NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. cTemporarily, 0.02 M was adopted as the optimal 

concentration but was reverted to the original 0.05 M for scope studies. 

Unfortunately, the increased concentration was inversely correlated with product yield and directly 

correlated to higher reduction yields. The concentrated reaction mixtures were also progressively 

a darker red hue, thus, diazo benzene side products  may have formed, as seen in Abramovitch’s 

work (Figure 33, C),132,133 a reasonable outcome as the nitrene intermediates would be in closer 

proximity in solution, allowing for a kinetically accessible dimerization pathway. 

The next step taken was to determine if the base could act catalytically, and if an excess of base 

would negatively affect the reaction (Table 9).  
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Table 9. Base loading optimization studies for thermal C-H amidation.a,b 

 

Entry Base Loading 

(Equivalents) 

1c (%) 2c (%) 3c (%) 

1c 0.2 - 57 26 

2 0.3 - 59 26 

3 0.4 - 59 27 

4 0.6 - 64 28 

5 0.8 - 59 28 

6d 1.0 <5 72 18 

7d 2.0 - 65 20 

8d 20 - 59 24 
aConditions: 1c (0.1 mmol), the desired quantity of i-Pr2NEt and MeCN (0.05 M) were added to a microwave vial, 

purged with argon gas on ice and heated to 120 °C in an oil bath for 16 h. bYields determined by 1H NMR analysis 

using 1,3,5-trimethoxybenzene as an internal standard. cYield determined by 1H NMR analysis; integration of known 

peaks compared to combined integration of peaks from unreacted starting material and released carboxylate. 
dConcentration of 0.02 M. 

Several iterations of catalytic base loading were investigated ranging from 20-80 mol % (Table 9, 

entries 1-5), all of which promoted product formation with similar yield to the reaction using 1.1 

equivalents, confirming that the reaction is productive with catalytic base. Excess base, either 2.0 

or 20 equivalents, did not significantly impact the reaction (Entries 7-8). Testing the reaction with 

an equimolar base loading (Entry 6), while attempting to interrupt reduction by excess base, gave 

the highest yield of sultam thus far (72%), with the lowest sulfonamide yield (18%). It should be 

noted that the yields observed were similar and most appear to be within experimental error. As 

such, the efficiency of the reaction was comparable using the base under catalytic and 

stoichiometric conditions. On the basis of these results, the optimal base loading was adjusted to 

1.0 equivalents for further optimization and scope studies. 
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The final stage of the optimization studies was to determine an optimal reaction time (Table 10). 

While the entire optimization was conducted with sixteen-hour reactions, a shorter reaction time 

was desired, both for convenience and for cost efficiency. 

Table 10. Optimization of reaction time for thermal C-H amidation.a,b 

 

Entry Reaction Time (h) 1c (%) 2c (%) 3c (%) 

1 0.5 <5 73 21 

2 2 <5 72 18 

3 4 <5 71 18 
aConditions: 1c (0.1 mmol), i-Pr2NEt (1.0 equiv.) and MeCN (0.02 M) were added to a microwave vial, purged with 

argon gas on ice and heated to 120 °C for the indicated time with an oil bath. bYields determined by 1H NMR analysis 

using 1,3,5-trimethoxybenzene as an internal standard. 

Three shorter reaction times were chosen: thirty minutes, two hours and four hours. Overall, all 

three time points gave comparable yields to the 16-hour reaction, ranging from 71-73%. Two hours 

was then selected as optimal, leaving leeway for substrates that may require additional time, such 

as those with sterically inaccessible C-H insertion sites.  
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2.3.3 Scope of Benzo[d]sultams from Thermal Base-Induced C-H Amidation 

After pinpointing the optimal conditions for the novel base-induced thermal C-H amidation 

reaction of N-acyloxysulfonamide derivatives, attempts were made to create a product scope using 

the reaction. The results of the scope studies are shown below in Table 11. 

Table 11. Sultam scope for base-induced thermal C-H amidation of N-acyloxysulfonamides.a 

 

 
aConditions: 1a-d (1.0 mmol), i-Pr2NEt (1.0 equiv.) and MeCN (0.05 M) were added to a microwave vial vial, purged 

with argon gas on ice and heated at 120 °C for 2 h with an oil bath. bYields in parenthesis were determined by 1H 

NMR analysis, by integration of known peaks compared to combined integration of peaks from unreacted starting 
material and released carboxylate. cTriethylamine used as a base. dRun on 0.1 mmol scale. eIsolated yields. fRun on 

0.5 mmol scale. gRun with 1.1 equivalents of i-Pr2NEt. hRequired multiple isolation steps. 

The first step to analyze the substrate scope was to reinvestigate the tertiary C-H amidation forming 

2a, as seen with 1v under photoredox conditions (Chapter 1.5, Scheme 33). The reaction of N-

(benzoyloxy)-2,4,6-triisopropylbenzenesulfonamide (1a) only formed 63% yield of product, a 

surprising result considering that nitrene insertion at a tertiary C-H bond, with the weakest bond 

strength of the 2,4,6-trisubstituted series, was expected to give the highest yield. The reaction was 

conducted again after replacing i-Pr2NEt with Et3N, the less sterically hindered, analogous base, 

and the yield increased to 77%. It seems that the C-H insertion success by the nitrene intermediate 

is not only dictated by the electronic nature of the C-H bond, and that steric hindrance of the N-H 

bond appears to warrant the use of a less hindered base.  
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Gratifyingly, the reaction of N-(benzoyloxy)-2,4,6-triethylbenzenesulfonamide (1b), containing a 

secondary benzylic C-H bond at the ortho- position, allowed for the isolation of sultam 2b in 85% 

yield. The optimization substrate (1c) was investigated next; despite the numerous optimization 

attempts, the primary C-H insertion product 2c was only isolated in a 46% yield.  

The final scope entry involved another tertiary C-H insertion; the reaction of N-(benzoyloxy)-2,5-

dicyclohexylbenzenesulfonamide (1d) gave an encouraging result, forming sultam 2d in 74% 1H 

NMR yield. The presence of impurities with similar polarity to the sultam made isolation difficult 

and column chromatography gave product with ~6% impurity; the yield based on mass was close 

to 68%. An additional recrystallization enabled isolation of the pure product in 41% yield. 

Given that the likely pathway toward nitrene formation involves deprotonation / α-

elimination,158,294,295 the steric bulkiness of i-Pr2NEt and 1a may have interrupted the formation of 

the initial base-substrate hydrogen-bond complex, decreasing the efficiency of α-elimination and 

nitrene formation. The hydrogen-bond may form more efficiently with triethylamine. At the other 

end of the series, the hydrogen-bond complex of 1c and i-Pr2NEt would be more hindered than 

with Et3N, possibly triggering a faster α-elimination pathway before complex dissociation. If the 

reaction is stepwise or more asynchronous in nature, the ion pair formed upon initial deprotonation 

of 1c would be also more hindered with i-Pr2NEt than with Et3N, further forcing the elimination. 

Isolation was not attempted on either of the reactions forming 2a; investigating the remainder of 

the scope and developing more efficient reaction conditions was adopted as a higher priority. 

Notably, the isolated yields obtained for 2b and 2c were lower than those observed by 1H NMR. 

The more dilute fractions containing compounds 2b and 2c were too faint to observe on TLC using 

UV light or a variety of stains during column chromatography, which may have reduced yield. 
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With the scope of benzo[d]sultams derived from base-induced thermal C-H amidation partially 

assembled, attempts were made to extend the scope to substrates that would require more difficult 

C-H insertion steps, especially ortho-monoalkyl-N-acyloxyarylsulfonamides, which do not benefit 

from the same conformational bias as the previous substrates with a 2,6-disubstitution pattern, 

along with substrates containing electron withdrawing groups to strengthen the benzylic C-H bond. 

Alas, all tested reactions returned negative results. The failed substrates are disclosed in Table 12. 

Table 12. Synthetic limitations of the thermal base-induced benzylic C-H amidations.a/b,c 

 
Starting Material Expected Product Yield of 

1e-h (%) 

Yield of 

2e-h (%) 

Yield of 

3e-h (%) 

  

<5a <5a 75a 

<5b <5b 73b 

  

<5a <5a 86a 

<5b <5b 58b 

  

-b <5b 55b 

  

<5 <5 33 

aConditions: 1e-h (0.1 mmol), i-Pr2NEt (1.0 equiv.) and MeCN (0.05 M) were added to a microwave vial, purged with 

argon gas on ice and heated at 120 °C for 2 h with an oil bath. bHeated to 150 °C for 2 h with an oil bath. cYields 

determined by 1H NMR analysis using 1,3,5-trimethoxy benzene as an internal standard. 
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The reaction of 3-choro (1e) and 4-fluoro (1f) substituted ortho-monomethyl substrates resulted in 

full starting material conversion with low product yield. Increasing the temperature to 150 °C gave 

similar results, an observation that extended to 5-fluoro substituted ortho-monomethyl substrate 

1g. All reactions in Table 12 gave less than 5% yield of sultam with the sulfonamide formed as 

the major product in 55-86% yield. Even the secondary ortho-monoethyl substrate 1h formed the 

desired benzo[d]sultam in less than 5% yield with the sulfonamide as the major product (33%). 

Attempts were also made to to produce a larger scope by extending the reactivity to precursors 

with non-benzylic C-H bonds (Table 13). 

Table 13. Failed scope entries for thermal base-induced non-benzylic C-H amidation.a,b 

 

 
Starting Material Expected 

Product 

Side Product Yield of 

1t-u (%) 

Yield of 

2t-u (%) 

Yield of 

3t-u (%) 

   

-e 0e 83e 

   

<5d <5d 66d 

aConditions: 1t-u (0.1 mmol), base and MeCN (0.05 M) were added to a microwave vial, purged with argon gas on 

ice and heated at 120 °C for 2 h with an oil bath. bYields determined by 1H NMR analysis; integration of known peaks 

compared to combined integration of peaks from unreacted starting material and released carboxylate. cTMG (1.1 

equiv.) used as a base. dEt3N (1.1 equiv.) used as a base. ei-Pr2NEt (1.1 equiv.) used as a base. fYield determined by 
1H NMR analysis using 1,3,5-trimethoxy benzene as an internal standard. gi-Pr2NEt (1.0 equiv.) used as a base. 
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Following the finding that thermal triethylamine-induced C-H amidation was possible, the 

aliphatic secondary C-H amidation of N-(benzoyloxy)butane-1-sulfonamide (1t) was tested. The 

reaction gave the sulfonamide 3t in 83% yield with no trace of sultam 2t. The reaction of N-

(benzoyloxy)-1-phenylmethanesulfonamide (1u) was attempted after i-Pr2NEt was adopted as the 

optimal base, forming the minimal product yield (2u) and 66% yield  of the sulfonamide (3u). 

Overall, it seems that the thermal base-induced C-H amidation reaction unveiled in this chapter is 

only applicable to N-acyloxyarylsulfonamide substrates with tertiary benzylic C-H bonds (Table 

11, 2a, 2d) and 2,6-dialkyl-N-acyloxyarylsulfonamides (Table 11, 2a-2c). For ortho-monoalkyl-

N-acyloxyarylsulfonamides, the cyclization reaction is likely more challenging on conformational 

grounds. The steric repulsion of the ortho alkyl group likely forces the reactive nitrene intermediate 

to rotate away from the desired insertion site, making the benzylic C-H bond less kinetically 

accessible. While in this more favorable confirmation, the singlet nitrene may undergo intersystem 

crossing (ISC)119,296 before the C-H insertion event can occur, allowing the resultant triplet nitrene 

to abstract hydrogen atoms from base or solvent (Scheme 39). 112,114,115,120,123,131,132,134 It may also 

simply be possible that the steric interactions imposed by the additional ortho-alkyl group in the 

2,6-disubstituted substrates block the approach of base or solvent to decrease the reduction 

pathway, allowing for C-H amination even in the triplet state. 
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Scheme 39. Likely reaction mechanism to explain the formation of sulfonamide byproducts. 

The poor fate in the reaction of substrate 1u containing an aryl C(sp2)-H bond insertion site was 

likely a result the high bond strength for an aryl C(sp2)-H bond compared to that for a benzylic C-

H (113 kcal/mol vs. 90 kcal/mol).107 Even for substrate 1t, the secondary C-H bond is still about 

10 kcal/mol stronger (101 kcal/mol)107 than a benzylic C-H bond. With 1t an additional factor 

must be considered: arranging the bonds of the linear substrate into the envelope conformation for 

the desired reaction creates a large entropic penalty. Intersystem crossing may outcompete this 

process, and the major pathway may involve conversion to the triplet nitrene and hydrogen atom 

abstraction. 

Due to the limited substrate scope and low yields obtained under thermal conditions, further 

investigation was taken to elucidate alternative conditions which could produce a larger scope and 

enable a more robust reaction (Chapters 2.5 and 2.6). 

  



 

76 

 

2.4 Return to Photoredox Catalysis for Sultam Synthesis 

The limitations observed when compiling a scope for base-induced thermal C-H amidation of N-

acyloxysulfonamides led to the need for further optimization to achieve robust reaction conditions. 

Returning to the photoredox conditions was the first direction to take, both because of the high 

yield obtained for the reaction of 1v (Chapter 1.5, Scheme 33), and the previous success with N-

acyloxyurea substrates.205–207 Indeed, the mesitylene derived substrate 1x formed sultam 2c in 23% 

yield under partially optimized photoredox conditions (Chapter 2.2.1, Table 1, entry 4). 

2.4.1 Attempted Optimization of Photoredox Conditions 

At this point, the best course of action was to return to phosphate bases, as the second highest yield 

achieved in the initial photoredox survey was for the reaction of 1x using [Bu4N][OP(O)(OBu)2] 

(Chapter 2.2.1, Table 1, entry 4). Additionally, [Bu4N][OP(O)(OBu)2] was used for lactam 

synthesis in our previous work,207 and sultams are more structurally analogous to lactams than 

ureas. The efficiency of phosphate bases for photoredox C-H amination following a PCET 

mechanism has been demonstrated by Knowles’ lab and other prominent groups.273–275,287–289,297,298 

This inspired further confidence, because the photoredox conditions investigated here were 

assumed to follow a PCET mechanism (Chapter 1.5, Scheme 32), akin to that proposed for the 

photoredox C-H amidation of N-acyloxyureas (Chapter 1.5, Scheme 31, Scheme 32).205–207,270–

275 Using the phosphate base, [Bu4N][OP(O)(OBu)2], several catalytic base iterations were 

surveyed (Table 14). 
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Table 14. Attempted phosphate base loading optimization for photoredox conditions. 

 

Entry Solvent Base Loading 

(mol %) 

1c (%) 2c (%) 3c (%) 

1 CH2Cl2 5b - 13 45 

2 CH2Cl2 80b <5 <5 37 

3 CH2Cl2 80b,c 65 5 <5 

4 CH2Cl2 1b - 68 7 

5 CH2Cl2 1b - 42 28 

6 CH2Cl2 1b <5 63 15 

7 CH2Cl2 1b - 47 23 

8 CH2Cl2 0d 50 50 - 

9 (CH2Cl)2 0d,e - 95 - 
aConditions: 1c (0.1 mmol), Ru(Bpy)3(PF6)2 (2.0 mol %) and desired quantity of [Bu4N][OP(O)(OBu)2] were 

solubilized in (CH2Cl)2 (0.05 M) within an 8 mL Kimax glass vial with a Teflon screw cap, purged with argon gas on 

ice and irradiated with 450 nm light using 12 V flexible blue LED strip lights for 16 h. bYields determined by 1H NMR 

analysis using 1,3,5-trimethoxybenzene as an internal standard. cCatalyst was omitted. dYields determined by 1H NMR 

analysis; integration of known peaks compared to combined integration of peaks from unreacted starting material and 

released carboxylate. eRun for 36 h. 

The solvent was changed to CH2Cl2 at this point, in part due to the increased phosphate base 

solubility, but also because the initial photoredox conditions used CH2Cl2 (Chapter 2.2.1, Table 

1), as do other methodologies reporting C-H amidation through a PCET mechanism.287–289,297,298 

It should also be noted that accurate mass measurements are difficult with phosphate bases of this 

nature without a glovebox, as their high hydrophilicity allows for rapid hydration upon contact 

with air. The initial goal was to run the reaction of 1c with the conditions used for the reaction of 

1x (Chapter 2.2.1, Table 1, entry 4). The sultam formed in 13% yield using 5 mol% 

[Bu4N][OP(O)(OBu)2], but the sulfonamide was the major product (Table 14, entry 1). 

A reaction with 80% base loading was run to analyze reaction efficiency with base equivalency 

approaching the nitrene precursor (Table 14, entry 2). The yield decreased significantly while 
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giving a comparable reduction yield. Running the 80 mol% reaction again with the catalyst omitted 

surprisingly increased the product yield slightly (Entry 3) and about 2/3 of the starting material 

remained after the reaction time, indicating that catalyst is required for full substrate consumption. 

The base likely introduces side reactions that consume the starting material and base-induced α-

elimination may generate some free nitrene that can cyclize to form the product in low yield. 

When tested with 1 mol% base, the sultam was formed in the highest yield (68%) observed under 

photoredox conditions (Table 14, entry 4), with comparable yields (70% / 72%) to thermal base-

induced C-H amidation (Chapter 2.3.2, Table 8, entries 5-6 / Table 9, entry 6). Unfortunately, 

repeating the reaction in triplicate gave inconsistent yields of 42%, 63% and 47% (Entries 5-7).  

With the apparent finding that lower base loadings gave higher, yet inconsistent yields, the next 

step was to conduct a control reaction in the absence of base (Table 14, entry 8). After sixteen-

hours, the desired product was formed in 50% yield with 50% remaining starting material, with no 

traces of sulfonamide byproduct. A similar solvent compatible with photoredox conditions was 

then sought and a control reaction was run in DCE; the starting material was completely consumed, 

forming desired sultam in 95% yield, again with no traces of 3c (Entry 9). DCE was then selected 

as the optimal solvent, and phosphate bases were excluded from further photoredox optimization. 

With DCE established as a uniquely effective solvent for the amination reaction, the prospect of 

running an entirely metal-free reaction with an organic photocatalyst was explored (Scheme 40).  

 

Scheme 40. Attempted metal-free sultam synthesis with Fluorescein as a photocatalyst. 
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Fluorescein was selected based on its similar excited state reduction potential to Ru(Bpy)3 (0.78 

V vs. 0.77 V). Fluorescein was an ineffective catalyst which gave less than 5% yield each of the 

sultam and sulfonamide, leaving 96% of the starting material unreacted. With this observation, 

Ru(Bpy)3(PF6)2 was retained as the optimal photocatalyst. 

A quick round of concentration optimization was performed to determine if the reaction could 

proceed using a lower solvent volume, in an effort to decrease the environmental impact and 

toxicity concerns associated with DCE (Table 15). Entry 1 is equivalent to Table 14, entry 9. 

Table 15. Viability of photoredox conditions at higher concentrations.a,b 

 

Entry Concentration (M) 1c (%) 2c (%) 3c (%) 

1 0.05c,d - 95 - 

2 0.5 - 91 <5 

3 1.0 - 94 <5 
aConditions: 1c (0.1 mmol) and Ru(Bpy)3(PF6)2 (2.0 mol%) were solubilized in (CH2Cl)2 at the desired concentration 

within an 8 mL Kimax glass vial with a Teflon screw cap, purged with argon gas on ice and irradiated with 450 nm 

light using 12 V flexible blue LED strip lights for 24 h. bYields determined by 1H NMR analysis using 1,3,5-
trimethoxybenzene as an internal standard. cYield determined by 1H NMR analysis; integration of known peaks 

compared to combined integration of peaks from unreacted starting material and released carboxylate.  dRun for 36 h. 

Running the reaction at higher concentrations of 0.5 M and 1.0 M gave the product in 91% and 

94% yield, respectively (Entries 2-3), thus the reaction of substrate 1c is possible with less solvent. 

Given the apparent evidence that photoredox reactions are possible with lower solvent volume, 

several reactions were prepared to test the current conditions for substrates bearing a single ortho-

methyl group (Table 16). As described in Chapter 2.3.3, these substrates only have one primary 

C-H amination site, and steric interactions imposed by the ortho-methyl group may introduce a 

confirmational bias, orienting the free nitrene away from the desired amidation position (Scheme 

39), thus explaining the lack of product formation and the high yields observed for reduction. 



 

80 

 

Table 16. Attempted optimization to enable cyclization of ortho-monomethyl substrates.a,b 

 

Entry Substrate Concentration 

(M) 

1n (%) 2n (%) 3n (%) 

1 1e 0.5 87 <5 5 

2 1g 0.5 96 <5 <5 

3 1i 0.5 86 <5 7 

4 1j 0.5 80 <5 6 

5 1gc 0.5 84 <5 7 

6 1g 0.2 77 5 8 

7 1g 0.1 85 6 6 

8 1gd 0.05 62 18 9 

9 1g 0.05 78 12 8 
aConditions: 1e, 1f, 1i or 1j (0.1 mmol) and Ru(Bpy)3(PF6)2 (2.0 mol%) were solubilized in (CH2Cl)2 at the desired 

concentration within an 8 mL Kimax glass vial with a Teflon screw cap, purged with argon gas on ice and irradiated 

with 450 nm light using 12 V flexible blue LED strip lights for 24 h. bYields determined by 1H NMR analysis using 
1,3,5-trimethoxybenzene as an internal standard. cPurged with three freeze-pump-thaw cycles under vacuum to 

remove excess water and oxygen. dYield determined by 1H NMR analysis; integration of known peaks compared to 

combined integration of peaks from unreacted starting material and released carboxylate. 

The ortho-monomethyl-N-acyloxysulfonamide substrates bearing 3-chloro (1e), 5-fluoro (1g), 5-

nitro (1i) and 4-methyl (1j) substituents were left largely unconverted when were subjected to the 

reaction conditions (Table 16, entries 1-4). Considering the need for removal of water and oxygen 

in our publication concerning N-acyloxyureas,207 and the fact that all reactions tested thus far were 

purged with argon, a reaction was run with substrate 1g after purging the solution with three cycles 

of a freeze-pump-thaw degassing protocol under vacuum (Entry 5). The product yield 

improvement was negligible and excessive degassing was deemed unnecessary. 

The previous optimization studies regarding base-induced thermal C-H amidation (Chapter 2.3.2) 

indicated that the reaction was more efficient under dilute conditions (Table 8). It was speculated 

that reaction dilution may also improve photoredox yields, and three concentration iterations were 

investigated for 1g. Running the reaction at either 0.2 M or 0.1 M did not improve the reactivity 
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(Table 16, entries 6-7). Conducting the reaction at 0.05 M gave an encouraging result; the desired 

product was formed in 18% yield with only 9% reduction (Entry 8). Unfortunately, a second trial 

of the reaction at 0.05 M indicated that the result was not reproducible (Entry 9). 

The poor reactivity with ortho-monomethyl-N-acyloxysulfonamides led to the consideration that 

12 V flexible blue LED strips were too weak a light source to release significant photons and 

promote nitrene formation. A Kessil 40 W Tuna blue LED lamp was instead adopted for further 

optimization, with hopes that an increase in photon emission / absorption could give significant 

catalyst photoexcitation and allow efficient conversion of the N-acyloxysulfonamides (Table 17). 
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Table 17. Optimization for ortho-monomethyl substrates with Kessil 40 W Tuna LED lamp.a,b 

 

Entry Substrate Concentration 

(M) 

1n (%) 2n (%) 3n (%) 

1 1e 0.05 <5 93 <5 

2 1ec 0.05 94 <5 <5 

3 1g 0.05 <5 93 - 

4 1gc 0.05 92 <5 <5 

5 1f 0.05 <5 28 23 

6 1i 0.05 <5 69 27 

7 1e 0.1 6 88 12 

8 1ed 0.2 9 72 19 

9 1ee 0.05 46 19 35 
aConditions: 1e, 1f, 1g or 1i (0.1 mmol) and Ru(Bpy)3(PF6)2 (2.0 mol%) were solubilized in (CH2Cl)2 at the desired 

concentration within an 8 mL Kimax glass vial with a Teflon screw cap, purged with argon gas on ice and irradiated 

with 450 nm light using a Kessil 40 W Tuna blue LED lamp for 24 h. bYields determined by 1H NMR analysis using 

1,3,5-trimethoxybenzene as an internal standard. cCatalyst was omitted. dRun for 16 h. eCooled using a stream of 

compressed air. 

Substrates 1e and 1g were first resubmitted to the optimal conditions from the previous round 

(Table 16, entries 8-9) using the new light source (Table 17, entries 1,3), and an additional 

catalyst-free control reaction was prepared with each substrate (Entries 2,4). Both substrates 

reacted efficiently with the new light source to form the product in 93% yield and generated less 

than 5% product when the catalyst was omitted, verifying the necessity of the catalyst for reactivity 

(Entries 1-4). Substrates 1f and 1i bearing 4-fluoro and 5-nitro substituents reacted much less 

efficiently to form the products in 28% and 69% yield with the sulfonamide forming in 23% and 

27% yield, respectively (Entries 5-6). Using the Kessil 40 W Tuna blue LED lamp enabled 

successful conversion with the largest number of N-acyloxysulfonamides up to this point.  

Two concentration iterations were investigated with 1e, again to see if reaction volume could be 

decreased. Running the reaction at 0.1 M decreased the yield slightly (Table 17, entry 7) with the 
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reduction yield tripling, and at 0.2 M, the product only formed in 72% yield (Entry 8) with 19% 

sulfonamide yield, clearly indicating that concentration increases made the reaction less selective. 

After running reactions with the Kessil LED lamp the reaction vial became warm, and the solvent 

was visibly boiling. A control reaction was prepared to determine the degree that thermal energy 

from the LED lamp influenced the observed results (Table 17, entry 9). A reaction was prepared 

with substrate 1e with a stream of compressed air aimed at the vial for continuous cooling. A 

massive yield plummet of 74% percent was observed for the cooled reaction, with the sulfonamide 

yield increasing to 35% and over half the starting material remaining. Thus, photoredox conditions 

at low temperature lack selectivity and fail to efficiently convert the starting materials. 

With the finding that thermal energy was required to promote the reaction of certain substrates, 

the next goal was to determine if a catalytic reaction was possible in the absence of light when 

supplied with only thermal energy. A reaction with 1e was prepared in an aluminum foil wrapped 

microwave vial and heated for 24 h in an oil bath at 85 °C, just over the DCE boiling point (Scheme 

41). The previous concentration analysis showed that 0.1 M and 0.05 M were similarly effective 

for the reaction (Table 17, entry 7 vs. entry 1), thus 0.1 M was elected for the thermal reaction. 

 

Scheme 41. Thermal Ru(Bpy)3(PF6)2 catalyzed aminative cyclization in the absence of light. 

Gratifyingly, the ruthenium catalyzed reaction run in the dark gave 2e in 98% yield, the highest 

yield observed for the reaction of 1e under any conditions. This control reaction placed the project 

at crossroads; the identification of Ru(Bpy)3(PF6)2 as a superior catalyst suggested a new 



 

84 

 

mechanism, and further reaction development. On the other hand, this control was performed in 

parallel to several cyclization attempts under photoredox conditions, allowing for the successful 

synthesis of a small selection of benzo[d]sultams which are presented in Chaper 2.4.2. From this 

point, all further optimization and scope studies for the C-H amidation of N-acyloxysulfonamides 

were conducted under thermal Ru(Bpy)3(PF6)2 catalysis conditions (Chapter 2.5).  
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2.4.2 Scope of Benzo[d]sultams from Photoredox Conditions 

Throughout the second optimization round for photoredox amidation of N-acyloxysulfonamides, 

some substrates did in fact cyclize to form the corresponding benzo[d]sultam in high yield while 

using 12 V flexible blue LED strips as a light source. The 1H NMR yields were recorded, but the 

products were not isolated (Table 18). 

Table 18. Summary of successful benzo[d]sultam synthesis via photoredox C-H amination.a,b 

 

 
aConditions: 1a-c, k (0.1 mmol), Ru(Bpy)3(PF6)2 (2.0 mol%) and (CH2Cl)2 (0.1 M) were added to an 8 mL Kimax 

glass vial with a Teflon screw cap, purged with argon gas on ice and irradiated with 450 nm light using 12 V flexible 

blue LED strip lights for 22 h. bYields determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an internal 

standard. cRun at 0.05 M. dRun for 36 h. eRun at 0.5 M. fRun for 24 h. 

The reaction of both tertiary and secondary 2,4,6-trialkyl-N-acyloxyarylsulfonamides 1a and 1b 

at 0.1 M in DCE formed the corresponding benzo[d]sultams quantitatively. The initial control 

optimization reaction of 1c, run for 36 h at 0.05 M in DCE, gave the product in 95% yield (Table 

14, entry 9 / Table 15, entry 1). The reaction of durene derived substrate 1k was tested at 0.5 M, 

which was temporarily viewed as optimal throughout the concentration optimization confirmation 

studies (Table 15, entry 2 / Table 16, entries 1-5), and the product 2k was formed in 67% yield. 

Overall, the photoredox conditions are only applicable for the formation of benzo[d]sultams from 

2,6-disubstituted-N-acyloxysulfonamides. While some product did form throughout reactions of 
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orthomonomethyl-N-acyloxyarylsulfonamides, the yields were low without added thermal energy 

and often inconsistent (Table 16). Oddly, these reactions also led to minimal starting material 

conversion, in stark contrast to the failed reactions of orthomonomethyl-N-acyloxyaryl-

sulfonamides under thermal base-induced conditions, which gave full starting material conversion 

and minimal product yield (Table 12). It is possible that the thermal ruthenium catalyzed reaction 

of 2,6-dialkyl-N-acyloxyarylsulfonamides is efficient enough to form product at room 

temperature, or that some thermal energy is required to initiate photoredox reactivity when using 

unbiased precursors. The formation of the reactive intermediate N-species may be reversible under 

either photoredox or low temperature ruthenium catalysis conditions, and either thermal energy or 

steric repulsion are required to overcome an initial energy barrier. While the product scope with 

these conditions was limited, the reaction is useful for the formation of specific 6-alkyl 

benzo[d]sultams from N-acyloxysulfonamides. The novel thermal ruthenium catalyzed conditions, 

however, represented a much more robust reaction, and it was applied to compile a substrate scope 

of benzo[d]sultams, as seen in the Chapter 2.5. 
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2.5 Ruthenium Catalyzed Sultam Synthesis 

The optimization survey conducted to reveal reaction conditions for the synthesis benzo[d]sultams 

from N-acyloxysulfonamides through C-H amidation screened a variety of photoredox and thermal 

conditions. The majority of photoredox conditions investigated included a catalyst alone, or with 

base at room temperature, and the thermal conditions involved heating in the presence of a base. 

In the end, the most effective method for sultam synthesis through C-H amidation simply involved 

heating with Ru(Bpy)3 as a catalyst. The presence of light and a base generally decreased the 

reaction efficiency and chemoselectivity. Chapter 2.5 describes the final rounds of optimization 

(Chapter 2.5.1), which uncovered robust reaction conditions and enabled the successful formation 

benzo[d]sultams from N-acyloxysulfonamides, along with the compiled scope of thirteen 

benzo[d]sultams that were synthesized according to this method (Chapter 2.5.2). 

2.5.1 Optimization of Ruthenium Catalyzed C-H Amidation 

With the newly optimized reaction conditions for thermal ruthenium catalyzed C-H amidation, the 

next goal was to either verify optimality or find a better iteration of reaction conditions. Table 19 

tabulates the final optimization studies, with Entry 1 representing the current optimal conditions 

(Chapter 2.4.1, Scheme 41). 
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Table 19. Confirmation of optimal conditions for ruthenium catalyzed C-H amidation.a,b 

 

Entry Substrate Solvent Temperature 

(°C) 

Time 

(h) 

1 (%) 2 (%) 3 (%) 

1 1e (CH2Cl)2 85 24 - 98 <5 

2 1ec (CH2Cl)2 85 24 99 <5 - 

3 1c (CH2Cl)2 85 24 - 99 - 

4 1c CH2Cl2 60 22 - 97 <5 

5 1c (CH2Cl)2 60 22 - 95 <5 

6 1c CHCl3 60 22 3 77 <5 

7 1c CHCl3 85 22 - 78 6 

8 1c MeCN 85 22 97 <5 <5 

9 1e CH2Cl2 60 22 62 35 <5 

10 1e CHCl3 85 24 95 <5 <5 

11 1e MeCN 85 24 99 <5 <5 
aConditions: 1c or 1e (0.1 mmol), Ru(Bpy)3(PF6)2 (2.0 mol%) and solvent (0.1 M) were added to a microwave vial, 

purged with argon gas on ice and heated at the temperature indicated for the time shown. bYields determined by 1H 

NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. cCatalyst was omitted. 

A control reaction was first prepared to test if product formation was possible in the absence of 

catalyst (Table 19, entry 2). As expected, minimal conversion of 1e was observed and the product 

was formed in low yield. The reaction of 2,4,6-trimethyl-N-acyloxysulfonamide 1c formed the 

product in 99% yield, a result that supports the optimality of the current conditions (Entry 3).  

The next goal was to determine if a less toxic, more environmentally benign solvent could be used 

with similar efficiency. Acetonitrile, chloroform (CHCl3) and CH2Cl2 were chosen as a result of 

the positive results with acetonitrile under previous conditions (Chapters 2.3.2, 2.3.3) and the 

similarity of the chloroalkane solvents with DCE. The reaction of 1c was investigated at 60 °C in 

CH2Cl2, CHCl3 and DCE to compare organochlorine solvents at a temperature above the boiling 

point of CH2Cl2 (Table 19, entries 4-6). Interestingly, the reaction of 1c in both CH2Cl2 and DCE 

at 60 °C gave high product yields of 97% and 95%, respectively (Entries 4-5). Using CHCl3 at 60 
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°C enabled sultam formation in a moderate yield of 77% (Entry 6). Raising the temperature for the 

CHCl3 reaction to the optimized 85 °C did not significantly improve the yield (Entry 7).  

In contrast to the base-induced thermal reaction conditions (Chapter 2.3), the reaction of 1c in 

acetonitrile with catalyst at 85 °C resulted in a lack of starting material conversion and less than 

5% product yield (Table 19, entry 8). From these results it was deduced that the organochlorine 

solvents tested, particularly CH2Cl2, were similarly effective to DCE, but this was not actually the 

case. The reaction of ortho-monomethyl-N-acyloxysulfonamide substrate 1e–which lacks the 

confirmational bias present for 2,6-dialkyl-N-acyloxysulfonamides–in CH2Cl2 at 60 °C only 

enabled product formation in 35% yield, leaving 62% starting material (Entry 9). Using either 

CHCl3 or acetonitrile as the solvent for the reaction of 1e at 85 °C essentially left the starting 

material unreacted (Entries 10-11). Overall, DCE acted as a uniquely effective solvent for the C-

H amidation of ortho-monomethyl-N-acyloxysulfonamides, whereas the more facile C-H 

amidation of 2,6-dialkyl-N-acyloxyarylsulfonamides was possible in several organochlorine 

solvents. 
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2.5.2 Scope of Sultams from Thermal Ruthenium Catalyzed C-H Amidation  

With the conditions uncovered that effectively enabled intramolecular C-H amidation of N-

acyloxysulfonamides, the remainder of the study was met with optimism. The next goal was to 

expand the novel reaction and produce a representative scope, demonstrating that the reaction is 

general and robust. Several benzo[d]sultams were synthesized successfully by this method (Table 

20) but efficient non-benzylic C-H amination was not achieved (Table 21). 

The first action taken to survey the reaction scope was the investigation of the three substrates in 

the 2,4,6-trisubstituted-N-acyloxybenzenesulfonamide series (1a-1c). Encouragingly, cyclization 

products (2a-2c) of the tertiary, secondary and primary C-H amidation reactions were isolated in 

high yields of 80%, 97% and 89%, respectively. While the yields did not follow the typical 

reactivity trends that correlate with C-H bond dissociation energy, the steric interactions imposed 

by the isopropyl group in 1a could have influenced the efficiency of the tertiary C-H amidation.  

Returning to the previously studied 2,5-dicyclohexyl substituted starting material 1d (Chapter 

2.3.3), the optimal conditions formed the spirocyclic sultam product (2d) in 74% yield. Sultam 2e 

was isolated in 85% yield following the reaction of 3-chloro substituted optimization substrate 1e. 

Two additional halogenated ortho-monomethyl-N-acyloxysulfonamides were next investigated; 

benzo[d]sultams 2f and 2g substituted with fluorine atoms at the 4- and 5- positions were isolated 

in 50% and 71% yield, respectively. Analysis of the 1H NMR spectra for 0.1 mmol test reactions 

of 1f and 1g showed that the sultams had formed in 86% and 87% yield, despite the increased BDE 

of the methyl C-H resulting from the high electronegativity of the fluorine atom. The lower yield 

obtained was again likely a result of isolation issues; fractions containing impurities were collected 

both before and after the purified sultam during column chromatography in each case. 
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Table 20. Benzo[d]sultam scope from ruthenium catalyzed intramolecular C-H amidation.a 

 

 
aConditions: 1a-m (0.5 mmol), Ru(bpy)3(PF6)2 (2.0 mol %), (CH2Cl)2 (0.1 M) and a magnetic stir bar were added to 

a microwave vial, purged with argon gas on ice and heated to 85 °C in an oil bath for 22 h. b1.0 mmol scale. cYields 

in parenthesis were determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. d0.1 mmol 

scale. eReaction run at 100 °C. 
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Ortho-monoethyl substrate 1h bearing the strong electron withdrawing nitro group as next 

submitted to the reaction conditions, allowing for isolation of the product sultam 2h in 98% yield. 

Running the reaction with the analogous nitro substituted ortho-monomethyl substrate 1i gave a 

less positive result, forming the desired sultam in 40% 1H NHR yield with 8% of the sulfonamide. 

The reaction mixture was difficult to separate, and isolation attempts gave a mixture of the two 

compounds with additional impurities.  

The 2,4-dimethyl substituted N-acyloxysulfonamide 1j underwent C-H amidation in 90% 1H NMR 

yield on a 0.1 mmol scale. When rerun on a 0.5 mmol scale, the product was isolated in a mixture 

by chromatography with a mass of 0.073 g and ~7 mol% 1H NMR impurity. Assuming the sultam 

represents 93% of the “0.398 mmol” isolated (~0.371 mmol), a 74% yield could be possible. A 

second chromatography round allowed for isolation of the pure sultam in 66% yield. 

Two additional 2,6-dimethyl-N-acyloxysulfonamides were then investigated for comparison to the 

2,4,6-trimethyl substrate 1c. Tetramethyl durene-derived N-acyloxysulfonamide 1k reacted to 

form sultam 2k in 80% yield. The reaction of unsymmetrical 2,3-dihydrobenzofuran derived 

substrate 1l, containing two distinct ortho- methyl groups, led to isolation of the tricyclic 

benzo[d]sultam 2l in 57% yield along with 13% yield of the opposite regioisomer (2l’) derived 

from the other possible C-H insertion. Finally, the electron poor substrate 1m containing a methyl 

ester and a secondary C-H bond reacted to form the corresponding sultam (2m) in 90% yield. 

The same non-benzylic C-H insertion precursors (1t-1u) investigated with previous conditions 

(Chapters 2.2.2, 2.3.3), were also tested under thermal Ru(Bpy)3(PF6)2 catalysis (Table 21).  

 

Table 21. Limitations of ruthenium catalyzed non-benzylic C-H amidation.a,b 
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Starting Material Expected Product Side 

Product 

Yield of 

1t-u (%) 

Yield of 

2t-u (%) 

Yield of 

3t-u (%) 

   

93 0 <5 

   

53 40 0 

aConditions: 1t-u (0.1 mmol), Ru(bpy)3(PF6)2 (2.0 mol %), (CH2Cl)2 (0.1 M) and a magnetic stir bar were added to a 

microwave vial, purged with argon gas on ice and heated to 85 °C in an oil bath for 24 h. bYields determined by 1H 

NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. 

The investigation of substrate 1u led to minimal starting material conversion, less than 5% yield 

of the reduced sulfonamide byproduct and no trace of the desired sultam. The reaction of N-

(benzoyloxy)butane-1-sulfonamide (1t), however, resulted in approximately half of the starting 

material being converted to form the desired sultam in 40% yield. While the yield was not very 

synthetically useful, it shows promise for future studies toward the intramolecular C-H amidation 

of aliphatic N-acyloxysulfonamides. The formation of a stable ruthenium-nitrene intermediate 

from aliphatic N-acyloxysulfonamides may be more difficult with this catalyst than for N-

acyloxyarylsulfonamides, thus explaining the lack of conversion for these starting materials. 
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2.6 N-Acyloxysulfonamide C-H Amidation: Mechanistic Discussion 

Determination of the reaction mechanism for all C-H amidation conditions surveyed would be 

valuable to understand the variations in reaction efficiency. Mechanistic studies could give insights 

toward the future of this chemistry and the possibility of extension to accommodate other substrate 

classes. While mechanistic studies were not conducted here, other researchers have published data 

related to the reactivity of N-hydroxysulfonamides and analogous azides under similar conditions, 

allowing for the formulation of a mechanistic hypotheses consistent with the results obtained. 

2.6.1 Potential Mechanisms for Photoredox C-H Amidation 

The best way to discuss possible mechanisms under photoredox conditions is to start with the 

project initiation. As described in Chapter 1.5, mechanistic studies for the previous C-H amidation 

of N-acyloxyureas gave evidence that the reaction was initiated through PCET (Scheme 32).205–

207 This project was initially planned as an extension of the previous research, and thus a similar 

mechanism (Figure 40) was expected during the project design and optimization (Chapter 2.2). 

Two additional mechanisms are also described (Figure 41, Figure 42). 

For the PCET-based mechanism (Figure 40), the initial absorption of blue light forms the excited 

state photocatalyst that undergoes the putative PCET mechanism upon formation of hydrogen-

bond complex II with N-acyloxysulfonamide I and triethylamine. This gives a Ru(I) complex 

along with amidyl radical III. Carbonyl reduction by Ru(I) enables N-O bond cleavage and loss 

of the benzoate anion to form triplet nitrene IV, with concurrent regeneration of the active catalyst. 

Computational studies with N-acyloxyureas showed that reduction of the analogous amidyl radical 

(III) is favourable, whereas direct reduction of the carbonyl by Ru(II)* or Ru(I) is not (Figure 41, 

Figure 42), a convincing argument for the PCET mechanism. A singlet nitrene was ruled out 
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because optically pure N-acyloxyureas gave full racemization, and radical clock probes led to 

cyclopropane ring-opening. Thus, the triplet nitrene IV undergoes stepwise C-H amidation. 

 

Figure 40. Initial expected PCET mechanism for photoredox C-H amidation. 

While mechanisms of the following nature are rarely seen in the literature,218–220 two additional 

photoredox mechanisms (Figure 41, Figure 42) with standard steps from the H-L-F reaction 

(Chapter 1.4.2, Scheme 15, Scheme 16) were considered.213,216,217,221–225 First, an oxidative 

quench manifold can be visualized (Figure 41): initial reduction of N-acyloxysulfonamide I at the 

carbonyl would generate ketyl radical II.299–301 Alas, this step is unfavored, and can be easily ruled 

out; Ru(II)* is too weak a reductant (E[RuIII/ RuII*] = −0.81 V vs SCE) to engage in electron 

transfer with an ester-type carbonyl (E1/2 ≈ −2.24 V vs SCE). The following steps, however, are 

more plausible. 
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Figure 41. Unlikely oxidative quench mechanism for C-H amination with N-oxy precursors. 

Fragmentation of II would generate amidyl radical III and subsequent 1,5-HAT would give 

benzylic radical IV. Ru(III) could theoretically oxidize (E[Ru(III)/ Ru(II)] = 1.29 V vs SCE) the 

radical to benzylic carbocation V, akin to other photocatalysts,220,300–304 but this step is unlikely as 

the reduction potential for benzylic cations [E1/2 = 0.16 V (3°) – 0.73 V (1°) vs SCE] falls outside 

the +/- 0.5 V range typically required for effective electron transfer from a photocatalyst.121,206 

Finally, cyclization by nucleophilic attack of the sulfonamide generates sultam VI. Photoredox C-

H amination reactions with this type of oxidation are rare,218–220 and interrupted H-L-F cascades 

that harness intermediate carbon radicals (IV) for intermolecular reactions are more common.213  

An alternative H-L-F based mechanism for C-H amidation is next worth discussing (Figure 42). 

Following photocatalyst excitation, the reductive quench of the Ru(II)* complex by an equivalent 
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of triethylamine [E1/2 = 0.96 V vs SCE] could generate Ru(I). One would expect that the carbonyl 

of N-acyloxysulfonamide I could be reduced by Ru(I) to generate ketyl radical II, but Ru(I) is 

again not reducing enough (E[RuII/ RuI] = −1.33 V vs SCE) to efficiently transfer electrons to the 

desired carbonyl (E1/2 ≈ −2.24 V vs SCE). It is possible, however, that the electron withdrawing 

nature of the sulfonamide group increases the carbonyl reduction potential. In a similar fashion to 

the reaction in Figure 41, fragmentation of III and subsequent 1,5-HAT generates benzylic radical 

V, which is oxidized to carbocation VI, in this case, using the triethylammonium radical cation. 

 

Figure 42. Possible oxidative quench mechanism for C-H amination with N-oxy precursors. 

The free reduced sulfonamide byproduct could form by intermolecular hydrogen atom transfer 

with solvent or base from similar radical intermediates that would be produced through the 

stepwise C-H amination reactions in any of the three proposed mechanisms above (Figure 43). 
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Figure 43. Potential side reactions to form the sulfonamide byproduct in photoredox reactions. 

While most photoredox reactions are dominated by SET, energy transfer can also occur.121 Chang 

published C-H amidation methodology with N-acyloxy nitrene precursors using Ru(bpy)3(PF6)2 as 

a triplet sensitizer.175 The substrates required full deprotonation for energy transfer to occur. While 

some N-acyloxysulfonamide may be deprotonated here (Piloty’s acid pKa = 15.4, Et3N
+H pKa = 

9), energy transfer could also occur with neutral substrates. Alternatively, PCEnT mechanisms 

analogous to PCET are possible but rare (Scheme 42).305,306 These mechanisms both allow direct 

access to a triplet nitrene, the mechanistically supported intermediate for N-acyloxyureas.205–207 

 

Scheme 42. Photoredox initiation through triplet-triplet energy transfer to form a triplet nitrene. 

Other than Figure 41, any of the proposed mechanisms could theoretically be responsible for the 

formation of sultam 2a though tertiary C-H amidation under the initial photoredox conditions with 

base, along with the minimal product formation of 2c. For the latter unbiased substrate, reduction 
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to the sulfonamide may be the major pathway and the base-induced side reaction that occurs in the 

absence of catalyst may have simultaneously allowed for the sultam to form in comparable yield. 

Overall, the photoredox conditions used to produce a small scope appear to be consistent with an 

EnT mechanism. The reactions were conducted without a basic additive, which essentially rules 

out the PCET mechanism, the H-L-F mechanism initiated by the oxidation of triethylamine, and 

the EnT mechanism requiring prior deprotonation, as all three options require a base. Species 

capable of acting as hydrogen bond acceptors, or sacrificial oxidants could be present in the 

reaction mixture to enable PCET or H-L-F mechanisms, but an EnT mechanism from the neutral 

substrate is more likely. The lack of substrate conversion with ortho-monoalkyl-substrates thus 

may be a result of insufficient steric forces; the initial energy transfer may be reversible, and the 

N-O bond cleavage may only occur if enough steric repulsion is present to effectively lengthen the 

N-O bond in the triplet state, preventing reverse energy transfer or another triplet decay pathway. 

The bulkiness of 2,6-dialkyl-N-acyloxyarylsulfonamides may also increase the rate of dissociation 

for the intermolecular collision complex to prevent reverse energy transfer. 

It is worth noting that the excitation of Ru(bpy)3 with light significantly increases its oxidation 

potential and that absorption of light by certain N-acyloxysulfonamides may decrease their 

reduction potential. There may simply be a chance that photoexcitation of either component 

increases the likelihood of an N-O bond oxidative addition mechanism, allowing for subsequent 

C-H insertion or C-H activation reactivity (Figure 48). 
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2.6.2 Potential Mechanisms for Thermal Base-Induced C-H Amidation 

The mechanism for the base-induced thermal C-H amidation of N-acyloxysulfonamides is likely 

similar to that for the thermolysis of analogous azides,119,129,131–133,307 which give products derived 

from free nitrenes in both the singlet and triplet state, including products of rearrangement, 

aziridination, and C-H insertion with aliphatic and aromatic solvents.123,124,129–132 Most importantly 

these reactions form sultams and sulfonamides, likely via intramolecular C-H insertion by a singlet 

state nitrene and hydrogen abstraction from solvent molecules by a triplet nitrene, respectively. 

Moreover, the triplet nitrene could potentially engage in C-H insertion.119,129,131–133,307 While 

rearrangement reactivity dominates the thermolysis of N-oxysulfonamides,158–160 free nitrene 

products are observed from other N-oxy precursors.158,294,295,308–312 In alignment with these reports 

of N-oxy precursors, the reaction is likely initiated through sulfonamide N-H deprotonation by i-

Pr2NEt, accompanied by ejection of the carboxylate, a process that overall constitutes an α-

elimination (Scheme 43).112,116,313 

 

Scheme 43. Mechanism of sultam and sulfonamide formation by base-induced thermolysis. 
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The α-elimination results in the formation of free nitrene II, which can undergo a concerted C-H 

amidation reaction, likely via a three-centered transition state to afford the benzo[d]sultam product 

III. The rate of C-H insertion competes with the rate of intersystem crossing from the singlet state 

nitrene II to the more stable triplet ground state IV. Following intersystem crossing, the triplet 

nitrene can also undergo C-H amination, but its diradical nature introduces side reactivity such as 

hydrogen atom abstraction from molecules of solvent or base to form the free sulfonamide V. 

While the mechanism for the α-elimination reaction is likely concerted, there is a possibility that 

a stepwise α-elimination could occur (Scheme 44). Because the pKa for Piloty’s acid is 15.4, and 

that for triethylamine (or analogous tertiary amines) is 9, there is a possibility that the electron 

withdrawing nature of the benzoyl group lowers the pKa sufficiently so that a small concentration 

of the corresponding anion can form, allowing for the carboxylate to leave in a second step. 

 

Scheme 44. Potential stepwise mechanism for α-elimination of N-acyloxysulfonamide. 

As described, an α-elimination mechanism is most consistent with the results (Table 11). The 

reaction of 2,6-dialkyl-N-acyloxyarylsulfonamides with secondary or tertiary C-H bonds at the 

benzylic position formed sultams in moderate to high yield, consistent with a rapid C-H insertion. 

The analogous ortho-disubstituted substrates with primary C-H bonds only gave modest yield, 

suggesting that ISC and hydrogen atom abstraction compete with C-H insertion, a phenomenon 

that is even more pronounced with ortho-monoalkyl-substrates, for which bond rotation may 

further separate the nitrene intermediate and the desired C-H bond, favouring ISC with minimal 
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C-H amination. Conducting a reaction with an enantiopure substrate could give insight about the 

spin state of the reactive nitrene and help quantify the relative proportion of nitrene in the singlet 

vs triplet state. While these reactions produced sultams in the highest yields from apparent free 

nitrene intermediates, these unstabilized synthetic intermediates are not viable for robust C-H 

amidation conditions due to the competing C-H abstraction process, regardless of the method for 

nitrene formation. 

2.6.3 Potential Mechanisms for Ruthenium Catalyzed C-H Amidation 

The final set of reaction conditions for benzo[d]sultam synthesis through C-H amidation relied on 

ruthenium catalysis at elevated temperature in the absence of light and a base. The reaction likely 

follows a mechanism involving a ruthenium stabilized nitrene, as seen in studies by Meggers group 

with N-oxy nitrene precursors194–196,314,315 and azides,315–318 where ruthenium complexes analogous 

to Ru(bpy)3 were used for C-H amination. Meggers’ catalysts feature weakly coordinated 

acetonitrile ligands that easily dissociate and open coordination sites for substrate binding. Indeed, 

the reaction of N-acyloxysulfonamide 1c in CH2Cl2 at 40 °C with RuCl2(bpy)3 containing weakly 

coordinated chloride ligands formed the desired sultam in 60% 1H NMR yield (Scheme 45). While 

this yield is lower than at 60 °C with Ru(bpy)3(PF6)2 (Chapter 2.5.1, Table 19,entry 5), it shows 

that ruthenium catalyzed C-H amidation pursues with weakly coordinating ligands. 

 

Scheme 45. C-H amidation using a Ru(II) catalyst with weakly coordinated chloride ligands. 
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The final optimal conditions for this reaction made use of DCE, a solvent which can act as an 

electrophile for SN2 reactions.319–321 With the nucleophilicity of pyridine, N-alkylation could occur 

on the bipyridine ligand, generating an N-alkyl pyridinium ring that can no longer chelate to the 

ruthenium center, allowing facile ligand substitution with the desired substrate (Scheme 46).  

 

Scheme 46. Potential role of DCE: N-alkylation of pyridine ligands opens coordination sites. 

Unfortunately, the bipyridine N-alkylation theory does not account for sultam formation from 2,6-

dialkyl-N-acyloxyarylsulfonamides in less electrophilic chloroalkane solvents. Since bipyridine 

ligands can freely dissociate, the substrate may bind to some degree in the absence of chloroalkane 

electrophiles, likely by initial ligation of the Lewis basic carbonyl. The strength of chelation, 

however, is inevitably lower than that of 2,2′-bipyridine, which contains two strong Lewis basic 

sites. The ligand binding equilibrium should therefore favour association of 2,2′-bipyridine 

(Figure 44, k1). Upon carbonyl ligation with 2,6-dialkyl substrates, the steric bulk may prevent 

reapproach of the bipyridine ligand (lower k1), allowing time for the substrate to chelate and form 

a nitrene (Figure 44, k3). Alternatively, the bulky precursors could increase the rate for carboxylate 

leaving group extrusion to a point where it is comparable to the dissociation rate, allowing nitrene 

formation (higher k3). It is also possible that pyridine N-alkylation occurs to some degree with less 

electrophilic chloroalkane solvents321 to produce a low concentration of active catalyst that can 

catalyze C-H amidation with biased 2,6-dialkyl substrates but is too minimal to react with 
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orthomonomethyl substrates, a phenomenon which could also be influenced if steric interactions 

indeed increased the rate of carboxylate extrusion (Figure 44, k3).  

 

Figure 44. Ruthenium nitrenes without pyridine N-alkylation: k1 may decrease with substrate 

bulk, approaching k2. Steric bulk of 2,6-dialkyl substrates may increase k3 to compete with k1. 

The carboxylate expulsion / nitrene formation step of initiation presents another mechanistic 

uncertainty, especially because most C-H amination reactions of N-acyloxy nitrene precursors 

involve a base.156,162,174,194,196,197,291,322 Some reactions of N-acyloxy compounds, however, perform 

comparably without a base.194,197,203,285 While N-acyloxysulfonamides are unable  to be 

deprotonated by anything in the reaction vessel (Piloty’s acid pKa = 15.4),323 metal coordination 

of the nitrogen lone pair decreases the N-H pKa. Additionally, chelation through the carbonyl 

would weaken the N-O bond, further decreasing the pKa and accelerating the N-O bond cleavage 

(Figure 45). There is also evidence that the N-O bond cleavage mechanism with a Ru(II) species 

follows an SN2-type oxidative mechanism.324,325 

 

Figure 45. Chelation of N-acyloxysulfonamides lowers N-H pKa and weakens the N-O bond.  

C-H amination and aziridination reactions of metal stabilized nitrenes follow two mechanistic 

regimes: concerted from a stabilized nitrene with singlet character, or stepwise from a diradical 
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nitrene with triplet character (Chapter 1.4.1). Meggers’ group has found evidence for stepwise 

mechanisms in the formation of ureas194 and carbamates196 from N-oxy nitrene precursors using 

Ru(II) catalysts containing pyridyl-substituted NHC ligands. Their studies also pointed to a 

stepwise mechanism for sulfamide synthesis with azide precursors using Ru-pybox catalysts.318 

Additionally, radical intermediates were implicated for intermolecular Ru-porphyrin catalyzed C-

H tosylamidation reactions,326,327 and intramolecular C-H amidation reactions to form sulfamate 

esters with ruthenium paddlewheel complexes.328 Based on these reports, the current reaction with 

the analogous N-oxysulfonamide group most likely also involves a stepwise mechanism from a 

triplet sulfonyl nitrene. On the other hand, Meggers’ group found evidence that lactam formation 

from dioxazolone nitrene precursors follows a concerted mechanism,314 as do the ruthenium-

catalyzed C-H amination reactions of 2-azidoacetamides113 and aliphatic azides.317 They also 

found that carbocation intermediacy is likely in the aziridination of N-acyloxycarbamates, 

suggesting π-electron addition to a singlet state nitrene.195 With the lack of experimental evidence 

for a specific mechanism, both pathways are outlined below (Figure 46, Figure 47). 

The first potential C-H amidation mechanism described involves the stepwise pathway from a 

ruthenium stabilized triplet diradical nitrene that is commonly observed with ruthenium stabilized 

sulfonyl and acyl nitrenes as described above (Figure 46).194,196,318,326–328 First, interaction of 

[Ru(bpy)3]
2+ with the N-acyloxysulfonamide substrate I allows for the formation of nitrene II 

through N-O bond cleavage and expulsion of the carboxylate/ carboxylic acid leaving group.  The 

details for this mechanistic step are unclear, but the N-O cleavage may involve an SN2-type 

oxidative mechanism.324,325 This process may lead to direct formation of a ruthenium stabilized 

nitrene in the triplet state, but initial formation of a singlet nitrene followed by intersystem crossing 

is more likely.119,296,329 The ruthenium atom is likely in the Ru(IV) oxidation state, but evidence 
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has been found for active Ru(VI)bisimido complexes in nitrene transfer reactions with porphyrin 

ligands.244,326,327,330,331 The triplet nitrene II can undergo 1,5-hydrogen atom transfer to form 

benzylic radical III, still containing a ruthenium-nitrogen bond. Radical homolytic substitution 

affords the final desired benzo[d]sultam product IV with simultaneous catalyst regeneration. 

 

Figure 46. Potential stepwise mechanism for sultam synthesis by Ru-catalyzed C-H amidation. 

The mechanisms for Ru-catalyzed C-H amidation with aliphatic nitrenes316,317 and lactam-derived 

acyl nitrenes314 were shown to be concerted and some studies attempting to identify the active spin 

state for ruthenium stabilized acyl195 and sulfonyl244,332 nitrenes were inconclusive. Additionally, 

C-H amidation reactions involving rhodium stabilized sulfonyl nitrenes tend to follow a concerted 

mechanism.153,333–336 The possible concerted mechanism for sultam formation through C-H 

amidation of N-acyloxysulfonamides is shown in Figure 47. Once again, nitrene II can form by 

N-O bond cleavage of N-acyloxysulfonamide I with [Ru(bpy)3]
2+ through an oxidative mechanism 

such as an SN2-type addition.324,325 The ruthenium-nitrene II can undergo concerted C-H insertion 
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through a stereo-controlled 3-centered transition state (III) to afford the desired benzo[d]sultam 

IV. 

 

Figure 47. Potential concerted mechanism for sultam synthesis by Ru-catalyzed C-H amidation. 

While less likely, another mechanism can be considered for the ruthenium catalyzed reaction. 

There is a possibility that a ruthenium-nitrene complex does not form through the course of the 

reaction, and that the reaction instead follows a C-H activation mechanism (Figure 48).106 In this 

case, the activated hydrogen atom would have proton character rather than acting as a hydride, as 

seen in C-H insertion reactions. Following coordination of N-acyloxysulfonamide I to the 

ruthenium center, an oxidative N-O bond cleavage could occur, potentially through an SN2 type 

mechanism as described, to form complex III.324,325 Indeed, the oxidation of N-O bonds has played 

a key role in the mechanism of several ruthenium catalyzed C-H activation reactions.324,325,337–340 

Because Ru(II) catalysts have been applied previously for directed sp3 C-H activation341–345, and 

concerted metalation deprotonation (CMD) pathways have been observed for sp2 C-H activation 
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with Ru(II),346–348 a CMD-type mechanism can be visualized, employing the ruthenium 

carboxylate for the benzylic C-H activation. The C-H activation would allow for the formation of 

ruthenacycle IV, which could furnish the desired sultam V through reductive elimination. 

 

Figure 48. C-H activation mechanism to describe C-H amination without nitrene intermediacy. 

As stated, the reaction likely follows a stepwise C-H amidation mechanism, similar to previous 

reports for C-H amination with ruthenium complexes.194,196,318,326–328 Regardless of the 

mechanism, however, the use of Ru(bpy)3 in the absence of base and light effectively supressed 

the formation of the sulfonamide byproduct in the final conditions. Overall, the mechanistic 

hypothesis outlined, the promising result for linear substrate 1t, and recent advances in Ru-

catalyzed C-H amination collectively suggest that the catalytic efficiency of the system could be 

improved to further advance this chemistry. The overall conclusion and future work will be 

presented in the following chapter. 
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2.7 Conclusions and Future Work 

The results presented in this thesis describe the attempted optimization of three sets of reaction 

conditions—photoredox, thermal base-induced, and thermal ruthenium catalyzed—to enable the 

intramolecular C-H amidation of hydroxylamine-based nitrene precursors in the synthesis of 

sultams. Following exhaustive optimization attempts for photoredox or metal-free base-induced 

reactions, efficient conditions were established for the thermal ruthenium catalyzed C-H amidation 

reaction of N-acyloxysulfonamides, allowing for the synthesis of a representative scope of 12 

benzo[d]sultams. While several iterations of reaction conditions were surveyed, the results 

obtained align with the project goal of expanding the applicability of hydroxylamine reagents in 

C-H amination reactions, and a general reaction was developed for the synthesis of 

benzo[d]sultams via the intramolecular C-H amidation of N-acyloxysulfonamides. 

The project was initiated from our previous photoredox C-H amidation conditions; the reaction of 

a triisopropyl- substituted substrate under blue light irradiation with Ru(bpy)3(PF6)2 and Et3N and 

gave the sultam in high yield via tertiary C-H amidation, but the analogous primary C-H amidation 

was not achieved. Control reactions also indicated that a base-induced cyclization occurred in the 

absence of catalyst. 

Thorough screening of the thermal base-induced conditions enabled the synthesis of four 

benzo[d]sultams in moderate yield; the reaction was restricted to N-acyloxyarylsulfonamides with 

tertiary benzylic C-H bonds and those with a 2,6-dialkyl-substitution pattern. While limited, this 

represents the highest yielding benzosultam synthesis through thermal decomposition of N-X 

precursors and C-H amination by an apparent free nitrene intermediate. Given the limits in thermal 

base-induced reactivity, photoredox conditions were further developed. A key control showed that 
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the reaction improved without a base in 1,2-dichloroethane. Again, only 2,6-disubstituted-N-

acyloxysulfonamides reacted productively, and ortho-monoalkyl-substrates failed to cyclize. In 

contrast to the base-induced reaction, the lack of product yield corresponded to minimal substrate 

conversion, rather than sulfonamide side product formation. 

Test reactions with a stronger light source improved yield for ortho-monoalkyl-substrates, but a 

cooled control suggested that a thermal ruthenium catalyzed reaction was operating. Optimization 

verified that heating with Ru(bpy)3(PF6)2 in the absence of light and base allowed for C-H 

amidation in high yield, enabling the synthesis of a representative scope with 12 benzo[d]sultams. 

Additional control reactions further illustrated the reactivity bias of 2,6-dialkyl-N-

acyloxyarylsulfonamides, which react in several organochlorine solvents, but 1,2-dichloroethane 

was specifically required for the C-H amidation of orthomonomethyl-N-acyloxyarylsulfonamides. 

While the conditions evolved for photoredox and base-induced C-H amidation were limited to 

certain substrates, they represent the highest yielding examples of sultam synthesis from 

hydroxylamine-based nitrene precursors. Additionally, these reactions represent the first 

successful synthesis of a benzo[d]sultam scope under photoredox conditions, and the highest 

yielding sultam synthesis through an apparent free nitrene intermediate, respectively. In the end, 

the ruthenium catalyzed process accommodates the largest substrate scope and is arguably simpler 

than the initial photoredox conditions, which not only required Ru(Bpy)3, but also base and light, 

which often requires an expensive apparatus for industrial applications. The major drawback of 

the final reaction involves the use of DCE as a solvent, but there may be potential to further 

optimize the reaction to perform efficiently in alternate solvents, particularly upon elucidation of 

the mechanism and identification of an alternative catalyst. 
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In terms of future work for this chemistry, the first clear extension would be to investigate the 

intramolecular C-H amidation of N-acyloxy alkylsulfonamides (Figure 49), especially with the 

encouraging preliminary 40% yield obtained from the reaction of N-(benzoyloxy)butane-1-

sulfonamide, 1t (Chapter 2.3.3, Table 21).  

 

Figure 49. Future goal: C-H amidation of N-acyloxy alkylsulfonamides and potential substrates. 

Based on this initial result, 1t could be used as an optimization substrate to screen various catalysts, 

solvents, and temperatures. Ideally, the optimized reaction could also accommodate linear N-

acyloxy alkylsulfonamides with tertiary and primary carbons at the distal C-H insertion site (See 

examples in Figure 49). Precursors with a decreased C-H bond strength at the distal position could 

be investigated to enable more facile scope compilation. These substrates could include those with 

benzylic C-H insertion sites (aromatic or heteroaromatic) or even propargylic or allylic substrates. 

Indeed, ruthenium has previously been more proficient than other second-row transition metals at 

catalyzing allylic C-H amination over the competing aziridination.244,326,328,331,349–354 Substrates 
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containing heteroatoms adjacent to the insertion site could also be tested. It may also be worth 

introducing substrates with a Thorpe-Ingold bias to promote a more efficient cyclization. 

Simultaneous with this synthetic extension study, mechanistic studies must be conducted to truly 

understand the nature of the reaction. With more knowledge of how the reaction operates, further 

research extensions can be planned. The main mechanistic inquiry for this reaction relates to the 

active spin state for the proposed ruthenium-nitrene intermediate. Several studies could be 

performed to elucidate the mechanism and distinguish between stepwise and concerted pathways, 

including kinetic isotope effect studies, stereospecificity testing with enantioenriched substrate 

probes, nitrene traps, radical traps, radical clock probes and DFT calculations. 

 

Figure 50.  Heterocycle retrosynthesis for Ru-catalyzed C-H amidation with N-oxy precursors. 

While several publications describe the intramolecular cyclization of sulfonyl nitrenes to form 

sulfamates244,352,355–361 and sulfamides315,318,362–365, these reactions make use of potentially 

explosive azides and wasteful iodonium oxidants. Additionally, the catalysts used are often 

synthetically complex and a general catalyst has not been designed to catalyze the C-H amination 

of sulfonyl nitrenes with varying electronic properties. It would be ideal to design a ruthenium-
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based C-H amination catalyst that could encompass several classes of sulfonyl nitrenes with 

varying electronic properties (Figure 50, A-B). So far, the C-H amidation of N-oxysulfamate and 

N-oxysulfamide nitrene precursors has yet to be investigated, but N-hydroxysulfamates and 

sulfamides are difficult to synthesize.366–370 Aside from sulfonyl nitrenes, examples of the 

intramolecular C-H amidation of acyl nitrenes to form lactams remain scarce in the literature and 

need further development (Figure 50, C).174,175,371–374 This extension could be met with optimism 

as sultams are the sulfur-based structural analogues of lactams, and ruthenium catalysts have been 

successful for some of the few methodologies involving these acyl nitrene 

intermediates.175,207,314,371 

 

Figure 51. Future potential for intermolecular C-H amidation reactions with N-oxysulfonamides. 

It may be a more difficult task, but performing intermolecular C-H amidation reactions with N-

oxysulfonamides would be a significant achievement (Figure 51). The research could be 

particularly impactful if a range of aryl/alkyl substitution patterns on the nitrene precursor could 

be tolerated, as most intermolecular C-H sulfonamination reactions require specialized 

precursors.152,153,291,353,375–378 It would be best to first aim for a realistic goal, and attempt to form 

products from biased reaction partners containing weak C-H bonds. Reaction partners with 
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activated benzylic, allylic and α-heteroatom substituted C-H bonds could be applied, including 

those with primary, secondary and tertiary insertion sites. Ideally, catalyst optimization could 

achieve a highly chemoselective reaction, and competitive C-H insertion reactions would be 

avoided. 

One of the most valuable future contributions would be the development of a stereoselective 

method for sultam synthesis (Scheme 47). With a better understanding of the reaction mechanism, 

one could better predict the effect of catalyst modifications, and strategically screen catalysts to 

enable this goal. The most obvious modification involves the introduction of bipyridine ligands 

with chiral substituents. Catalysts could be first prepared with the three bidentate bipyridine 

ligands and weakly coordinating anions. Alternatively, some could contain two coordinated x-type 

ligands, such as halogens or acetonitrile molecules. The application of chiral-at-metal catalysts 

with achiral ligands, as developed by Meggers group, is also worth considering.194,196,314,316,317 

 

Scheme 47. Potential for ruthenium catalyzed stereoselective sultam synthesis. 
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General Procedure A: Synthesis of Substituted Benzenesulfonyl Chloride Derivatives. The synthesis of arenesulfonyl chlorides was achieved 

through electrophilic aromatic substitution following a literature procedure.246 In this synthetic protocol, chlorosulfonylation was achieved using 

chlorosulfonic acid, an extremely corrosive reagent for which safe handling is a major concern. It is imperative that only glass labware is used to 

transfer and contain the chlorosulfonic acid throughout the procedure and that contact with water is avoided to prevent its violent reactivity. All 

glassware used should be quenched immediately after use, first with slow addition of water, followed by aq. saturated NaHCO3 solution. A 

substituted benzene derivative (1.0 equiv.) was first solubilized in CHCl3 (0.5 M) within a round bottom flask containing a magnetic stir bar, and 

the solution was cooled to 0 °C using a water-ice bath. At the same time two clean Erlenmeyer flasks were prepared for the purpose of quenching 

acid, with one containing water for a first quench, and the other aq. saturated NaHCO3 solution for further neutralization. After cooling the reaction 

solution, the water-ice bath was removed and set aside. While wearing acid resistant gloves, an appropriate volume of chlorosulfonic acid (4.5 

equiv.) was measured in a clamp-secured glass graduated cylinder using a glass pipette for transfer. The glass pipette was again used to transfer the 

volume from the graduated cylinder to a glass drip funnel secured above the round bottom flask containing the reaction solution. Following the 

transfer, the reaction flask was submerged back into the water-ice bath and the reaction apparatus was purged with argon for 10 minutes. The acid 

was added to the reaction flask dropwise, and the reaction was run for 4 hours while warming to room temperature, after which the consumption of 

substituted benzene derivative was analyzed by TLC. After completion, the reaction mixture was slowly poured onto crushed ice and the resulting 

solution was extracted in triplicate with CHCl3 and washed with aq. saturated NaCl solution. The organic phase was dried with sodium sulphate 

and concentrated under reduced pressure. The reaction gives a product with reasonable purity which can be carried to the next step without further 

purification. 

 

3-(Chlorosulfonyl)-4-ethylbenzoic acid. (4m). The title compound was synthesized following an altered chlorosulfonylation procedure found in the 

literature.281 Chlorosulfonic acid (30 mL, 53 g, 0.45 mol, 4.5 equiv.) was prepared in a round bottom flask following the necessary precautio us 

outlined above (glass labware for transfer only, acid resistant gloves, avoiding water). p-Ethyl benzoic acid (15.0 g, 0.100 mol, 1.00 eqiuv.) was 

solubilized directly in the sulfonylating agent in preparation for a neat reaction, and the round bottom flask was fitted with a reflux condenser. An 

argon balloon was then used to purge the reaction apparatus for 10 minutes, and the reaction mixture was heated to 100 °C for 30 minutes, which 

was followed by 10 minutes of heating at 135 °C. The mixture was cooled to room temperature then slowly poured onto crushed ice. The resulting 

suspension was filtered and washed with distilled water to obtain the pure product as a white solid (m = 21.2 g, 85% yield). M. p. 199.7-203.4 °C; 
1H NMR (X00 MHz, DMSO-d6) δ 1H NMR (300 MHz, DMSO-d6) δ 8.34 (d, J = 1.9 Hz, 1H), 7.80 (dd, J = 7.9, 1.9 Hz, 1H), 7.30 (d, J = 8.0 Hz, 

1H), 3.07 (q, J = 7.5 Hz, 2H), 1.18 (t, J = 7.5 Hz, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 169.5 (C), 150.2 (C), 143.3 (C), 136.4 (CH), 132.3 

(CH), 131.0 (CH), 128.2 (C), 26.3 (CH2), 14.9 (CH3); IR (FTIR): 3084, 2981, 2887, 2824 (br), 2669, 1689, 1604, 1418, 1395, 1363, 1263, 1176, 

1133 cm-1; HRMS [EI]: Exact mass calcd for C9H9ClO4S+ [M]+ 247.9910. Found: 247.9913. 

 

Methyl 3-(Chlorosulfonyl)-4-ethylbenzoate. (5m). The title compound was synthesized following a procedure found in the literature.247 3-

(Chlorosulfonyl)-4-ethylbenzoic acid (7.00 g, 28.1 mmol, 1.00 equiv.) was solubilized in thionyl chloride (29 mL, 48 g, 0.40 mol, 14 equiv.) and 

refluxed at 75 °C for 1 h. The thionyl chloride was evaporated using a rotary evaporator in a fumehood and quenched after collection in the solvent 

trap by slow drop-wise addition of water. The rotary evaporator was thoroughly rinsed with water and acetone to ensure removal or remaining 

thionyl chloride. The dry crude product was cooled to 0 °C in a water-ice bath and pre-cooled methanol (145 mL, 115 g, 3.58 mol, 127 equiv.) was 

added and the reaction was monitored by TLC to test the consumption of acyl chloride and prevent the further reaction to the methyl sulfone. The 

product was isolated by column chromatography (10% EtOAc/Hexanes). The product was obtained as an off-white solid (m = 0.084 g, 80% yield). 

TLC RF = 0.33 in 10% EtOAc/Hexanes; 1H NMR (400 MHz, CDCl3) δ 8.68 (d, J = 1.8 Hz, 1H), 8.27 (dd, J = 8.0, 1.8 Hz, 1H), 7.57 (d, J = 8.0 Hz, 

1H), 3.95 (s, 3H), 3.23 (q, J = 7.5 Hz, 2H), 1.36 (t, J = 7.5 Hz, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 164.9 (C), 149.0 (C), 142.9 (C), 135.9 

(CH), 132.1 (CH), 130.2 (CH), 129.1 (C), 52.8 (CH3), 26.1 (CH2), 14.8 (CH3); IR (FTIR): 1726, 1604, 1436, 1363, 1285, 1266, 1177, 1124 cm-1; 

HRMS [ESI]: Exact mass calcd for C10H11ClO4SNa+ [M+Na]+ 262.0067. Found: 262.0087. 

General Procedure B: Synthesis of Piloty’s Acid Derivatives (N-Hydroxy Sulfonamides). (Scheme 35). The synthesis N-Hydroxy 

Sulfonamides was achieved through the sulfonylation of hydroxylamine with arenesulfonyl chlorides based on a literature procedure.282 The reaction 

was performed in a methanol-water-tetrahydrofuran solvent mixture with a 3:2:30 (v:v:v) ratio, where the final concentration of the arenesulfonyl 

chloride was 0.143 M in THF (omitting MeOH and H2O for the concentration determination). Hydroxylamine hydrochloride (2.3 equiv.) was first 

dissolved in a methanol-water mixture in a round bottom flask containing a magnetic stir bar and cooled to 0 °C using a water-ice bath, followed 

by the addition of magnesium oxide (2.3 equiv.). A volume of THF corresponding to the ratio stated above (10 times that of methanol) was divided 

into two parts: two thirds was added to the reaction mixture, which was allowed to cool for an additional 10 minutes, and the  remaining third was 

used to solubilize the arenesulfonyl chloride (1.0 equiv.) in a drip-funnel. The solubilized arenesulfonyl chloride was added slowly to the cooled 
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reaction mixture followed by addition of magnesium oxide (0.7 equiv.). The reaction was monitored for completion by TLC over the course of 30 

minutes to 3 hours. After consumption of the arenesulfonyl chloride, the solvent was evaporated under reduced pressure. The solid obtained was 

dissolved/ suspended in methanol and filtered through a pad of Celite. The solvent of the filtrate was again removed under reduced pressure and 

the new solid was dissolved/ suspended in diethyl ether and filtered through a pad of silica. The solvent was removed under reduced pressure to 

give pure N-Hydroxy Sulfonamide, or a semi-pure mixture which could be further purified by column chromatography or by recrystallization with 

ether/hexanes or CH2Cl2/hexanes if absolutely necessary (several Piloty’s Acid derivatives decompose readily upon heating). 

 

N-Hydroxy-2,4,6-triisopropylbenzenesulfonamide (6a). The title compound was synthesized according to general procedure B through the 

sulfonylation of hydroxylamine hydrochloride (1.47 g, 22.8 mmol) with 2,4,6-triisopropylbenzenesulfonyl chloride (3.00 g, 9.90 mmol) using 

magnesium oxide as a base (0.918 g, 22.8 mmol; 0.279 g, 6.93 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF 

(7 mL : 4.7 mL : 70 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of  2,4,6-triisopropylbenzenesulfonyl chloride. 

The solvent was evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a new solid 

that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to give the pure product as a white powder 

(m = 1.25 g, 42% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.32 (s, 1H), 9.27 (s, 1H), 7.24 (s, 2H), 4.13 (hept, J = 6.7 Hz, 2H), 2.92 (hept, J = 6.8 

Hz, 1H), 1.20 (t, J = 7.1 Hz, 18H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 152.7 (C), 151.3 (C), 130.9 (C), 123.5 (CH), 33.4 (CH), 29.3 (CH), 24.8 

(CH3), 23.4 (CH3). 1H and 13C{1H} NMR are in accordance with those reported in the literature.282 

 

2,4,6-Triethyl-N-hydroxybenzenesulfonamide (6b). The title compound was synthesized through the sulfonylation of hydroxylamine hydrochloride 

with 2,4,6-triethylbenzenesulfonyl chloride. Following general procedure A, the chlorosulfonylation of 1,3,5-triethylbenzene (1.88 mL, 1.62 g, 

9.99 mmol, 1.00 equiv.) with chlorosulfonic acid (2.3 mL, 4.0 g, 35 mmol, 3.5 equiv.) was achieved in chloroform (20 mL) at 0 °C. The intermediate 

sulfonyl chloride was obtained as a yellow oil (2.42 g, 9.30 mmol, 93% yield).  1H spectrum is in accordance with those reported in the literature. 

The 2,4,6-triethyl-N-hydroxybenzenesulfonyl chloride obtained was then carried to the next step without further purification. Thus, hydroxylamine 

hydrochloride (1.49 g, 23.0 mmol) was sulfonylated with the 2,4,6-triethylbenzenesulfonyl chloride obtained (2.42 g, 9.30 mmol) according to 

general procedure B using magnesium oxide as a base (0.862 g, 21.4 mmol; 0.262 g, 6.50 mmol). The reaction was carried out in a 3:2:30 (v:v:v) 

mixture of MeOH:H2O:THF (7 mL : 4.7 mL : 70 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of  2,4,6-

triethylbenzenesulfonyl chloride. The solvent was evaporated and the solid was washed through a Celite pad with methanol. The  methanol was 

again evaporated to give a new solid that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to 

give a semi-pure solid which was further purified by recrystallization in CH2Cl2/hexanes. *Note: these compounds are very sensitive to heat and 

decompose readily, care must be taken if recrystallization is the desired method of purification. The product was obtained as a white fluffy powder 

(m = 0.989 g, 41% {38% yield over two steps}). M. p. 114.2-116.1 °C; 1H NMR (300 MHz, DMSO-d6) δ 9.36 (d, J = 2.7 Hz, 1H), 9.21 (d, J = 3.0 

Hz, 1H), 7.09 (s, 2H), 2.99 (q, J = 7.4 Hz, 4H), 2.60 (q, J = 7.6 Hz, 2H), 1.19 (t, J = 7.4 Hz, 6H), 1.18 (t, J = 7.6 Hz, 3H); 13C{1H} NMR (101 MHz, 

DMSO-d6) δ 148.4 (C), 146.5 (C), 131.1 (C), 129.1 (CH), 28.1(CH2), 27.6 (CH2), 17.1 (CH3), 14.9 (CH3); IR (FTIR): 3409 (br), 3236, 2970, 2933, 

2872, 1598, 1559, 1525, 1459, 1417, 1349, 1307, 1263, 1154 1043, 901, 879 cm -1; HRMS [ESI]: Exact mass calcd for C12H19NO3SNa+ [M+Na]+ 

280.0983. Found: 280.0999. 

 

N-Hydroxy-2,4,6-trimethylbenzenesulfonamide (6c). The title compound was synthesized according to general procedure B through the 

sulfonylation of hydroxylamine hydrochloride (3.20 g, 46.0 mmol) with 2,4,6-trimethylbenzenesulfonyl chloride (4.37 g, 20.0 mmol) using 

magnesium oxide as a base (1.85 g, 46.0 mmol; 0.564 g, 14.0 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF 

(14 mL : 9.3 mL : 140 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of  2,4,6-trimethylbenzenesulfonyl chloride. 

The solvent was evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a new solid 

that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to give the pure product as a white powder 
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(m = 3.24 g, 75% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.42 (d, J = 2.6 Hz, 1H), 9.25 (d, J = 2.4 Hz, 1H), 7.04 (s, 2H), 2.57 (s, 6H), 2.27 (s, 

3H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 142.4 (C), 140.2 (C), 131.7 (C), 131.6 (CH), 23.0 (CH3), 20.5 (CH3). 1H and 13C{1H} NMR are in 

accordance with those reported in the literature.282 

 
2,5-Dicyclohexyl-N-hydroxybenzenesulfonamide (6d). The title compound was synthesized through the sulfonylation of hydroxylamine 

hydrochloride with 2,5-dicyclohexylbenzenesulfonyl chloride. Following general procedure A, the chlorosulfonylation of 1,4-dicyclohexylbenzene 

(4.85 g, 20.0 mmol, 1.00 equiv.) with chlorosulfonic acid (6.0 mL, 10 g, 90 mmol, 4.5 equiv.) was achieved in chloroform (40 mL) at 0 °C. The 

semi-pure product was obtained as a white solid which was carried to the next step without further purification. Thus, hydroxylamine hydrochloride 

(3.20 g, 49.6 mmol) was sulfonylated with 2,5-dicyclohexylbenzenesulfonyl chloride carried forward from the previous chlorosulfonylation (“6.82 

g, 20.0 mmol”) according to general procedure B using magnesium oxide as a base (1.85 g, 46.0 mmol; 0.564 g, 14.0 mmol). The reaction was 

carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF (14 mL : 9.3 mL : 140 mL) at 0 °C using a water-ice bath until TLC analysis indicated 

the consumption of  2,5-dicyclohexylbenzenesulfonyl chloride. The solvent was evaporated and the solid was washed through a Celite pad with 

methanol. The methanol was again evaporated to give a new solid that was washed through a silica pad with diethyl ether. The solvent was removed 

under reduced pressure to give a semi-pure solid which was further purified by recrystallization in Et2O/hexanes *Note: these compounds are very 

sensitive to heat and decompose readily, care must be taken if recrystallization is the desired method of purification. The pure product was obtained 

as an off-white foam-like solid. (m = 2.95 g, 44% yield over two steps). M. p. 102.2-105.7 °C; 1H NMR (400 MHz, DMSO-d6) δ 9.59 (d, J = 3.1 

Hz, 1H), 9.54 (d, J = 3.1 Hz, 1H), 7.68 (d, J = 1.5 Hz, 1H), 7.49 – 7.42 (m, 2H), 3.54 (t, J = 10.2 Hz, 1H), 2.54 (t, J = 7.7 Hz, 1H), 1.88 – 1.63 (m, 

10H), 1.49 – 1.14 (m, 10H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 145.5 (C), 145.0 (C), 135.5 (C), 131.3 (CH), 128.4 (CH), 127.3 (CH), 43.1 

(CH), 39.0 (CH), 33.9 (CH2), 33.7 (CH2), 26.4 (CH2), 26.2 (CH2), 25.6 (CH2), 25.5 (CH2); IR (FTIR): 3285 (br), 3057, 2921, 2849, 1484, 1446, 

1353, 1318, 1265, 1161, 1117, 1077, 1020, 995, 827 cm -1; HRMS [ESI]: Exact mass calcd for C18H27NO3SNa+ [M+Na]+ 360.1609. Found: 

360.1596. 

 

3-Chloro-N-hydroxy-2-methylbenzenesulfonamide (6e). The title compound was synthesized according to general procedure B through the 

sulfonylation of hydroxylamine hydrochloride (1.32 g, 20.4 mmol) with 3-chloro-2-methylbenzenesulfonyl chloride (2.00 g, 8.88 mmol) using 

magnesium oxide as a base (0.824 g, 20.4 mmol; 0.251 g, 6.22 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF 

(6 mL : 4 mL : 60 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of 3-chloro-2-methylbenzenesulfonyl chloride. 

The solvent was evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a new solid 

that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to give the pure product as an off-white 

powder (m = 1.36 g, 69% yield). 1H NMR (500 MHz, DMSO-d6) δ 9.80 (s, 1H), 9.66 (s, 1H), 7.86 (dd, J = 8.0, 1.3 Hz, 1H), 7.78 (dd, J = 8.0, 1.3 

Hz, 1H), 7.46 (td, J = 8.0, 0.8 Hz, 1H), 2.64 (s, 3H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 138.2 (C), 135.7 (C), 135.4 (C), 133.8 (CH), 129.2 

(CH), 127.3 (CH), 17.0 (CH3); IR (FTIR): 3357 (br), 3248, 1453, 1433, 1376, 1314, 1272, 1167, 1152, 1088, 1003, 803, 785, 772 cm-1; HRMS 

[ESI]: Exact mass calcd for C7H7ClNO3S- [M]- 219.9835. Found: 219.9813. 

 

4-Fluoro-N-hydroxy-2-methylbenzenesulfonamide (6f). The title compound was synthesized according to general procedure B through the 

sulfonylation of hydroxylamine hydrochloride (1.42 g, 22.0 mmol) with 4-fluoro-2-methylbenzenesulfonyl chloride (2.00 g, 9.59 mmol) using 

magnesium oxide as a base (0.889 g, 22.0 mmol; 0.270 g, 6.71 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF 

(6.7 mL : 4.5 mL : 67 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of 4-fluoro-2-methylbenzenesulfonyl 

chloride. The solvent was evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a 

new solid that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to give the  pure product as an 

off-white powder (m = 1.46 g, 74% yield). 1H NMR (500 MHz, DMSO-d6) δ 9.58 (s, 2H), 7.89 (dd, J = 8.8, 5.9 Hz, 1H), 7.32 (dd, J = 10.0, 2.7 

Hz, 1H), 7.27 (td, J = 8.6, 2.8 Hz, 1H), 2.61 (s, 3H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 164.2 (d, J = 251.5 Hz, C), 141.9 (d, J = 9.5 Hz, C), 

133.4 (d, J = 9.9 Hz, CH), 132.1 (d, J = 2.9 Hz, C), 119.0 (d, J = 22.3 Hz, CH), 113.2 (d, J = 22.0 Hz, CH), 20.39 (CH3); IR (FTIR): 3406 (br), 
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3229, 3111, 3084, 2920, 2818, 1602, 1578, 1478, 1441, 1404, 1367, 1313, 1230, 1155, 1119, 1059, 1002, 951, 861, 831 cm -1; HRMS [ESI]: Exact 

mass calcd for C7H7FNO3S- [M]- 204.0131. Found: 204.0102. 

 

5-Fluoro-N-hydroxy-2-methylbenzenesulfonamide (6g). The title compound was synthesized according to general procedure B through the 

sulfonylation of hydroxylamine hydrochloride (1.42 g, 22.0 mmol) with 5-fluoro-2-methylbenzenesulfonyl chloride (2.00 g, 9.59 mmol) using 

magnesium oxide as a base (0.889 g, 22.0 mmol; 0.270 g, 6.71 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF 

(6.7 mL : 4.5 mL : 67 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of 5-fluoro-2-methylbenzenesulfonyl 

chloride. The solvent was evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a 

new solid that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to give the  pure product as an 

off-white powder (m = 1.42 g, 72% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.76 (d, J = 3.0 Hz, 1H), 9.72 (d, J = 3.0 Hz, 1H), 7.58 (dd, J = 8.7, 

2.3 Hz, 1H), 7.50 – 7.42 (m, 2H), 2.57 (s, 3H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 159.6 (d, J = 245.0 Hz, C), 137.3 (d, J = 6.5 Hz, C), 134.5 

(d, J = 7.3 Hz, CH), 134.1 (d, J = 3.4 Hz, C), 120.0 (d, J = 20.6 Hz, CH), 116.6 (d, J = 24.8 Hz, CH) 19.5 (CH3); IR (FTIR): 3393 (br), 3207, 3080, 

2928, 2820, 1603, 1487, 1390, 1348, 1320, 1225, 1161, 1051, 994, 904, 872, 838 cm -1; HRMS [ESI]: Exact mass calcd for C7H7FNO3S- [M]- 

204.0131. Found: 204.0131. 

 

2-Ethyl-N-hydroxy-5-nitrobenzenesulfonamide (6h). The title compound was synthesized through the sulfonylation of hydroxylamine 

hydrochloride with 2-ethyl-5-nitrobenzenesulfonyl chloride, which was synthesized following an altered chlorosulfonylation procedure found in 

the literature.ref p-Ethylnitrobenzene (6.76 mL, 7.56 g, 50.0 mmol, 1.00 equiv.) was added to a round bottom flask containing a magnetic stir bar. 

Chlorosulfonic acid (12 mL, 21 g, 0.18 mol, 3.5 equiv.) was measured in a clamp-secured glass graduated cylinder and transferred to the reaction 

flask, allowing for solubilization of p-ethylnitrobenzene. The reaction flask was equipped with a reflux condenser and purged with argon for 10 

minutes. The neat reaction mixture was heated to 100 °C in an oil bath for 4 hours. An additional 10 minutes of heat was applied at 130 °C before 

being cooled to room temperature. The reaction mixture was then slowly poured onto crushed ice. The resulting solution was extracted in triplicate 

with CHCl3 and washed with aq. saturated NaCl solution. The organic phase was dried with sodium sulphate and concentrated under reduced 

pressure. The semi-pure product was obtained as a yellow oil which was carried to the next step without further purification. Thus, hydroxylamine 

hydrochloride (7.42 g, 115 mmol) was sulfonylated with 2-ethyl-5-nitrobenzenesulfonyl chloride carried forward from the previous 

chlorosulfonylation (“12.5 g, 50.0 mmol”) according to general procedure B using magnesium oxide as a base (4.63 g, 115 mmol; 1.41 g, 35.0 

mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF (36 mL : 24 mL : 360 mL) at 0 °C using a water-ice bath until 

TLC analysis indicated the consumption of 2-ethyl-5-nitrobenzenesulfonyl chloride. The solvent was evaporated and the solid was washed through 

a Celite pad with methanol. The methanol was again evaporated to give a new solid that was washed through a silica pad with diethyl ether. The 

solvent was removed under reduced pressure to give the pure product as a yellow chunky powder (m = 5.81 g, 47% yield over two steps). 1H NMR 

(500 MHz, DMSO-d6) δ 10.04 (d, J = 2.8 Hz, 1H), 9.88 (d, J = 2.6 Hz, 1H), 8.62 (d, J = 2.5 Hz, 1H), 8.43 (dd, J = 8.6, 2.5 Hz, 1H), 7.79 (d, J = 

8.6 Hz, 1H), 3.13 (q, J = 7.5 Hz, 2H), 1.25 (t, J = 7.5 Hz, 3H); 13C{1H} NMR (126 MHz, DMSO-d6) δ 151.9 (C), 145.3 (C), 137.0 (C), 132.8 (CH), 

127.5 (CH), 124.7 (CH), 26.1 (CH2), 15.5 (CH3); IR (FTIR): 3419 (br), 3354, 3230, 3109, 3085, 2984, 2946, 2891, 1602, 1581, 1523, 1468, 1345, 

1323, 1162, 1123, 1054, 993, 910, 884, 854 cm-1; HRMS [ESI]: Exact mass calcd for C8H10N2O5SNa+ [M+Na]+ 269.0208. Found: 269.0190. 

 

N-Hydroxy-2-methyl-5-nitrobenzenesulfonamide (6i). The title compound was synthesized according to general procedure B through the 

sulfonylation of hydroxylamine hydrochloride (1.26 g, 19.5 mmol) with 2-methyl-5-nitrobenzenesulfonyl chloride (2.00 g, 8.49 mmol) using 

magnesium oxide as a base (0.787 g, 19.5 mmol; 0.239 g, 5.94 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF 

(5.9 mL : 4 mL : 59 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of 2-methyl-5-nitrobenzenesulfonyl chloride. 

The solvent was evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a new solid 

that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to give the pure p roduct as an orange 

solid (m = 0.697 g, 35% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.00 (d, J = 3.0 Hz, 1H), 9.87 (d, J = 2.9 Hz, 1H), 8.59 (d, J = 2.5 Hz, 1H), 8.41 

(dd, J = 8.4, 2.5 Hz, 1H), 7.74 (d, J = 8.5 Hz, 1H), 2.73 (s, 3H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 146.1 (C), 145.5 (C), 137.1 (C), 134.2 
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(CH), 127.4 (CH), 124.9 (CH), 20.5 (CH3); IR (FTIR): 3374 (br), 3261, 3090, 2959, 2924, 2864, 1603, 1583, 1520, 1473, 1349, 1331, 1266, 1169, 

1149, 1124, 987, 883, 859 cm-1; HRMS [ESI]: Exact mass calcd for C7H8N2O5SNa+ [M+Na]+ 255.0052. Found: 255.0051. 

 

N-Hydroxy-2,4-dimethylbenzenesulfonamide (6j). The title compound was synthesized according to general procedure B through the sulfonylation 

of hydroxylamine hydrochloride (1.16 g, 18.0 mmol) with 2,4-dimethylbenzenesulfonyl chloride (1.60 g, 7.82 mmol) using magnesium oxide as a 

base (0.725 g, 18.0 mmol; 0.220 g, 5.47 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF (5.6 mL : 3.7 mL : 56 

mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of 2,4-dimethylbenzenesulfonyl chloride. The solvent was 

evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a new solid  that was washed 

through a silica pad with diethyl ether. The solvent was removed under reduced pressure to give the pure product as a white powder (m = 1.20 g, 

76% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.49 (d, J = 3.0 Hz, 1H), 9.45 (d, J = 3.0 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.22 (s, 1H), 7.21 (d, J = 

8.0 Hz, 1H), 2.55 (s, 3H), 2.33 (s, 3H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 143.4 (C), 137.9 (C), 132.94 (CH), 132.90 (C), 130.5 (CH), 126.7 

(CH), 20.8 (CH3), 20.3 (CH3); IR (FTIR): 3378 (br), 3228, 2925, 1599, 1563, 1476, 1438, 1361, 1308, 1159, 1057, 995, 830 cm-1; HRMS [ESI]: 

Exact mass calcd for C8H10NO3S- [M]- 200.0381. Found: 200.0366. 

 

N-Hydroxy-2,3,5,6-tetramethylbenzenesulfonamide (6k). The title compound was synthesized according to general procedure B through the 

sulfonylation of hydroxylamine hydrochloride (1.27 g, 19.8 mmol) with 2,3,5,6-tetramethylbenzenesulfonyl chloride (2.00 g, 8.59 mmol) using 

magnesium oxide as a base (0.797 g, 19.8 mmol; 0.242 g, 6.01 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF 

(6 mL : 4 mL : 60 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of  2,3,5,6-tetramethylbenzenesulfonyl chloride. 

The solvent was evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a new solid 

that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to give the pure product as a white powder 

(m = 1.10 g, 56% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.44 (d, J = 3.0 Hz, 1H), 9.34 (d, J = 3.1 Hz, 1H), 7.27 (s, 1H), 2.47 (s, 6H), 2.23 (s, 

6H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 136.3 (C), 136.1 (C), 135.7 (CH), 135.4 (C), 20.5 (CH3), 18.2 (CH3); IR (FTIR): 3407 (br), 3238, 

2974, 2957, 2924, 2868, 1463, 1425, 1351, 1303, 1249, 1203, 1145, 1010, 993, 940, 830 cm-1; HRMS [ESI]: Exact mass calcd for C10H15NO3SNa+ 

[M+Na]+ 252.0670. Found: 252.0681. 

 

N-Hydroxy-2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonamide (6l). The title compound was synthesized according to general procedure 

B through the sulfonylation of hydroxylamine hydrochloride (1.03 g, 15.9 mmol) with 2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonyl 

chloride (2.00 g, 6.92 mmol) using magnesium oxide as a base (0.642 g, 15.9 mmol; 0.195 g, 4.85 mmol). The reaction was carried out in a 3:2:30 

(v:v:v) mixture of MeOH:H2O:THF (4.8 mL : 3.2 mL : 48 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of 

2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonyl chloride. The solvent was evaporated and the solid was washed through a Celite pad with 

methanol. The methanol was again evaporated to give a new solid that was washed through a silica pad with diethyl ether. The solvent was removed 

under reduced pressure to give the pure product as an off-white powder (m = 0.933 g, 47% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.30 (d, J = 

3.0 Hz, 1H), 9.11 (d, J = 3.2 Hz, 1H), 3.01 (s, 2H), 2.45 (s, 3H), 2.41 (s, 3H), 2.04 (s, 3H), 1.43 (s, 6H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 

159.2 (C), 140.4 (C), 135.1 (C), 126.6 (C), 125.2 (C), 116.8 (C), 87.1 (C), 42.3 (CH2), 28.3 (CH3), 19.4 (CH3), 18.0 (CH3), 12.4 (CH3); IR (FTIR): 

3389 (br), 3240, 2983, 2967, 2928, 2862, 1603, 1573, 1457, 1409, 1358, 1301, 1237, 1207, 1158, 1137, 1093, 994, 906, 850, 802  cm-1; HRMS 

[ESI]: Exact mass calcd for C13H19NO4SNa+ [M+Na]+ 308.0932. Found: 308.0943. 
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Methyl 4-Ethyl-3-(N-hydroxysulfamoyl)benzoate (6m). The title compound was synthesized according to general procedure B through the 

sulfonylation of hydroxylamine hydrochloride (1.69 g, 26.3 mmol) with methyl 3-(chlorosulfonyl)-4-ethylbenzoate 5m (3.00 g, 11.4 mmol) using 

magnesium oxide as a base (1.06 g, 26.3 mmol; 0.322 g, 8.00 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF 

(8.0 mL : 5.3 mL : 80 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of methyl 3-(chlorosulfonyl)-4-ethylbenzoate. 

The solvent was evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a new solid 

that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure and the crude product was purified by 

column chromatography (35% EtOAc/hexanes). The pure product was obtained as a white powder (m = 1.52 g, 51% yield). TLC RF = 0.23 in 35% 

EtOAc/hexanes; 1H NMR (400 MHz, DMSO-d6) δ 9.82 (d, J = 3.1 Hz, 1H), 9.71 (d, J = 3.0 Hz, 1H), 8.44 (d, J = 1.8 Hz, 1H), 8.13 (dd, J = 8.0, 

1.9 Hz, 1H), 7.63 (d, J = 8.1 Hz, 1H), 3.89 (s, 3H), 3.08 (q, J = 7.4 Hz, 2H), 1.22 (t, J = 7.4 Hz, 3H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 165.1 

(C), 149.7 (C), 136.2 (C), 133.3 (CH), 131.7 (CH), 130.9 (CH), 127.6 (C), 52.5 (CH3), 26.1 (CH2), 15.5 (CH3); IR (FTIR): 3272 (br), 2979, 2926, 

2870, 1597, 1456, 1409, 1373, 1317, 1270, 1250, 1133, 1090 cm-1; HRMS [ESI]: Exact mass calcd for C10H13NO5SNa+ [M+Na]+ 282.0412. Found: 

282.0384. 

 

N-hydroxybutane-1-sulfonamide (6t). The synthesis of the title compound has been previously reported282,379 and was included in the scope for the 

referenced paper for general procedure B,282 however, full characterization data has never been published.379 The NMR spectra included here were 

taken after partial compound degradation but the important peaks indicating the presence of 6t are shown. Despite the impaired characterization 

data taken with the degraded sample, the pure product 6t was carried forward earlier to synthesize N-(benzoyloxy)butane-1-sulfonamide 1t, which 

was fully characterized. N-hydroxybutane-1-sulfonamide was synthesized according to procedure B, a variant derived from the protocol previously 

used for its synthesis. The sulfonylation of hydroxylamine hydrochloride (1.60 g, 23.0 mmol) was achieved with 1-butanesulfonyl chloride (1.57 

g, 10.0 mmol) using magnesium oxide as a base (1.21 g, 30.0 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of MeOH:H2O:THF 

(7.5 mL : 5.0  mL : 75 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of 1-butanesulfonyl chloride. The solvent 

was evaporated and the solid was washed through a Celite pad with methanol. The methanol was again evaporated to give a new solid that was 

washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to give the pure product as a clear oil (m = 1.36 

g, 89% yield) 1H NMR (400 MHz, DMSO-d6) δ 9.49 (d, J = 3.0 Hz, 1H), 9.11 (s, 1H), 3.06 (t, J = 7.8 Hz, 3H), 1.63 (p, J = 7.6 Hz, 3H), 1.38 (h, J 

= 7.6 Hz, 3H), 0.87 (t, J = 7.3 Hz, 4H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 47.0 (CH2), 24.6 (CH2), 21.2 (CH2), 13.7 (CH3); IR (FTIR): 3402 

(br), 3238 (br), 2961, 2937, 2876, 1635, 1466, 1362, 1318, 1304, 1146 cm-1. 

 

N-hydroxy-1-phenylmethanesulfonamide (6u). The synthesis of the title compound has been previously reported380–382 and was used as the 

primary starting material while synthesizing a scope for a certain paper,382 however, only partial characterization data for the compound has been 

published.380 The NMR spectra included here were taken after partial compound degradation but the important peaks indicating the presence of 

6u are shown. Despite the impaired characterization data taken with the degraded sample, the pure product 6u was carried forward to synthesize 

N-(benzoyloxy)-1-phenylmethanesulfonamide 1u, which was fully characterized. N-hydroxy-1-phenylmethanesulfonamide was synthesized 

according to general procedure B through the sulfonylation of hydroxylamine hydrochloride (1.60 g, 23.0 mmol) with phenylmethanesulfonyl 

chloride (1.91 g, 10.0 mmol) using magnesium oxide as a base (1.21 g, 30.0 mmol). The reaction was carried out in a 3:2:30 (v:v:v) mixture of 

MeOH:H2O:THF (7.5 mL : 5.0  mL : 75 mL) at 0 °C using a water-ice bath until TLC analysis indicated the consumption of 

phenylmethanesulfonyl chloride. The solvent was evaporated and the solid was washed through a Celite pad with methanol. The methanol was 

again evaporated to give a new solid that was washed through a silica pad with diethyl ether. The solvent was removed under reduced pressure to 

give the pure product as a white powder (m = 1.35 g, 72% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.68 (d, J = 3.3 Hz, 1H), 9.21 (d, J = 3.0 Hz, 

1H), 7.38 (s, 5H), 4.40 (s, 2H); 13C{1H} NMR (101 MHz, DMSO-d6) δ 131.0 (CH), 129.0 (C), 128.5 (CH), 128.2 (CH), 53.0 (CH2); IR (FTIR): 

3331, 3229, 1456, 1379, 1318, 1253, 1202, 1163, 1155, 1128 cm-1; HRMS [ESI]: Exact mass calcd for C7H9NO3SNa+ [M+Na]+ 210.0201. Found: 

210.0186. 1H NMR is in accordance with that reported in the literature. 

 

General Procedure C: Synthesis of Acyloxy Sulfonamides. (Scheme 36). This procedure is based on a modified literature procedure.285 A round 

bottom flask containing a magnetic stir bar was charged with an N-hydroxy arenesulfonamide derivative (1.0-1.25 equiv.) * A volume of 

tetrahydrofuran was measured for a 0.2 M reaction (concentration in N-hydroxy arenesulfonamide) and divided into two parts. Approximately two 

thirds of the THF volume was used to solubilize the N-hydroxy arenesulfonamide in the reaction flask, and the solution was cooled to -78 °C in a 
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dry ice-acetone bath for 15 minutes, followed by the addition of triethylamine (1.0-1.25 equiv.).* The remaining volume of THF was used to 

solubilize benzoic anhydride (1.0 equiv.) and the solution was added to the reaction mixture dropwise using a drip-funnel. Cooling at -78 °C was 

maintained for 4 hours and the reaction was continued while warming to ambient temperature over an additional 12 hours. the solvent was removed 

under reduced pressure and the crude oil obtained was solubilized in ethyl acetate and transferred to a separatory funnel. The solution was washed 

in triplicate with aq. saturated NaHCO3 solution to remove triethylamine and benzoate salts followed by a final wash with aq. saturated NaCl 

solution. The resulting organic phase was dried with sodium sulphate and concentrated under reduced pressure. The desired acyloxysulfonamide 

was purified via recrystallization with Et2O hexanes, unless otherwise noted. *Note: an equimolar quantity of Piloty’s acid derivative, triethylamine 

and benzoic anhydride were used in earlier experiments but the possibility of di-addition (N-acylation) led to later reactions being performed with 

either 1.1 or 1.25 equivalents of both the Piloty’s acid derivative and triethylamine. 

 

N-(Benzoyloxy)-2,4,6-triisopropylbenzenesulfonamide (1a). (Table 11, Table 18, Table 20). The title compound was synthesized according to 

general procedure C through the acylation of N-hydroxy-2,4,6-triisopropylbenzenesulfonamide 6a (1.43 g, 4.76 mmol, 1.00 equiv.) using benzoic 

anhydride (1.08 g, 4.76 mmol, 1.00 equiv.) with triethylamine (0.66 mL, 0.48 g, 4.7 mmol, 0.99 equiv.) in THF (24 mL) at -78 °C for 4 hours, then 

-78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure and recrystallized in Et2O/hexanes. The 

title compound was obtained as a fluffy white powder (m = 0.689 g, 36% yield). M. p. 146.2-149.1 °C; 1H NMR (400 MHz, CDCl3) δ 9.34 (s, 1H), 

7.97 (dd, J = 8.2, 1.5 Hz, 2H), 7.62 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.8 Hz, 2H), 7.18 (s, 2H), 4.11 (hept, J = 6.7 Hz, 2H), 2.91 (hept, J =  Hz, 1H), 

1.25 (d, J = 6.5 Hz, 18H); 13C{1H} NMR (101 MHz, CDCl3) δ 165.4 (C), 154.8 (C), 152.7 (C), 134.6 (CH), 130.0 (CH), 128.8 (C, overlapped), 

128.8 (CH, overlapped), 126.1 (C), 124.3 (CH), 34.4 (CH), 30.5 (CH), 25.0 (CH3), 23.6 (CH3); IR (FTIR): 3172 (br), 2955, 2869, 1766, 1560, 

1544, 1450, 1364, 1322, 1254, 1232, 1156, 1039, 1020, 966, 880 cm-1; HRMS [ESI]: Exact mass calcd for C22H29NO4SNa+ [M+Na]+ 426.1715. 

Found: 426.1704. 

 

N-(Benzoyloxy)-2,4,6-triethylbenzenesulfonamide (1b). (Table 11, Table 18, Table 20). The title compound was synthesized according to general 

procedure C through the acylation of 2,4,6-triethyl-N-hydroxy-benzenesulfonamide 6b (0.772 g, 3.00 mmol, 1.25 equiv.) using benzoic anhydride 

(0.543 g, 2.40 mmol, 1.00 equiv.) with triethylamine (0.42 mL, 0.30 g, 3.0 mmol, 1.2 equiv.) in THF (15 mL) at -78 °C for 4 hours, then -78 °C – 

r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure and recrystallized in Et2O/hexanes. The title 

compound was obtained as a translucent white crystalline solid (m = 0.290 g, 33% yield). M. p. 131.6-132.2 °C; 1H NMR (400 MHz, CDCl3) δ 9.30 

(s, 1H), 7.90 (dd, J = 8.4, 1.2 Hz, 3H), 7.61 (tt, J = 7.5, 1.4 Hz, 1H), 7.43 (t, J = 7.8 Hz, 2H), 3.08 (q, J = 7.4 Hz, 4H), 2.61 (q, J = 7.6 Hz, 2H), 1.28 

(t, J = 7.4 Hz, 6H), 1.21 (t, J = 7.6 Hz, 3H); 13C{1H} (101 MHz, CDCl3) δ 165.4 (C), 150.6 (C), 147.9 (C), 134.6 (CH), 129.8 (CH), 129.7 (CH), 

128.8 (CH, overlapped), 128.8 (C, overlapped), 126.0 (C), 28.9 (CH2), 28.6 (CH2), 17.0 (CH3), 14.9 (CH3); IR (FTIR): 3207 (br), 2970, 2931, 2872, 

1746, 1594, 1558, 1448, 1398, 1349, 1252, 1231, 1182, 1167, 1043, 1021, 964, 877 cm-1; HRMS [ESI]: Exact mass calcd for C19H23NO4SNa+ 

[M+Na]+ 384.1245. Found: 384.1252. 

 

N-(Benzoyloxy)-2,4,6-trimethylbenzenesulfonamide (1c). (Table 1, Table 2, Table 4, Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, 

Table 11, Scheme 40, Table 15, Table 18, Table 19, Table 20). The title compound was synthesized according to general procedure C through 

the acylation of N-hydroxy-2,4,6-trimethylbenzenesulfonamide 6c (1.51 g, 7.00 mmol, 1.00 equiv.) using benzoic anhydride (1.58 g, 7.00 mmol, 

1.00 equiv.) with triethylamine (0.98 mL, 0.71 g, 7.0 mmol, 1.0 equiv.) in THF (35 mL) at -78 °C for 4 hours, then -78 °C – r.t. for 12h. After the 

total 16 hours the reaction mixture was concentrated under reduced pressure and recrystallized in CH2Cl2/hexanes. The title compound was obtained 

as a fluffy white powder (m = 0.748 g, 33% yield). M. p. 120.3-121.4 °C; 1H NMR (500 MHz, CDCl3) δ 9.28 (s, 1H), 7.92 (dd, J = 8.4, 1.3 Hz, 

2H), 7.62 (tt, J = 7.5, 1.4 Hz, 1H), 7.48 – 7.41 (m, 2H), 6.95 (s, 3H), 2.68 (s, 6H), 2.29 (s, 3H); 13C{1H} (101 MHz, CDCl3) δ 165.3 (C), 144.5 (C), 

141.5 (C), 134.6 (CH), 132.3 (CH), 129.8 (CH), 129.4 (C), 128.9 (CH), 125.9 (C), 23.2 (CH3), 21.2 (CH3); IR (FTIR): 3138 (br), 2974, 2939, 1740, 
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1598, 1561, 1453, 1389, 1338, 1257, 1182, 1156, 1050, 1025, 918, 843 cm -1; HRMS [ESI]: Exact mass calcd for C16H17NO4SNa+ [M+Na]+ 

342.0776. Found: 342.0774. 

 

N-(Benzoyloxy)-2,5-dicyclohexylbenzenesulfonamide (1d). (Table 11, Table 20). The title compound was synthesized according to general 

procedure C through the acylation of 2,5-dicyclohexyl-N-hydroxybenzenesulfonamide 6d (2.83 g, 8.39 mmol, 1.00 equiv.) using benzoic anhydride 

(1.90 g, 8.39 mmol, 1.00 equiv.) with triethylamine (1.17 mL, 0.849 g, 8.39 mmol, 1.00 equiv.) in THF (42 mL) at -78 °C for 4 hours, then -78 °C 

– r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure and recrystallized in Et2O/hexanes. The title 

compound was obtained as a beige foam-like solid (m = 0.882 g, 24% yield). M. p. 131.6-133.5; 1H NMR (400 MHz, CDCl3) δ 9.29 (s, 1H), 7.92 

– 7.82 (m, 3H), 7.60 (t, J = 7.5 Hz, 1H), 7.48 – 7.32 (m, 4H), 3.57 – 3.36 (m, 1H), 2.55 – 2.33 (m, 1H), 1.93 (d, J = 11.0 Hz, 2H), 1.88 – 1.58 (m, 

8H), 1.45 (h, J = 12.9 Hz, 4H), 1.37 – 1.10 (m, 6H); 13C{1H} NMR (101 MHz, CDCl3) δ 165.2 (C), 146.6 (C), 146.1 (C), 134.6 (CH), 133.3 (CH), 

132.3 (C), 129.9 (CH, overlapped), 129.9 (CH, overlapped), 128.9 (CH), 128.8 (CH), 126.0 (C), 43.8 (CH), 40.4 (CH), 34.6 (CH 2), 34.1 (CH2), 

26.9 (CH2), 26.7 (CH2), 26.2 (CH2), 26.0 (CH2); IR (FTIR): 3153 (br), 3065, 2922, 2850, 1743, 1487, 1447, 1375, 1352, 1244, 1170, 1050, 1022, 

999, 831 cm-1; HRMS [ESI]: Exact mass calcd for C25H31NO4SNa+ [M+Na]+ 464.1872. Found: 464.1860. 

 

N-(Benzoyloxy)-3-chloro-2-methylbenzenesulfonamide (1e). (Table 12, Table 16, Table 17, Scheme 41, Table 19, Table 20). The title compound 

was synthesized according to general procedure C through the acylation of 3-chloro-N-hydroxy-2-methylbenzenesulfonamide 6e (0.724 g, 3.26 

mmol, 1.10 equiv.) using benzoic anhydride (0.671 g, 2.97 mmol, 1.00 equiv.) with triethylamine (0.46 mL, 0.33 g, 3.3 mmol, 1.1 equiv.) in THF 

(16 mL) at -78 °C for 4 hours, then -78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure and 

recrystallized in Et2O/hexanes. The title compound was obtained as a white crystalline solid (m = 0.468 g, 48% yield). M. p. 111.1-114.9 °C; 1H 

NMR (400 MHz, CDCl3) δ 9.29 (s, 1H), 8.01 (dd, J = 8.0, 1.3 Hz, 1H), 7.90 (dd, J = 8.4, 1.4 Hz, 2H), 7.67 – 7.59 (m, 2H), 7.45 (t, J = 7.9 Hz, 2H), 

7.26 (d, J = 8.0 Hz, 1H), 2.81 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 165.4 (C), 137.5 (C), 137.5 (C), 136.0 (C), 135.5 (CH), 134.8 (CH), 

130.2 (CH), 129.9 (CH), 129.0 (CH), 126.9 (CH), 125.7 (C), 17.4 (CH3); IR (FTIR): 3138 (br), 2979, 2813, 1737, 1596, 1434, 1413, 1345, 1254, 

1238, 1163, 1149, 1089, 1043, 1024, 935, 841, 783, 765 cm -1; HRMS [ESI]: Exact mass calcd for C14H12ClNO4SNa+ [M+Na]+ 348.0073. Found: 

348.0095. 

 

N-(Benzoyloxy)-4-fluoro-2-methylbenzenesulfonamide (1f). (Table 12, Table 16, Table 17, Table 5Table 20). The title compound was 

synthesized according to general procedure C through the acylation of 4-fluoro-N-hydroxy-2-methylbenzenesulfonamide 6f (0.999 g, 4.87 mmol, 

1.10 equiv.) using benzoic anhydride (1.00 g, 4.42 mmol, 1.00 equiv.) with triethylamine (0.68 mL, 0.49 g, 4.9 mmol, 1.1 equiv.) in THF (24 mL) 

at -78 °C for 4 hours, then -78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure and 

recrystallized in Et2O/hexanes. The title compound was obtained as a fibrous, paper-like white solid (m = 0.713 g, 52% yield). M. p. 98.5-100.8 

°C; 1H NMR (500 MHz, CDCl3) δ 9.23 (s, 1H), 8.05 (dd, J = 8.9, 5.6 Hz, 1H), 7.90 (dd, J = 8.4, 1.3 Hz, 1H), 7.63 (tt, J = 7.5, 1.4 Hz, 1H), 7.48 – 

7.42 (m, 2H), 7.05 (dd, J = 9.1, 2.5 Hz, 1H), 6.98 (td, J = 8.6, 2.6 Hz, 1H), 2.75 (s, 3H); 13C{1H} (126 MHz, CDCl3) δ 166.1 (d, J = 257.5 Hz, C), 

165.4 (C), 143.3 (d, J = 9.6 Hz, C), 134.8 (CH), 134.5 (d, J = 10.1 Hz, CH), 129.9 (CH), 129.7 (d, J = 3.0 Hz, C), 129.0 (CH), 125.8 (C), 120.0 (d, 

J = 22.3 Hz, CH), 113.7 (d, J = 22.1 Hz, CH), 20.9 (d, J = 1.1 Hz, CH3); IR (FTIR): 3117 (br), 2974, 2932, 1742, 1602, 1579, 1482, 1451, 1413, 

1350, 1234, 1167, 1084, 1058, 1025, 997, 954, 862, 813 cm-1; HRMS [ESI]: Exact mass calcd for C14H12FNO4SNa+ [M+Na]+ 332.0369. Found: 

332.0365. 
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N-(Benzoyloxy)-5-fluoro-2-methylbenzenesulfonamide (lg). (Table 12, Table 16, Table 17, Table 20). The title compound was synthesized 

according to general procedure C through the acylation of 5-fluoro-N-hydroxy-2-methylbenzenesulfonamide 6g (1.57 g, 7.64 mmol, 1.10 equiv.) 

using benzoic anhydride (1.57 g, 6.94 mmol, 1.00 equiv.) with triethylamine (1.06 mL, 0.770 g, 7.60 mmol, 1.10 equiv.) in THF (38 mL) at -78 °C 

for 4 hours, then -78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure and recrystallized in 

Et2O/hexanes. The title compound was obtained as a fine needle-like white solid (m = 0.875 g, 41% yield). M. p. 106.2-108.0 °C; 1H NMR (500 

MHz, CDCl3) δ 9.28 (s, 1H), 7.91 (dd, J = 8.4, 1.4 Hz, 2H), 7.76 (dd, J = 8.3, 2.8 Hz, 1H), 7.64 (tt, J = 7.5, 1.4 Hz, 1H), 7.49 – 7.43 (m, 2H), 7.32 

(dd, J = 8.5, 5.2 Hz, 1H), 7.22 (td, J = 8.1, 2.8 Hz, 1H), 2.71 (s, 2H); 13C{1H} (101 MHz, CDCl3) δ 165.4, 160.4 (d, J = 249.4 Hz), 135.2 (d, J = 

3.8 Hz, C, overlapped), 135.1 (d, J = 6.9 Hz, C, overlapped), 134.9 (CH), 134.6 (d, J = 7.0 Hz, CH), 129.9 (CH), 129.0 (CH), 125.7, 121.7 (d, J = 

20.8 Hz, CH), 118.5 (d, J = 25.3 Hz, CH), 19.9 (CH3); IR (FTIR): 3106 (br), 2932, 1743, 1598, 1488, 1452, 1405, 1353, 1229, 1163, 1061, 1028, 

999, 871, 824 cm-1; HRMS [ESI]: Exact mass calcd for C14H12FNO4SNa+ [M+Na]+ 332.0369. Found: 332.0392. 

 

N-(Benzoyloxy)-2-ethyl-5-nitrobenzenesulfonamide (1h). (Table 12, Table 16, Table 20). The title compound was synthesized according to general 

procedure C through the acylation of 2-ethyl-N-hydroxy-5-nitrobenzenesulfonamide 6h (5.65 g, 23.0 mmol, 1.00 equiv.) using benzoic anhydride 

(5.19 g, 23.0 mmol, 1.00 equiv.) with triethylamine (3.20 mL, 2.32 g, 23.0 mmol, 1.00 equiv.) in THF (115 mL) at -78 °C for 4 hours, then -78 °C 

– r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure. The crude product mixture was washed with 

warm Et2O to afford the pure product as a light yellow/white solid (m = 4.33 g, 54% yield). M. p. 125.8-128.0; 1H NMR (400 MHz, CDCl3) δ 9.30 

(s, br, 1H), 8.90 (d, J = 2.4 Hz, 1H), 8.40 (dd, J = 8.5, 2.5 Hz, 1H), 7.90 (dd, J = 8.4, 1.3 Hz, 2H), 7.67 – 7.60 (m, 2H), 7.50 – 7.42 (m, 3H), 3.25 

(q, J = 7.5 Hz, 2H), 1.39 (t, J = 7.5 Hz, 3H);  13C{1H} (101 MHz, CDCl3) δ 165.4 (C), 152.8 (C), 146.0 (C), 135.5 (C), 135.1 (CH), 132.6 (CH), 

129.9 (CH), 129.1 (CH), 128.8 (CH), 126.8 (CH), 125.4 (C), 26.9 (CH2), 15.2 (CH3); IR (FTIR): 3110 (br), 2964, 2932, 1749, 1601, 1583, 1519, 

1452, 1413, 1364, 1348, 1240, 1175, 1053, 1025, 885 cm-1; HRMS [ESI]: Exact mass calcd for C15H14N2O6SNa+ [M+Na]+ 373.0470. Found: 

373.0479. 

 

N-(Benzoyloxy)-2-methyl-5-nitrobenzenesulfonamide (1i). (Table 16, Table 17, Table 20). The title compound was synthesized according to 

general procedure C through the acylation of N-hydroxy-2-methyl-5-nitrobenzenesulfonamide 6i (0.655 g, 2.82 mmol, 1.10 equiv.) using benzoic 

anhydride (0.580 g, 2.56 mmol, 1.00 equiv.) with triethylamine (0.39 mL, 0.28 g, 2.8 mmol, 1.1 equiv.) in THF (12.5 mL) at -78 °C for 4 hours, 

then -78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure. The crude product mixture was 

washed with Et2O to afford the pure product as a yellow-white solid (m = 0.502 g, 58% yield). M. p. 132.2-133.6; 1H NMR (400 MHz, CDCl3) δ 

9.28 (s, 1H), 8.90 (d, J = 2.4 Hz, 1H), 8.35 (dd, J = 8.4, 2.5 Hz, 1H), 7.90 (dd, J = 8.4, 1.4 Hz, 2H), 7.64 (tt, J = 7.5, 1.4 Hz, 1H), 7.57 (d, J = 8.4 

Hz, 1H), 7.50 – 7.42 (m, 2H), 2.88 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 165.4 (C), 146.9 (C), 146.2 (C), 135.7 (C), 135.2 (CH), 134.3 (CH), 

130.0 (CH), 129.1 (CH), 128.7 (CH), 126.7 (CH), 125.3 (C), 21.1 (CH3); IR (FTIR): 3081 (br), 2943, 1740, 1583, 1517, 1474, 1407, 1350, 1244, 

1170, 1054, 999, 888 cm-1; HRMS [ESI]: Exact mass calcd for C14H12N2O6SNa+ [M+Na]+ 359.0314. Found: 359.0310. 
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N-(Benzoyloxy)-2,4-dimethylbenzenesulfonamide (1j). (Table 16, Table 20). The title compound was synthesized according to general procedure 

C through the acylation of N-hydroxy-2,4-dimethylbenzenesulfonamide 6j (1.12 g, 5.56 mmol, 1.10 equiv.) using benzoic anhydride (1.14 g, 5.06 

mmol, 1.00 equiv.) with triethylamine (0.78 mL, 0.57 g, 5.6 mmol, 1.1 equiv.) in THF (28 mL) at -78 °C for 4 hours, then -78 °C – r.t. for 12h. 

After the total 16 hours the reaction mixture was concentrated under reduced pressure and recrystallized in Et2O/hexanes. The title compound was 

obtained as a white crystalline solid (m = 1.04 g, 67% yield). M. p. 93.8-95.2; 1H NMR (500 MHz, CDCl3) δ 9.23 (s, 1H), 7.92 – 7.87 (m, 5H), 7.64 

– 7.59 (m, 1H), 7.46 – 7.41 (m, 2H), 7.14 (s, 1H), 7.08 (d, J = 8.2 Hz, 1H), 2.71 (s, 3H), 2.36 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3) δ 165.4 

(C), 145.8 (C), 139.4 (C), 134.6 (CH), 133.8 (CH), 131.7 (CH), 130.6 (C), 129.9 (CH), 128.9 (CH), 127.2 (CH), 126.0 (C), 21.6 (CH3), 20.6 (CH3); 

IR (FTIR): 3132 (br), 1739, 1600, 1452, 1381, 1337, 1452, 1381, 1337, 1257, 1169, 1147, 1050, 930, 842 cm -1; HRMS [ESI]: Exact mass calcd for 

C15H15NO4SNa+ [M+Na]+ 328.0619. Found: 328.0626. 

 

N-(Benzoyloxy)-2,3,5,6-tetramethylbenzenesulfonamide (1k). (Table 18, Table 20) The title compound was synthesized according to general 

procedure C through the acylation of N-hydroxy-2,3,5,6-tetramethylbenzenesulfonamide 6k (1.13 g, 4.94 mmol, 1.10 equiv.) using benzoic 

anhydride (1.02 g, 4.49 mmol, 1.00 equiv.) with triethylamine (0.69 mL, 0.50 g, 5.0 mmol, 1.1 equiv.) in THF (25 mL) at -78 °C for 4 hours, then 

-78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure and recrystallized in Et2O/hexanes. The 

title compound was obtained as a white crystalline solid (m = 0.856 g, 57% yield). M. p. 91.9-93.9 °C; 1H NMR (500 MHz, CDCl3) δ 9.35 (s, 1H), 

7.93 (dd, J = 8.4, 1.3 Hz, 2H), 7.62 (tt, J = 7.5, 1.4 Hz, 1H), 7.48 – 7.41 (m, 2H), 7.19 (s, 1H), 2.59 (s, 6H), 2.24 (s, 6H); 13C{1H} (101 MHz, 

CDCl3) δ 165.4 (C), 137.6 (C), 137.5 (CH), 136.4 (C), 134.6 (CH), 133.7 (C), 129.9 (CH), 128.9 (CH), 126.0 (C), 21.1 (CH 3), 18.3 (CH3); IR 

(FTIR): 3171 (br), 2980, 2920, 1746, 1599, 1571, 1450, 1356, 1241, 1208, 1159, 1044, 1020, 990, 826 cm -1; HRMS [ESI]: Exact mass calcd for 

C17H19NO4SNa+ [M+Na]+ 356.0932. Found: 356.0934. 

 

N-(Benzoyloxy)-2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonamide (1l). (Table 20). The title compound was synthesized according to 

general procedure C through the acylation of N-hydroxy-2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonamide 6l (0.643 g, 2.25 mmol, 1.10 

equiv.) using benzoic anhydride (0.464 g, 2.05 mmol, 1.00 equiv.) with triethylamine (0.31 mL, 0.22 g, 2.2 mmol, 1.1 equiv.) in THF (12 mL) at -

78 °C for 4 hours, then -78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure to afford a crude 

product mixture. The pure product was isolated by column chromatography (15% EtOAc/hexanes). The title compound was obtained as a yellow 

solid (m = 0.686 g, 86% yield). TLC RF = 0.26 in 15% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) δ 9.27 (s, 1H), 7.93 (dd, J = 8.4, 1.4 Hz, 2H), 

7.61 (tt, J = 7.5, 1.3 Hz, 1H), 7.49 – 7.40 (m, 3H), 2.91 (s, 2H), 2.59 (s, 3H), 2.49 (s, 3H), 2.07 (s, 3H), 1.44 (s, 6H); 13C{1H} NMR (101 MHz, 

CDCl3) δ 165.5 (C), 161.3 (C), 142.3 (C), 136.4 (C), 134.5 (CH), 129.8 (CH), 128.8 (CH), 126.2 (C), 125.8 (C), 123.4 (C), 118.6 (C), 87.5 (C), 

43.0 (CH2), 28.6 (CH3), 19.6 (CH3), 18.2 (CH3), 12.6 (CH3); IR (FTIR): 3207 (br), 2982, 2935, 1777, 1571, 1450, 1405, 1326, 1233, 1162, 1139, 

1093, 1044, 967, 848 cm-1; HRMS [ESI]: Exact mass calcd for C20H23NO5SNa+ [M+Na]+ 412.1195. Found: 412.1184. 

 

Methyl 3-(N-(Benzoyloxy)sulfamoyl)-4-ethylbenzoate (1m). (Table 20). The title compound was synthesized according to general procedure C 

through the acylation of methyl 4-ethyl-3-(N-hydroxysulfamoyl)benzoate 6m (1.30 g, 5.01 mmol, 1.10 equiv.) using benzoic anhydride (1.03 g, 

4.56 mmol, 1.00 equiv.) with triethylamine (0.70 mL, 0.51 g, 5.0 mmol, 1.1 equiv.) in THF (25 mL) at -78 °C for 4 hours, then -78 °C – r.t. for 

12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure. Chloroform was used as the organic solvent for the 

extraction in this case. The pure product was isolated by column chromatography (25% EtOAc/hexanes). The title compound was obtained as a 

white solid (m = 1.29 g, 71% yield). TLC RF = 0.26 in 25% EtOAc/Hexanes; 1H NMR (400 MHz, CDCl3) δ 9.30 (s, 1H), 8.67 (d, J = 1.8 Hz, 1H), 

8.19 (dd, J = 8.0, 1.8 Hz, 1H), 7.87 (dd, J = 8.4, 1.3 Hz, 2H), 7.64 – 7.57 (m, 1H), 7.49 (d, J = 8.1 Hz, 1H), 7.46 – 7.39 (m, 2H), 3.88 (s, 3H), 3.18 
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(q, J = 7.5 Hz, 2H), 1.34 (t, J = 7.5 Hz, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 165.33 (C), 165.28 (C), 150.6 (C), 135.3 (CH), 134.7 (CH), 134.0 

(C), 132.7 (CH), 131.6 (CH), 129.9 (CH), 128.9 (CH), 128.7 (C), 125.7 (C), 52.6 (CH3), 26.8 (CH2), 15.3 (CH3); IR (FTIR): 3296 (br), 3240, 1701, 

1604, 1457, 1431, 1391, 1301, 1269, 1161, 1126 cm-1; HRMS [ESI]: Exact mass calcd for C17H17NO6SNa+ [M+Na]+ 386.0674. Found: 386.0670. 

 

N-(benzoyloxy)butane-1-sulfonamide (1t). (Table 3,Table 13,Table 21). The title compound was synthesized according to general procedure C 

through the acylation of N-hydroxybutane-1-sulfonamide 6t (0.766 g, 5.00 mmol, 1.25 equiv.) using benzoic anhydride (0.905 g, 4.00 mmol, 1.00 

equiv.) with triethylamine (0.70 mL, 0.51 g, 5.02 mmol, 1.26 equiv.) in THF (25 mL) at -78 °C for 4 hours, then -78 °C – r.t. for 12h. After the 

total 16 hours the reaction mixture was concentrated under reduced pressure. The pure product was isolated by column chromatography (15% 

EtOAc/hexanes). The title compound was obtained as a white flakey solid (m = 1.24 g, 89% yield). TLC RF = 0.24 in 15% EtOAc/hexanes; The 

title compound was obtained as a white crystalline solid (m = 0.582 g, 57% yield). 1H NMR (400 MHz, CDCl3) δ 8.90 (s, 1H), 8.11 – 8.05 (m, 3H), 

7.68 (tt, J = 7.5, 1.4 Hz, 1H), 7.56 – 7.48 (m, 4H), 3.28 – 3.21 (m, 2H), 1.99 – 1.88 (m, 2H), 1.51 (h, J = 7.4 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H); 

13C{1H} NMR (101 MHz, CDCl3) δ 165.7 (C), 134.9 (CH), 130.1 (CH), 129.1 (CH), 126.0 (C), 51.5 (CH2), 25.0 (CH2), 21.6 (CH2), 13.6 (CH3); 

IR (FTIR): 3107 (br), 2968, 2960, 2935, 2874, 1739, 1600, 1452, 1398, 1346, 1281, 1240, 1160 cm-1; HRMS [ESI]: Exact mass calcd for 

C11H15NO4SNa+ [M+Na]+ 280.0619. Found: 280.0630. 

 

 
N-(benzoyloxy)-1-phenylmethanesulfonamide (1u). (Table 3,Table 13,Table 21). The title compound was synthesized according to general 

procedure C through the acylation of N-hydroxy-1-phenylmethanesulfonamide 6u (0.936 g, 5.00 mmol, 1.25 equiv.) using benzoic anhydride 

(0.905 g, 4.00 mmol, 1.00 equiv.) with triethylamine (0.70 mL, 0.51 g, 5.02 mmol, 1.26 equiv.) in THF (25 mL) at -78 °C for 4 hours, then -78 °C 

– r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure. The pure product was isolated by column 

chromatography (20% EtOAc/hexanes), followed by recrystallization with Et2O/hexanes. The title compound was obtained as a white solid (m = 

0.419 g, 36% yield). TLC RF = 0.17 in 20% EtOAc/hexanes; M. p. 122.9-126.2 °C; 1H NMR (400 MHz, CDCl3) δ 8.83 (s, 1H), 7.91 (dd, J = 8.3, 

1.4 Hz, 2H), 7.66 (tt, J = 7.5, 1.4 Hz, 1H), 7.53 – 7.39 (m, 7H), 4.51 (s, 2H); 13C{1H} NMR (101 MHz, CDCl3) δ 165.3 (C), 134.8 (C), 131.1 (CH), 

130.1 (CH), 129.4 (CH), 129.2 (CH), 129.0 (CH), 127.1 (C), 126.0 (C), 58.1 (CH2); IR (FTIR): 3082 (br), 1740, 1600, 1496, 1456, 1394, 1344, 

1242, 1156 cm-1; HRMS [ESI]: Exact mass calcd for C14H13NO4SNa+ [M+Na]+ 314.0463. Found: 314.0455. 

 

 
2,4,6-triisopropyl-N-((4-methoxybenzoyl)oxy)benzenesulfonamide (1v). (Scheme 33). The title compound was synthesized according to general 

procedure C through the acylation of N-Hydroxy-2,4,6-trimethylbenzenesulfonamide 6c (0.362 g, 1.21 mmol, 1.10 equiv.) using 4-methoxybenzoyl 

chloride (0.188 g, 1.10 mmol, 1.00 equiv.) with triethylamine (0.17 mL, 0.12 g, 1.2 mmol, 1.1 equiv.) in THF (6.0 mL) at -78 °C for 4 hours, then 

-78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure. The pure product was isolated by 

column chromatography (15% EtOAc/hexanes). The title compound was obtained as a white crystalline solid (m = 0.312 g, 67% yield). TLC RF = 

0.15 in 15% EtOAc/hexanes; 1H NMR (400 MHz, Chloroform-d) δ 9.33 (s, 1H), 7.97 – 7.88 (m, 2H), 7.17 (s, 2H), 6.94 – 6.86 (m, 2H), 4.11 (hept, 

J = 6.7 Hz, 2H), 3.86 (s, 3H), 2.90 (hept, J = 7.0 Hz, 1H), 1.28 – 1.20 (m, 18H); 13C{1H} NMR (101 MHz, CDCl3) δ 165.1 (C), 164.7 (C), 154.7 

(C), 152.6 (C), 132.2 (CH), 129.0 (C), 124.2 (CH), 118.1 (C), 114.2 (CH), 55.7 (CH3), 34.4 (CH), 30.5 (CH), 25.0 (CH3), 23.6 (CH3); IR (FTIR): 

3268 (br), 2959, 2929, 2869, 1772, 1601, 1510, 1457, 1363, 1278, 1245, 1168, 1152, 1128 cm-1; HRMS [ESI]: Exact mass calcd for C23H31NO5SNa+ 

[M+Na]+ 456.1821. Found: 456.1820. 

 
N-((4-methoxybenzoyl)oxy)-2,4,6-trimethylbenzenesulfonamide (1w). (Table 1,Table 7). The title compound was synthesized according to general 

procedure C through the acylation of N-Hydroxy-2,4,6-trimethylbenzenesulfonamide 6c (5.00 g, 1.08 mmol, 1.25 equiv.) using 4-methoxybenzoyl 
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chloride (0.682 g, 4.00 mmol, 1.00 equiv.) with triethylamine (0.70 mL, 0.51 g, 5.02 mmol, 1.26 equiv.) in THF (25 mL) at -78 °C for 4 hours, then 

-78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure. The pure product was isolated by 

column chromatography (10% EtOAc/hexanes). The title compound was obtained as an off-white solid (m = 1.24 g, 89% yield). TLC RF = 0.11 in 

10% EtOAc/hexanes; 1H NMR (400 MHz, CDCl3) δ 9.30 (s, 1H), 7.89 – 7.84 (m, 2H), 6.94 (d, J = 0.6 Hz, 1H), 6.93 – 6.88 (m, 2H), 3.86 (s, 3H), 

2.67 (s, 6H), 2.28 (s, 3H);  13C{1H} NMR (101 MHz, CDCl3) δ 165.0 (C), 164.7 (C), 144.4 (C), 141.5 (C), 132.3 (CH), 132.0 (CH), 129.5 (C), 117.9 

(C), 114.2(CH), 55.7 (CH3), 23.2 (CH3), 21.2 (CH3); IR (FTIR): 3156 (br), 1723, 1604, 1575, 1511, 1400, 1341, 1264, 1171, 1158 cm-1; HRMS 

[ESI]: Exact mass calcd for C17H19NO5SNa+ [M+Na]+ 372.0882. Found: 372.0875. 

 
 

N-acetoxy-2,4,6-trimethylbenzenesulfonamide (1x). (Table 1,Table 7). The title compound was synthesized according to general procedure C 

through the acylation of N-Hydroxy-2,4,6-trimethylbenzenesulfonamide 6c (0.477 g, 2.22 mmol, 1.1 equiv.) using acetic anhydride (0.19 mL, 0.21 

g, 2.0 mmol, 1.0 equiv.) with triethylamine (0.31 mL, 0.22 g, 2.2 mmol, 1.1 equiv.) in THF (11 mL) at -78 °C for 4 hours, then -78 °C – r.t. for 

12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure. The pure product was isolated by column 

chromatography (15% EtOAc/hexanes). The title compound was obtained as a white powder (m = 0.296 g, 57% yield). TLC RF = 0.19 in 15% 

EtOAc/hexanes; 1H NMR (400 MHz, CDCl3) δ 8.97 (s, 1H), 6.98 (s, 2H), 2.65 (s, 6H), 2.31 (s, 3H), 2.04 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3) 

δ 169.2 (C), 144.5 (C), 141.4 (C), 132.2 (CH), 129.4 (C), 23.0 (CH3), 21.2 (CH3), 18.1 (CH3); IR (FTIR): 3178 (br), 2981, 2942, 1776, 1600, 1374, 

1362, 1341, 1191, 1166 cm-1; HRMS [ESI]: Exact mass calcd for C11H15NO4SNa+ [M+Na]+ 280.0619. Found: 280.0640. 

 
 

N-((3,5-bis(trifluoromethyl)benzoyl)oxy)-2,4,6-trimethylbenzenesulfonamide (1y). (Table 1,Table 7). The title compound was synthesized 

according to general procedure C through the acylation of N-Hydroxy-2,4,6-trimethylbenzenesulfonamide 6c (0.215 g, 1.00 mmol, 1.00 equiv.) 

using 3,5-bis(trifluoromethyl)benzoic anhydride (0.498 g, 1.00 mmol, 1.00 equiv.) with triethylamine (0.14 mL, 0.10 g, 1.00 mmol, 1.00 equiv.) in 

THF (5.0 mL) at -78 °C for 4 hours, then -78 °C – r.t. for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure 

and recrystallized in Et2O/hexanes. The title compound was obtained as a white crystalline solid (m = 0.375 g, 82% yield). M. p. 137.8-140.4 °C; 

1H NMR (400 MHz, CDCl3) δ 9.15 (s, 1H), 8.35 (s, 2H), 8.13 (s, 1H), 6.99 (s, 2H), 2.67 (s, 6H), 2.31 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 

163.0 (C), 145.1 (C), 141.7 (C), 132.9 (q, J = 34.5 Hz), 132.5 (CH), 130.0 – 129.7 (m, CH), 129.1 (C), 128.5 (C), 128.1 – 127.7 (m, CH), 122.6 (q, 

J = 273.2 Hz), 23.1 (CH3), 21.2 (CH3); IR (FTIR): 3167 (br), 1755, 1606, 1383, 1361, 1280, 1229, 1181, 1167, 1129, 1118 cm-1; HRMS [EI]: Exact 

mass calcd for C18H15F6NO4S+ [M]+ 455.0626. Found: 455.0651. 

 
 

2,4,6-trimethyl-N-((4-nitrobenzoyl)oxy)benzenesulfonamide (1z). (Table 7). The title compound was synthesized according to general procedure C 

through the acylation of N-Hydroxy-2,4,6-trimethylbenzenesulfonamide 6c (0.215 g, 1.00 mmol, 1.00 equiv.) using 4-nitrobenzoic anhydride (0.316 

g, 1.00 mmol, 1.00 equiv.) with triethylamine (0.14 mL, 0.10 g, 1.00 mmol, 1.00 equiv.)  in THF (5.0 mL) at -78 °C for 4 hours, then -78 °C – r.t. 

for 12h. After the total 16 hours the reaction mixture was concentrated under reduced pressure and recrystallized in Et2O/hexanes. The title 

compound was obtained as a white crystalline solid (m = 0.175 g, 48% yield). M. p. 132.1-133.9 °C; 1H NMR (400 MHz, CDCl3) δ 9.19 (s, 1H), 

8.34 – 8.28 (m, 2H), 8.15 – 8.08 (m, 2H), 6.98 (s, 2H), 2.67 (s, 6H), 2.31 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 163.6 (C), 151.4 (C), 144.9 

(C), 141.6 (C), 132.4 (CH), 131.4 (CH), 131.0 (C), 129.2 (C), 124.2 (CH), 23.2 (CH3), 21.3 (CH3); IR (FTIR): 3187 (br), 1741, 1603, 1385, 1347, 

1319, 1238, 1163 cm-1; HRMS [ESI]: Exact mass calcd for C16H16N2O6SNa+ [M+Na]+ 387.0627. Found: 387.0638. 

 

General Procedure D: Synthesis of Substituted Benzosultams (Initial photoredox conditions). (Scheme 33). A substituted acyloxysulfonamide 

(1.0 equiv.) was placed in an 8 mL Kimax glass vial with a Teflon screw cap containing a stir bar and dissolved in dichloromethane (0.05 M), 

followed by the addition of Ru(bpy)3(PF6)2 (2.0 mol%) and either Et3N (1.1 equiv.) or [Bu4N][OP(O)(OBu)2] (5.0 mol%) as a base. After the vial 

was sealed, the solution was cooled in a water-ice bath for 10 minutes and purged with argon for an additional 10 minutes while being held in the 

water-ice bath. The reaction vial was irradiated with 450 nm light using 12 V flexible blue LED strip lights for 16 hours. After the reaction time 

had completed, the solvent was removed under reduced pressure and the resulting crude mixture was solubilized in ethyl acetate and transferred to 

a separatory funnel. The solution was washed in triplicate with aq. saturated NaHCO3 solution followed by a final wash with aq. saturated NaCl 
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solution. The resulting organic phase was dried with sodium sulphate and concentrated under reduced pressure. The desired sultam was isolated 

via silica gel column chromatography using a solvent system consisting of ethyl acetate/ hexanes. 

 

5,7-Diisopropyl-3,3-dimethyl-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2a). (Scheme 33). The title compound was synthesized according to 

general procedure D. 2,4,6-triisopropyl-N-((4-methoxybenzoyl)oxy)benzenesulfonamide 1v (0.130 g, 0.300 mmol, 1.00 equiv.) was solubilized in 

dichloromethane (6.0 mL) in a microwave vial followed by the addition of Ru(bpy)3(PF6)2 (0.0051 g, 0.0060 mmol, 2.0 mol%) and Et3N (0.08 mL, 

0.06 g, 0.6 mmol, , 2.0 equiv.) as a base. The solution was cooled to 0 °C and purged with argon for 10 minutes, after which the reaction was 

irradiated with 450 nm light using 12 V flexible blue LED strip lights for 16 hours. The product was isolated by column chromatography (15% 

EtOAc/hexanes). The product was obtained as an off-white solid (m = 0.0752 g, 89% yield). TLC RF = 0.31 in 15% EtOAc/hexanes; 1H NMR (400 

MHz, CDCl3) δ 7.21 (d, J = 1.4 Hz, 1H), 6.98 (d, J = 1.4 Hz, 1H), 4.74 (s, br, 1H), 3.60 (hept, J = 6.8 Hz, 1H), 2.97 (hept, J = 6.9 Hz, 1H), 1.62 (s, 

6H), 1.33 (d, J = 6.8 Hz, 6H), 1.26 (d, J = 6.9 Hz, 6H); 13C{1H} NMR (101 MHz, CDCl3) δ 155.6 (C), 146.9 (C), 145.3 (C), 130.9 (C), 124.4 (CH), 

117.9 (CH), 59.9 (C), 34.7 (CH), 29.9 (CH3), 29.5 (CH), 24.0 (CH3), 23.7 (CH3). 1H and 13C{1H} NMR are in accordance with those reported in 

the literature.246,257 

General Procedure E: Synthesis of Substituted Benzosultams (Thermal base-induced conditions). (Table 11). A substituted 

acyloxysulfonamide (1.0 equiv.) was placed in a microwave vial containing a stir bar and dissolved in acetonitrile (0.05 M), followed by the addition 

of N,N-diisopropylethylamine (1.0 equiv.). After the vial was sealed, the solution was cooled in a water-ice bath for 10 minutes and purged with 

argon for an additional 10 minutes while being held in the water-ice bath. The reaction vial was heated at 120 °C in an oil bath for 2 hours. After 

the reaction time had completed, the solvent was removed under reduced pressure and the resulting crude mixture was solubilized in ethyl acetate 

and transferred to a separatory funnel. The solution was washed in triplicate with aq. saturated NaHCO3 solution followed by a final wash with aq. 

saturated NaCl solution. The resulting organic phase was dried with sodium sulphate and concentrated under reduced pressure. The desired sultam 

was isolated via silica gel column chromatography using a solvent system consisting of various ratios of ethyl acetate/ hexanes, unless otherwise 

specified. 

 

5,7-Diethyl-3-methyl-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2b). (Table 11). The title compound was synthesized according to general 

procedure E. N-(benzoyloxy)-2,4,6-triethylbenzenesulfonamide 1b (0.181 g, 0.500, 1.00 equiv.) and i-pr2Net (0.09 mL, 0.07 g, 0.5 mmol, 1 equiv.) 

were solubilized in acetonitrile (10.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, after which 

the reaction was heated at 120 °C in an oil bath for 2 hours. The product was isolated by column chromatography (15% EtOAc/hexanes). The 

product was obtained as an off-white solid (m = 0.101 g, 85% yield). TLC RF = 0.325 in 15% EtOAc/hexanes; 1H NMR (400 MHz, CDCl3) δ 7.12 

(d, J = 0.7 Hz, 1H), 6.98 (d, J = 0.6 Hz, 1H), 4.72 (s, br, 1H, overlapped), 4.68 (q, J = 6.7 Hz, 1H, overlapped), 2.99 (q, J = 7.6 Hz, 2H), 2.71 (q, J 

= 7.6 Hz, 2H), 1.58 (d, J = 6.5 Hz, 3H), 1.34 (t, J = 7.6 Hz, 3H), 1.25 (t, J = 7.6 Hz, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 150.8 (C), 142.6 (C), 

140.4 (C), 131.5 (C), 128.8 (CH), 120.4 (CH), 52.8 (CH), 29.2 (CH2), 24.4 (CH2), 21.7 (CH3), 15.5 (CH3), 14.8 (CH3). 1H and 13C{1H} NMR are 

in accordance with those reported in the literature.246,248,257 

 

5,7-Dimethyl-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2c). (Table 11). The title compound was synthesized according to general procedure E. 

N-(benzoyloxy)-2,4,6-trimethylbenzenesulfonamide 1c (0.319 g, 1.00 mmol, 1.00 equiv.) and i-pr2Net (0.17 mL, 0.13 g, 0.98 mmol, 0.98 equiv.) 

were solubilized in acetonitrile (20.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, after which 

the reaction was heated at 120 °C in an oil bath for 2 hours. The product was isolated by column chromatography (15% EtOAc/hexanes). The 

product was obtained as an off-white solid (m = 0.176 g, 89% yield). TLC RF = 0.04 in 15% EtOAc/hexanes; 1H NMR (400 MHz, CDCl3) δ 7.06 

(s, 1H), 6.96 (s, 1H), 4.78 (s, br, 1H), 4.43 (s, 2H), 2.58 (s, 3H), 2.39 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 144.3 (C), 137.4 (C), 134.1 (C), 
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131.7 (CH), 131.5 (C), 122.4 (CH), 45.2 (CH2), 21.6 (CH3), 17.0 (CH3). 1H and 13C{1H} NMR are in accordance with those reported in the 

literature.246,257 

 

6-Cyclohexyl-2H-spiro[benzo[d]isothiazole-3,1'-cyclohexane] 1,1-dioxide (2d). (Table 11). The title compound was synthesized according to 

general procedure E. N-(benzoyloxy)-2,5-dicyclohexylbenzenesulfonamide 1d (0.442 g, 1.000 mmol, 1.00 equiv.) and i-pr2Net (0.17 mL, 0.13 g, 

0.98 mmol, 0.98 equiv.) were solubilized in acetonitrile (20.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 

10 minutes, after which the reaction was heated at 120 °C in an oil bath for 2 hours. The product was purified by recrystallization in CH2Cl2/hexanes. 

The product was obtained as a white fluffy powder (m = 0.132 g, 41% yield). M. p. 213.3-216.9 °C; 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 1.5 

Hz, 1H), 7.44 (dd, J = 8.0, 1.6 Hz, 1H), 7.28 (d, J = 8.1 Hz, 1H), 4.77 (s, 1H), 2.67 – 2.50 (m, 1H), 1.93 – 1.72 (m, 12H), 1.60 (qt, J = 14.3, 4.7 Hz, 

2H), 1.48 – 1.33 (m, 5H), 1.32 – 1.15 (m, 1H); 13C{1H} NMR (101 MHz, CDCl3) δ 150.0 (C), 143.8 (C), 135.4 (C), 132.5 (CH), 122.9 (CH), 119.1 

(CH), 63.6 (C), 44.4 (CH), 37.9 (CH2), 34.4 (CH2), 26.8 (CH2), 26.0 (CH2), 24.9 (CH2), 22.7 (CH2); 1H and 13C{1H} NMR are in accordance with 

those reported in the literature.246 

General Procedure F: Synthesis of Substituted Benzosultams (Improved photoredox conditions). A substituted acyloxysulfonamide (1.0 

equiv.) and Ru(bpy)3(PF6)2 (2.0 mol%) were placed in a microwave vial containing a stir bar and dissolved in 1,2-dichloroethane (0.1 M). After the 

vial was sealed, the solution was cooled in a water-ice bath for 10 minutes and purged with argon for an additional 10 minutes while being held in 

the water-ice bath. was irradiated with 450 nm light using 12 V flexible blue LED strip lights for 16 hours, unless otherwise specified. After the 

reaction time had completed, the solvent was removed under reduced pressure and the resulting crude mixture analyzed by 1H NMR; yields were 

determined using 1,3,5-trimethoxybenzene as an internal standard. While several high 1H NMR yields were obtained with this method, isolation 

was not attempted with any of the sultams synthesized due to the limits in product scope. 

General Procedure G: Synthesis of Substituted Benzosultams. (Table 20). A substituted acyloxysulfonamide (1.0 equiv.) and Ru(bpy)3(PF6)2 

(2.0 mol%) were placed in a microwave vial containing a stir bar and dissolved in 1,2-dichloroethane (0.1 M). After the vial was sealed, the solution 

was cooled in a water-ice bath for 10 minutes and purged with argon for an additional 10 minutes while being held in the water-ice bath. The 

reaction vial was heated at 85 °C in an oil bath for 22 hours. After the reaction time had completed, the solvent was removed under reduced pressure 

and the resulting crude mixture was solubilized in ethyl acetate and transferred to a separatory funnel. The solution was washed in triplicate with 

aq. saturated NaHCO3 solution followed by a final wash with aq. saturated NaCl solution. The resulting organic phase was dried with sodium 

sulphate and concentrated under reduced pressure. *Note: in some cases an extraction was not performed; the crude product mixture was instead 

directly added to a column containing silica treated with 1% triethylamine. The desired sultam was isolated via silica gel column chromatography 

using a solvent system consisting of various ratios of ethyl acetate/ hexanes, unless otherwise specified. 

 

5,7-Diisopropyl-3,3-dimethyl-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2a). (Table 20). The title compound was synthesized according to 

general procedure G. N-(benzoyloxy)-2,4,6-triisopropylbenzenesulfonamide 1a (0.202 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 

0.010 mmol, 2.0 mol%) were solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with 

argon for 10 minutes, after which the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography 

(33% EtOAc/hexanes). The product was obtained as an off-white solid (m = 0.112 g, 80% yield). TLC RF = 0.45 in 33% EtOAc/hexanes; 1H NMR 

(400 MHz, CDCl3) δ 7.21 (d, J = 1.4 Hz, 1H), 6.98 (d, J = 1.4 Hz, 1H), 4.74 (s, br, 1H), 3.60 (hept, J = 6.8 Hz, 1H), 2.97 (hept, J = 6.9 Hz, 1H), 

1.62 (s, 6H), 1.33 (d, J = 6.8 Hz, 6H), 1.26 (d, J = 6.9 Hz, 6H); 13C{1H} NMR (101 MHz, CDCl3) δ 155.6 (C), 146.9 (C), 145.3 (C), 130.9 (C), 

124.4 (CH), 117.9 (CH), 59.9 (C), 34.7 (CH), 29.9 (CH3), 29.5 (CH), 24.0 (CH3), 23.7 (CH3). 1H and 13C{1H} NMR are in accordance with those 

reported in the literature.246,257 
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5,7-Diethyl-3-methyl-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2b). (Table 20). The title compound was synthesized according to general 

procedure G. N-(benzoyloxy)-2,4,6-triethylbenzenesulfonamide 1b (0.362 g, 1.00 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.017 g, 0.020 mmol, 

2.0 mol%) were solubilized in 1,2-dichloroethane (10.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 

minutes, after which the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography (25% 

EtOAc/hexanes). The product was obtained as an off-white solid (m = 0.234 g, 97% yield). TLC RF = 0.25 in 25% EtOAc/hexanes; 1H NMR (400 

MHz, CDCl3) δ 7.12 (d, J = 0.7 Hz, 1H), 6.98 (d, J = 0.6 Hz, 1H), 4.72 (s, br, 1H, overlapped), 4.68 (q, J = 6.7 Hz, 1H, overlapped), 2.99 (q, J = 

7.6 Hz, 2H), 2.71 (q, J = 7.6 Hz, 2H), 1.58 (d, J = 6.5 Hz, 3H), 1.34 (t, J = 7.6 Hz, 3H), 1.25 (t, J = 7.6 Hz, 3H); 13C{1H} NMR (101 MHz, CDCl3) 

δ 150.8 (C), 142.6 (C), 140.4 (C), 131.5 (C), 128.8 (CH), 120.4 (CH), 52.8 (CH), 29.2 (CH2), 24.4 (CH2), 21.7 (CH3), 15.5 (CH3), 14.8 (CH3). 1H 

and 13C{1H} NMR are in accordance with those reported in the literature.246,248,257 

 

5,7-Dimethyl-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2c). (Table 20). The title compound was synthesized according to general procedure G. 

N-(benzoyloxy)-2,4,6-trimethylbenzenesulfonamide 1c (0.319 g, 1.00 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.017 g, 0.020 mmol, 2.0 mol%) 

were solubilized in 1,2-dichloroethane (10.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, after 

which the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography (gradient column with 

15% EtOAc/hexanes to 33% EtOAc/hexanes) The product was obtained as an off-white solid (m = 0.176 g, 89% yield). TLC RF = 0.3 in 33% 

EtOAc/hexanes; 1H NMR (400 MHz, CDCl3) δ 7.06 (s, 1H), 6.96 (s, 1H), 4.78 (s, br, 1H), 4.43 (s, 2H), 2.58 (s, 3H), 2.39 (s, 3H); 13C{1H} NMR 

(101 MHz, CDCl3) δ 144.3 (C), 137.4 (C), 134.1 (C), 131.7 (CH), 131.5 (C), 122.4 (CH), 45.2 (CH2), 21.6 (CH3), 17.0 (CH3). 1H and 13C{1H} 

NMR are in accordance with those reported in the literature.246,257 

 

6-Cyclohexyl-2H-spiro[benzo[d]isothiazole-3,1'-cyclohexane] 1,1-dioxide (2d). (Table 20). The title compound was synthesized according to 

general procedure G. N-(benzoyloxy)-2,5-dicyclohexylbenzenesulfonamide 1d (0.221 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 

0.010 mmol, 2.0 mol%) were solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with 

argon for 10 minutes, after which the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography 

(gradient column with 10% Et2O/pentanes to 50% Et2O/pentanes). The product was obtained as a white fluffy powder (m = 0.119 g, 74% yield). 

TLC RF = 0.26 in 30% Et2O/pentanes; 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 1.5 Hz, 1H), 7.44 (dd, J = 8.0, 1.6 Hz, 1H), 7.28 (d, J = 8.1 Hz, 

1H), 4.77 (s, 1H), 2.67 – 2.50 (m, 1H), 1.93 – 1.72 (m, 12H), 1.60 (qt, J = 14.3, 4.7 Hz, 2H), 1.48 – 1.33 (m, 5H), 1.32 – 1.15 (m, 1H); 13C{1H} 

NMR (101 MHz, CDCl3) δ 150.0 (C), 143.8 (C), 135.4 (C), 132.5 (CH), 122.9 (CH), 119.1 (CH), 63.6 (C), 44.4 (CH), 37.9 (CH2), 34.4 (CH2), 26.8 

(CH2), 26.0 (CH2), 24.9 (CH2), 22.7 (CH2); 1H and 13C{1H} NMR are in accordance with those reported in the literature.246 
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4-Chloro-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2e). (Table 20). The title compound was synthesized according to general procedure G. N-

(benzoyloxy)-3-chloro-2-methylbenzenesulfonamide 1e (0.163 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 0.010 mmol, 2.0 mol%) 

were solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, after 

which the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography (20% EtOAc/hexanes). 

The product was obtained as a white solid (m = 0.0864 g, 85% yield). TLC RF = 0.12 in 20% EtOAc/hexanes; 1H NMR (400 MHz, CDCl3) δ 7.71 

(dd, J = 7.6, 0.9 Hz, 1H), 7.60 (dd, J = 7.9, 1.0 Hz, 1H), 7.51 (dd, J = 7.8, 0.8 Hz, 1H), 4.96 (s, br, 1H), 4.49 (d, J = 4.8 Hz, 2H); 13C{1H} NMR 

(101 MHz, CDCl3) δ 137.6 (C), 135.0 (C), 133.1 (CH), 131.1 (C). 131.0 (CH), 119.9 (CH), 44.8 (CH2); IR (FTIR): 3251 (br), 3079, 2921, 2850, 

2790, 1449, 1391, 1307, 1210, 1167, 1147, 1101, 1059 cm-1; HRMS [EI]: Exact mass calcd for C7H6ClNO2S+ [M]+ 202.9808. Found: 202.9807. 

 

4-Fluoro-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2f). (Table 20). The title compound was synthesized according to general procedure G. N-

(benzoyloxy)-4-fluoro-2-methylbenzenesulfonamide 1f (0.155 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 0.010 mmol, 2.0 mol%) 

were solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, after 

which the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography (1% Et2O/CH2Cl2). *Note: 

in this case an extraction was not performed; the crude product mixture was instead directly added to a column containing sil ica treated with 1% 

triethylamine. The product was obtained as a white solid (m = 0.0466 g, 50% yield). TLC RF = 0.17 in 1% Et2O/CH2Cl2; 1H NMR (400 MHz, 

CDCl3) δ 7.79 (dd, J = 8.6, 4.7 Hz, 1H), 7.23 (td, J = 8.5, 2.2 Hz, 1H), 7.09 – 7.04 (m, 1H), 4.91 (s, br, 1H), 4.52 (s, 2H); 13C{1H} NMR (101 MHz, 

CDCl3) δ 165.6 (d, J = 255.2 Hz, C), 140.1 (d, J = 9.6 Hz, C), 131.7 (d, J = 2.6 Hz, C), 123.9 (d, J = 10.1 Hz, CH), 117.5 (d, J = 24.1 Hz, CH), 

112.0 (d, J = 24.0 Hz, CH), 45.5 (d, J = 2.4 Hz, CH2); IR (FTIR): 3210 (br), 1613, 1592, 1476, 1394, 1306, 1278, 1260, 1237, 1202, 1163, 1116 

cm-1; HRMS [EI]: Exact mass calcd for C7H6FNO2S+ [M]+ 187.0103. Found: 187.0119. 

 

5-Fluoro-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2g). (Table 20). The title compound was synthesized according to general procedure G. N-

(benzoyloxy)-5-fluoro-2-methylbenzenesulfonamide 1g (0.155 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 0.010 mmol) were 

solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, after which 

the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography (2% Et2O/CH2Cl2). *Note: in this 

case an extraction was not performed; the crude product mixture was instead directly added to a column containing silica trea ted with 1% 

triethylamine. The product was obtained as a white solid (m = 0.0660 g, 70% yield). TLC RF = 0.17 in 2% Et2O/CH2Cl2; 1H NMR (400 MHz, 

CDCl3) δ 7.46 (dd, J = 6.7, 2.3 Hz, 1H), 7.38 (ddd, J = 8.5, 4.5, 0.8 Hz, 1H), 7.32 (td, J = 8.4, 2.3 Hz, 1H), 5.02 (s, br, 1H), 4.50 (s, 2H); 13C{1H} 

NMR (101 MHz, CDCl3) δ 162.7 (d, J = 252.3 Hz, C), 137.2 (d, J = 8.4 Hz, C), 132.4 (d, J = 2.7 Hz, C), 126.6 (d, J = 8.3 Hz, CH), 121.1 (d, J = 

23.4 Hz, CH), 108.7 (d, J = 25.6 Hz, CH), 45.4 (CH2); IR (FTIR): 3254 (br), 3076, 2924, 2889, 2853, 1606, 1493, 1459, 1374, 1331, 1257, 1225, 

1150 cm-1; HRMS [EI]: Exact mass calcd for C7H6FNO2S+ [M]+ 187.0103. Found: 187.0110. 

 

3-Methyl-6-nitro-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2h). (Table 20). The title compound was synthesized according to general procedure 

G. N-(benzoyloxy)-2-ethyl-5-nitrobenzenesulfonamide 1h (0.175 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 0.010 mmol) were 

solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, after which 

the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography (6% EtOAc/CH2Cl2). *Note: in 

this case an extraction was not performed; the crude product mixture was instead directly added to a column containing silica  treated with 1% 

triethylamine. The product was obtained as a yellow solid (m = 0.112 g, 98% yield). TLC RF = 0.12 in 20% EtOAc/hexanes. 1H NMR (400 MHz, 

CDCl3) δ 8.62 (d, J = 2.0 Hz, 1H), 8.50 (dd, J = 8.5, 2.1 Hz, 1H), 7.61 (d, J = 8.4 Hz, 1H), 4.92 (s, br, 1H, overlapped), 4.88 (q, J = 6.1 Hz, 1H), 

1.69 (d, J = 6.7 Hz, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 148.6 (C), 147.9 (C),137.7 (C), 128.2 (CH), 125.5 (CH), 117.6 (CH), 53.5 (CH), 21.2 

(CH3). 1H and 13C{1H} NMR are in accordance with those reported in the literature.246,247,362 
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6-Nitro-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2i). (Table 20). The title compound was synthesized according to general procedure G. N-

(benzoyloxy)-2-methyl-5-nitrobenzenesulfonamide 1i (0.168 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 0.010 mmol) were 

solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, after which 

the reaction was heated at 85 °C in an oil bath for 22 hours. An 1H NMR yield of 40% was obtained using 1,3,5-trimethoxybenzene as an internal 

standard. Isolation of this compound was difficult, and the coelution of side products and/or degraded compounds was observed. 

 

5-Methyl-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2j). (Table 20). The title compound was synthesized according to general procedure G. N-

(benzoyloxy)-2,4-dimethylbenzenesulfonamide 1j (0.153 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 0.010 mmol) were solubilized 

in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, after which the reaction 

was heated at 85 °C in an oil bath for 22 hours. The product was isolated by performing a first round of column chromatography (80% Et2O/hexanes), 

followed by a second round to remove remaining impurities (70% Et2O/toluene). The product was obtained as a white solid (m = 0.0607 g, 66% 

yield). TLC RF = 0.24 in 80% Et2O/hexanes, 0.42 in 70% Et2O/toluene. 1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.0 Hz, 1H), 7.32 (ddq, J = 8.0, 

1.5, 0.7 Hz, 1H), 7.17 (dt, J = 1.6, 0.8 Hz, 1H), 4.79 (s, br, 1H), 4.49 (s, 2H), 2.45 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 144.2 (C), 137.2 

(C), 132.9 (C), 130.3 (CH), 125.1 (CH), 121.3 (CH), 45.7 (CH2), 21.8 (CH3); IR (FTIR): 3234 (br), 1599, 1448, 1395, 1288, 1236, 1179, 1146, 

1136 cm-1; HRMS [ESI]: Exact mass calcd for C8H9NO2SNa+ [M+Na]+ 206.0252. Found: 206.0259. *Note: The first round of column 

chromatography gave 0.0730 g of the compound with greater than 90% purity by 1H NMR (>0.36 mmol, >0.066 g, ~72%). 

 

4,6,7-Trimethyl-2,3-dihydrobenzo[d]isothiazole 1,1-dioxide (2k). (Table 20). The title compound was synthesized according to general procedure 

G. N-(benzoyloxy)-2,3,5,6-tetramethylbenzenesulfonamide 1k (0.167 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 0.010 mmol, 2.0 

mol%) were solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with argon for 10 minutes, 

after which the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography (60% Et2O/pentanes). 

The product was obtained as an off-white solid (m = 0.0841 g, 80% yield). TLC RF = 0.26 in 60% Et2O/pentanes; 1H NMR (400 MHz, CDCl3) δ 

7.17 (s, 1H), 4.66 (s, br, 1H), 4.34 (s, 2H), 2.50 (s, 3H), 2.30 (s, 3H), 2.21 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 138.6 (C), 135.8 (CH), 134.1 

(C), 132.8 (C), 131.1 (C), 129.8 (C), 43.9 (CH2), 19.1 (CH3), 17.0 (CH3), 13.9 (CH3). 1H and 13C{1H} NMR are in accordance with those reported 

in the literature.246 

 

4,6,6,8-Tetramethyl-2,3,6,7-tetrahydrobenzofuro[6,5-d]isothiazole 1,1-dioxide (2l). (Table 20). The title compound was synthesized according to 

general procedure G. N-(benzoyloxy)-2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonamide 1l (0.195 g, 0.500 mmol, 1.00 equiv.) and 

Ru(bpy)3(PF6)2 (0.0086 g, 0.010 mmol, 2.0 mol%) were solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled 

to 0 °C and purged with argon for 10 minutes, after which the reaction was heated at 85 °C in an oil bath for 22 hours. This compound was isolated 

by column chromatography (70% Et2O/pentanes) as the major product of the reaction. The product was obtained as a yellow-white solid (m = 

0.0758 g, 57% yield). TLC RF = 0.26 in 70% Et2O/pentanes; 1H NMR (400 MHz, CDCl3) δ 4.78 (s, br, 1H), 4.31 (s, 2H), 2.96 (s, 2H), 2.44 (s, 2H), 

2.03 (s, 3H), 1.49 (s, 6H); 13C{1H} NMR (101 MHz, CDCl3) δ 161.3 (C), 137.2 (C), 128.1 (C), 128.0 (C), 125.3 (C), 112.3 (C), 88.8 (C), 44.3 



 

150 

 

(CH2), 41.5 (CH2), 28.6 (CH3), 14.3 (CH3), 10.3 (CH3); IR (FTIR): 3298 (br), 2976, 2924, 2922, 1594, 1447, 1372, 1322, 1263, 1153, 1133, 1091 

cm-1; HRMS [ESI]: Exact mass calcd for C13H17NO3SNa+ [M+Na]+ 290.0827. Found: 290.0825. 

 

4,5,7,7-tetramethyl-1,2,7,8-tetrahydrobenzofuro[4,5-d]isothiazole 3,3-dioxide (2l’). (Table 20). The title compound was synthesized according to 

general procedure G. N-(benzoyloxy)-2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonamide 1l (0.195 g, 0.500 mmol, 1.00 equiv.) and 

Ru(bpy)3(PF6)2 (0.0086 g, 0.010 mmol, 2.0 mol%) were solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled 

to 0 °C and purged with argon for 10 minutes, after which the reaction was heated at 85 °C in an oil bath for 22 hours. This compound was isolated 

by column chromatography (70% Et2O/pentanes) as the minor product of the reaction. The product was obtained as an off-white solid (m = 0.0173 

g, 13% yield). TLC RF = 0.13 in 70% Et2O/pentanes; 1H NMR (400 MHz, CDCl3) δ 4.64 (s, br, 1H), 4.28 (s, 2H), 2.90 (s, 2H), 2.49 (s, 3H), 2.13 

(s, 3H), 1.50 (s, 6H); 13C{1H} (101 MHz, CDCl3) δ 162.0 (C), 133.5 (C), 131.4 (C), 126.1 (C), 120.4 (C), 118.6 (C), 88.7 (C), 43.7 (CH2), 40.7 

(CH2), 28.5 (CH3), 14.3 (CH3), 11.5 (CH3); IR (FTIR): 3273 (br), 2980, 2921, 1597, 1457, 1410, 1373, 1317, 1271, 1134, 1090 cm-1; HRMS [ESI]: 

Exact mass calcd for C13H17NO3SNa+ [M+Na]+ 290.0827. Found: 290.0800. 

 

Methyl 3-Methyl-2,3-dihydrobenzo[d]isothiazole-6-carboxylate 1,1-dioxide (2m). (Table 20). The title compound was synthesized according to 

general procedure G. Methyl 3-(N-(benzoyloxy)sulfamoyl)-4-ethylbenzoate 1m (0.182 g, 0.500 mmol, 1.00 equiv.) and Ru(bpy)3(PF6)2 (0.0086 g, 

0.010 mmol, 1.00 equiv.) were solubilized in 1,2-dichloroethane (5.0 mL) in a microwave vial. The solution was cooled to 0 °C and purged with 

argon for 10 minutes, after which the reaction was heated at 85 °C in an oil bath for 22 hours. The product was isolated by column chromatography 

(85% Et2O/hexanes). *Note: in this case an extraction was not performed; the crude product mixture was instead directly added to a column 

containing silica treated with 1% triethylamine. The product was obtained as an off-white solid (m = 0.108 g, 90% yield). TLC RF = 0.29 in 85% 

Et2O/hexanes. 1H NMR (300 MHz, CDCl3) δ 8.43 (dd, J = 1.6, 0.6 Hz, 1H), 8.30 (dd, J = 8.1, 1.5 Hz, 1H), 7.48 (d, J = 8.1 Hz, 1H), 4.83 (q, J = 6.8 

Hz, 1H, overlapped), 4.83 (s, br, 1H, overlapped), 3.97 (s, 3H), 1.65 (d, J = 6.7 Hz, 3H); 13C{1H} NMR (76 MHz, CDCl3) δ 165.2 (C), 146.2 (C), 

136.5 (C), 134.4 (CH), 131.8 (C), 124.2 (CH), 123.1 (CH), 53.5 (CH), 52.9 (CH3), 21.3 (CH3). 1H and 13C{1H} NMR are in accordance with those 

reported in the literature.247,362 
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Proton(s) Δ (ppm) NOESY 

Interactions 

HA 4.68 HB 

HB 4.32 HA, HE 

HC 2.96 HD, HF 

HD 2.44 HC 

HE 2.03 HB 

HF 1.50 HC 
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Proton(s) Δ (ppm) NOESY 

Interactions 

HA 4.64 HB 

HB 4.27 HA, HC 

HC 2.88 HB, HF 

HD 2.47 HE 

HE 2.11 HD 

HF 1.48 HC 
 

 


